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Preface 
In this master thesis, investigations of flow behavior in a cyclone particle separator have been 

performed with CFD. The project is collaboration between Xdin AB and LTU (Luleå University of 

Technology) and has lasted from the end of January 2013 to the end of June 2013. Main focus has 

been on how the flow should be treated in order to improve separation efficiency, decrease total 

cyclone pressure drop and increase the drying effect. Experimental tests have also been carried out in 

the customer’s test facility in Norway. This master thesis is a part of a research project at Xdin AB.  

The project has been performed by Otto Lundberg and Oskar Wallgren as researchers, with Dr. 

Mohammad El-Alti as a supervisor on Xdin AB and Professor Staffan Lundström as a supervisor on 

LTU. All simulations and tests have been carried out at Xdin AB and the test facility in Norway 

respectively 

We would also like to take the opportunity to thank all people involved on each site for their 

dedication and great willingness to help in order to complete this master thesis.  

Otto Lundberg & Oskar Wallgren 

Gothenburg June 2013 
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Sammanfattning 
Detta examensarbete studerar hur designen av en viss cyklon kan optimeras. Rapporten fokuserar på 

flödesegenskaperna i cyklonen, med fokus på hur flödet kan manipuleras för att cyklonen ska fungera 

som önskat. 

På grund av att det förekommer komplexa turbulenta flöden i cykloner, utfördes arbetet med hjälp av 

CFD. Hela projektet innehöll också ett annat examensarbete som behandlade två-fas strömning. Detta 

resulterade i två examensarbeten som i slutet testades tillsammans.  

Fokus i detta examensarbete har i huvudsak legat på en-fas strömning, men i avslutningen 

inkluderades även partiklar, dvs. två-fas flöde. Resultaten från simuleringar jämfördes med experiment 

gjorda på cyklonen i en testanläggning. 

Resultaten från simuleringar visade följande resultat:  

Turbulens generatorer  

 Ökad turbulensintensitet lokalt i punkter runt turbulensgeneratorerna 

 Ökad turbulensintensitet i planet som skär turbulensgeneratorerna horisontellt 

 Ingen märkbar ökning av totalt tryckfall i cyklonen 

 Sänkt flödeshastighet genom hela cyklonen 

 Experiment visade ingen förbättring i torkningseffekt 

 Experiment visade ökning av turbulens lokalt runt turbulensgeneratorerna 

Inlopps konfiguration  

 Vertikal vinkel 

o Ökat totalt tryckfall med ca 3 % 

o Sänkning av hastigheter i hela cyklonen, som mest 16 % i mitten av konen. 

o Sänkning av turbulensintensiteten i hela cyklonen, som mest 16 % i mitten av 

cylindern 

 Tangentiell vinkel  

o Stora tangentiella vinklar, över 20 grader, ger lägre hastigheter i cyklonen 

o Turbulensintensiteten sänks något lokalt i mitten av cylindern, ökar något lokalt i 

skarven mellan cylinder och kon  

o Oförändrat tryckfall med ökad tangentiell vinkel 

Winged core 

 Sänkt totalt tryckfall genomgående i hela cyklonen 

 Ökade hastigheter i hela cyklonen 

 Sänkt turbulensintensitet i hela cyklonen på grund av helt axiellt flöde i gas-utloppet 
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Abstract 
This is a master thesis report on how to optimize the design of a certain kind of cyclone. The master 

thesis focuses on the flow characteristics, with focus on how the flow can be manipulated in order to 

make the cyclone perform as desired.  

Due to the complex swirling flows in a cyclone, the work was done with help from CFD. The whole 

project also included another master thesis that treated the study of two phase flow, i.e. drying of 

particles, which resulted in two master theses which merged at the end.  

This project has mainly focused on single phase flow. Later parts also included implementation of 

particles, i.e. two phase flow. The results from simulations were compared with experiments made on 

the cyclone in a test facility. 

The results from the simulation shows following results: 

Vortex generators 

 Increased turbulence intensity in points locally around the vortex generator 

 Increased turbulence intensity in the plane intersecting the vortex generators horizontally 

 No significant increase in total cyclone pressure drop 

 Decreased velocity magnitude throughout the entire cyclone 

 Experiments showed no increase in drying effect with vortex generators 

 Experiments showed increase in turbulence intensity locally around the vortex generators 

Inlet configuration 

 Incident angle 

o Increased total pressure drop by approximately 3 % 

o Decreased velocities throughout the cyclone, most 16 % at middle of cone 

o Decreased turbulence intensity throughout the cyclone, most 16 % at middle of barrel 

 Section angle 

o Large section angles, over 20 degrees, reduces the velocities in the cyclone 

o Turbulence intensity decreases locally in the middle of the barrel, increases slightly 

locally in joint between barrel and cone 

o The section angle does not affect the pressure drop significantly 

Winged core 

 Decreased total pressure drop throughout the entire cyclone 

 Increased velocity magnitude in the whole cyclone but the dust outlet 

 Decreased turbulence intensity in the whole cyclone due to purely axial flow in vortex finder 
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Nomenclature 
 K  Energy loss coefficient [-] 

E’t Reduced separation efficiency [%] 

 d50c Corrected cut size [μm] 

 α  Separation sharpness [-] 

 Q  Capacity  [cