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Abstract
The isothermal aerodynamic characteristics of a novel inverted gasifier are described via the use of LDA and
Fluent predictions. The inverted gasifier allows material such as coarse sawdust to be gasified by centrifugal
suspension, giving sufficient residence time for good fuel burnout and char conversion. The addition of an
external Vortex Collector Pocket (VCP) on the top of the device allows significant quantities of ash to be
collected here as well as in a drop out pot at the base of the unit (which also incorporates a VCP), thus giving
a reasonably clean gas that can be used to directly fired small gas turbines. Only one inlet is used on the
system as this enables the fuel and gasifying air to be simply premixed upstream of the inlet. The use of only
one inlet has been found not to seriously affect the system performance. This study was directed at
investigating the isothermal properties of the unit both to optimize the swirl number and maximize the
centrifugal force field used to suspend the gasifying particles as well as maximizing the amount of material
collected by both sets of collector pockets. LDA was used to experimentally characterize a full size model of
the system with access being provided via quartz windows. Three different swirl numbers were covered as
well as a range of flow rates and Reynolds Numbers. These results showed that there was an optimal level
of swirl number whereby the inlet flow most effectively coupled with the flow in the cyclone chamber and
this has been subsequently used for all the gasification studies. Complimentary CFD studies have been used
on the optimized configuration to explore the flows in and around the VCP, the outlet and the effects of
three-dimensionality. It was shown that good match between the experimental studies and the CFD was
only obtained when hexahedral meshes were used, with more cells being concentrated in the central vortex
core region and in the various boundary layer regions. Similarly second order discretisation schemes were
needed to accurately reproduce the measured flow patterns in the central vortex core region of the device.

1. Introduction
This paper describes a detailed programme of work carried out at Cardiff University to characterize
and improve and inverted cyclone gasifier for biomass material such as sawdust1. The
characteristics of the device are best described by reference to the following diagram, Figure 1.The
device is formed from a cylindrical chamber, flow and biomass material to be gasified enter
tangentially spirals upwards, around a around a central sleeve, spirals upwards , moving radially
inwards towards the centre, thus suspending the sawdust particles both centrifugally and against the
upward motion of the flow allowing the gasification process to proceed to better than 99%
completion. A review of cyclone combustors and related devices are available in references 2 and 3
and show the origins of the device.
The flow and gasified products then leave the device along and near to the centre line through the
centre of the outlet sleeve. There is a drop out pot at the bottom to collect carried over material,
whilst the flow leaves the device via a tangential off take to minimize pressure drop. Swirl
number is varied by altering the area of the single inlet via inserts. Experience shows that the use of
only one inlet improves gasification performance considerably, despite the problem of the
asymmetrical cyclonic flow that results. At the top of the device a Vortex Collector Pocket (VCP)
is fitted, being formed by overlapping a cylinder of 50% of the diameter of the main cyclone
chamber. An aperture of specific size is formed and acts as a first particulate collection system on
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the device, the second being formed by a drop out pot on the bottom of the unit. This avoids the
necessity of further downstream cyclonic cleaning of the gas and increased pressure drop, very
deleterious in gas turbine applications.
This paper thus describes a programme of work to analyze the isothermal
aerodynamics of the device using LDA. Three different swirl numbers and
a range of flowrates and Reynolds Numbers are examined to optimize the
configuration of the systems and maximize the centrifugal force field bothe
for gasifying particulates residence time, but also for retention in the top
VCP. This is then followed by CFD analysis using the Fluent code to
examine the effects of three dimensionality, flows in and around the VCP
and in the central vortex core region
This dual approach is particularly directed at ensuring the generation of a
tangential velocity distribution conducive to inducing high residence time in
gasifying particles, whilst ensuring optimal separation of wide size ranges of
particles in the VCP and bottom drop out pot.
Figure 1 Inverted Cyclonic Gasifier with VCP and
Tangential offtake to reduce Pressure Drop

2. CFD Modeling
The computational CFD code Fluent was used in the work and especial attention was paid to
developing meshes which could represent known areas of high velocity gradient where experience
with other related work had indicated such needs. Several different three dimensional grids were
investigated involving the initial use of tetrahedral grids, but finally converging to the use of
hexahedral grids, despite the difficulty of adapting such a grid to the highly complex configuration
of the inverted gasifier and VCP system. Similarly grid cells had to be concentrated in the central
region of the device to most accurately represent flow in the central vortex core regions, similar
comments apply to the boundary layer region. Care was taken to ensure that good quality meshes
were obtained. Finally second order discretisation methods needed to be used coupled with the
RSM model of turbulence. A typical hexahedral three dimensional grid is shown below in figure
2. A modeled collection pot is shown attached to the VCP, being representative of practice on the
gasification rig.

3. Experimental Measurements
Experimental velocity profiles have been obtained via the use of a Dantec two component LDA
system using Burst Spectrum analyzers for data reduction. Titanium dioxide was used for seeding
purposes and typically up to 10,000 doppler busts were recorded for at each measurement point.
The measurement grid used for the LDA is shown in figure 3. Measurements were taken at 13
radial sections in the gasifier with the circular tangential inlet being modified by the addition of ‘D’
shaped inserts at the inner section to alter the inlet area, hence swirl number. By this technique
geometric swirl numbers between 3 and 7.5 could be achieved. In terms of gas turbines pressure
drop is crucial and thus the lowest level of swirl is sort commensurate with best particle retention
and also separation in the VCP.
Figure 4 shows measurements of tangential velocity levels in the system at three levels of swirl
corresponding various blockages of the single inlet. Figure 5 shows the corresponding axial
velocities for the same three cases, whilst figure 6 shows tangential velocities normalized by the
-2-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics, Lisbon, Portugal, 26-29 June, 2006 Paper 1096

Figure 2 Hexahedral Grid on section
through VCP and Cyclone Chamber
115883 elements

Dimensions:
Outer Cyclone Diameter, Do= 300 mm
Exit diameter of Cyclone, De=150 mm
Total height of cyclone chamber = 700mm
Height of Vortex Finder= 160 mm
Figure 3 Experimental Measurement Sections

respective inlet velocity for the three cases, at higher flowrates and Reynolds numbers. Figure 6
shows that the best coupling between the inlet tangential flow and the vortex formed in the gasifier
cyclone chamber occurs with a geometric swirl number of 5.1, corresponding to the case where the
inlet is 69% open, figure3. Here a wide band of high tangential velocity is achieved at r< 0.6Do .
The higher swirl number of 7.5 does not give as good a result, with a much narrow band of high
tangential velocity. The situation is even worse at the lower swirl number of 3. It is accepted
that the design is a compromise and improvements to the inlet design should give significant
improvements on the figure for the swirl number of 5.1, thus improving particle residence time and
the separation of particulate matter in the VCP. However the design is restricted by the need for
simplicity, the use of only one inlet and the requirement to keep gasifying product in suspension in
and around the inlet. There is some evidence of vortex core precession (PVC) in the central region
of flow, shown by the regions of negative tangential velocity and also confirmed by PIV1,4.
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Figure 4 Comparison of Tangential Velocity Generation inside Gasifier Cyclone Chamber for 3 Different swirl Numbers.
Swirl Number variation obtained via use of ‘D’ shaped insert applied to Tangential Inlet
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Figure 5

Comparison of Axial Velocity Levels inside Gasifier Cyclone Chamber for 3 Different swirl levels
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Figure 6.

Normalised tangential velocities for the three Swirl Numbers
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measurements not reported here. Figures 4 and 5 show corresponding sets of tangential and axial
velocity contours for the three swirl numbers at a lower flow rate and Reynolds Number. Again the
same pattern emerges of the swirl number of 5.1 giving best coupling between the inlet flow and the
vortex, although the swirl number of 7.5 also gives reasonable results. The problem here is that
the higher swirl number gives undesirable higher pressure drop. Again for all three cases there is
evidence of the existence of the PVC in and around the axis of symmetry, although three
dimensionality of the flow field may be a contributory factor, causing some displacement of the
central vortex core. The axial velocity distributions confirm the use of the swirl number of 5.1 as
there is a much more uniform upwards directed wall flow over most of the cyclone chamber
section, serving to carry burnout particles towards the VCP at the top of the unit. The flow in the
central region of the cyclone chamber is much less uniform with a swirl number of 3 and it appears
that less flow is penetrating along the walls to the top of the unit and the VCP. There is a small
region of reverse flow (upwards direction) on the axis for the swirl numbers of 5.1 and 7.5 and this
is in line with previous experiences in a number of related systems, indeed it is useful in this system
as it serves to recycle some fine particulates for further gasification

4. CFD Analysis and Comparison
A whole series of trials were carried out with the CFD code using both tetrahedral and hexahedral
meshes, with 3 different turbulence models and various discretisation schemes5. Effort has been
concentrated on the cyclone gasifier operating at a swirl number of 5.1, the value chosen from the
above discussed optimization studies. As might be expected the RSM turbulence model gave the
best correspondence between measured values and predictions (with the appropriate discretisation
scheme), although the RNG kε model gave results which only slightly under predicted the
experimental values of velocity. The RSM model clearly provided an accurate prediction of the
Rankine Vortex and the size and length of the central reverse flow zone. Both the RSM and RNG
kε models predicted asymmetrical flow behaviour especially towards the bottom of the device.
The discretisation scheme had a dramatic effect on the accuracy of the results, in line with the
literature 3 . The use of a first order scheme did not enable the fine detail of the flow to be
determined, especially in the central region and the exhaust. The Fluent second order scheme
performed well in conjunction with the RSM turbulence model, with the results matching
experiments closely. The quick scheme was found to over-predict the velocity magnitude as has
been well documented within the users guide 3. For tangential velocities a forced vortex distribution
was predicted using first order and power law schemes, the measured Rankine Vortex distribution
only being predicted using higher order schemes. An asymmetrical vortex was always predicted,
with the vortex being position off the central axis of the device, not unexpectedly considering the
use of only one tangential inlet.
Figures 7 and 8, 9 and 10 illustrate the predicted distributions of axial and tangential velocities, with
comparisons against measured LDA data. The LDA data has been carefully matched against the
appropriate predicted data taking into account the three dimensionality of the flow patterns. And the
position of the measurement section relative to the inlet. Reference to figure 2 is useful here as it
shows where the various measurement sections are located in the cyclone chamber. Generally all
the way up the cyclone chamber agreement between measurements and predictions is good, figure
8, apart from some deviation around the vortex finder at z/De =0.07 and a radius of 40 mm. The
predicted mean axial velocity fields, figure 7 matches quite well to the experimental data, figure 5,
when allowances for the different colour scales are made. Agreement between the predicted and
measured tangential velocities is quite good close to the outer wall, figure 10, but less so in the
central region of flow for radii less than 60mm (r/ro <0.4). The effect is worst at the top of the unit
z/De> 2. This may well be due to the grid used and the second order disrcetisation scheme when
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Figure 7 Predicted Mean Axial Velocity

Field

Figure 8. Comparison of Predicted and Measured Axial Velocities at
Four Different Heights (z/De=0 is at the exit of the Vortex Finder)
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Figure 10. Comparison of
Figure 9 Predicted Mean Tangential Velocities

Predicted and Measured Tangential Velocities at Four

Different Heights (z/De=0 is at the exit of the Vortex Finder)
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Figure 11. Predictions of the Interaction of the Flow in the main Cyclone Chamber with the VCP,
Tangential velocities, m/s, predictions at mid section of VCP

used with the RSM turbulence model, or possibly the presence of some vortex core precession in
and around the central axis. These predicted results for tangential and axial velocities gave, as
discussed earlier, much better match than first order discretisation schemes, other grids and
turbulence models. However as most of the separation and gasification processes occur in
the outer section of the device for r> 0.5 ro, the predictions are considered to be satisfactory.
Another area of significant interest is how to improve the performance of the particle collecting
VCP here situated at the top of the unit so as to collect burnt out particles6,7. Figure 11 illustrates
the interaction between the main vortex and the VCP and especially those generated in the VCP
These vel;ocities are very much in line with LDA measurements carried out on an analogous rig by
Biffin and Syred6. Tangential velocity magnitudes seen in the VCP were approximately 40% of
those measured in the main cyclone chamber. The VCP/main chamber diameter ratio were similar
to that of Biffin and Syred6, as was the overlap between the two, hence the aperture for particle
capture; thus similar ratios for velocity were expected. However Biffin and Syred6 found that
within the VCP the tangential velocity rapidly drops towards zero, with a large very low velocity
region in the centre. This was not found here in this study.
The asymmetrical nature of the vortex in the main cyclone chamber is clearly shown in figure 11
and this drives the flow in the VCP. The low velocities in the VCP allow particles concentrated in
the wall region of the main cyclone to enter the VCP, be slowed by friction and wall impaction so
that they drop into the collection pot. Axial velocities are very low in the VCP7, figure 12,
tangential velocities form a forced vortex and are considerably lower than in the main chamber,
ranging from 1.5 m/s at the intersection, dropping across the VCP to zero at the geometrical centre
and then increasing again to 1.4 m/s at the far wall. At all heights in the VCP the general trend is
the same, showing a stable and uniform vortex, figure 12a to c. Summarizing, the flow in the
main cyclone chamber drives a much weaker vortex in the VCP, the main vortex penetrating
slightly into the VCP, also slightly distorting the VCP vortex. Particles concentrated in the wall
boundary layer in the main cyclone chamber by centrifugal force enter the VCP through the
aperture, impact on the walls and slow down; they are restrained from re-entering the main chamber
by the penetration of the main vortex into the VCP. Other work discussed elsewhere7, shows the
level of distortion induced by the VCP upon the flows in the cyclone chamber. Essentially these
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a) z/De = 3.5

b) z/De = 3.1

c) z/De= 2.7
Figure 12. Predicted Distributions of Axial and Tangential Velocity through the VCP at various heights.
Interface between VCP and Main Chamber is at radius of 152 mm
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effects are confined to the top section of the device.

5. Conclusions
This paper has discussed the optimization of an inverted cyclone gasifier using both LDA
measurements and CFD predictions. This gasifier only uses one inlet to facilitate the premixing of
biomass fuel with the air and thus produces some asymmetry of the flow. It is shown that best
performance in terms of generating a vortex and centrifugal force field is produced by a swirl
number of about 5.1 for the inverted configuration evaluated. The swirl number of 7.5 was nearly as
good but requires significantly higher pressure drop. Predictions of the flow field are generally
good, the worst deviation from the measurements occurred in the central region of flow where there
are the highest velocity gradients and possibly asymmetry in the central vortex core, coupled with
possibly vortex core precession.
The work shows that there is considerable scope to improve the coupling between the inlet flow and
the vortex formed in the main cyclone chamber by attention to the design of the inlet and the
configuration of the system in and around the area of the vortex finder
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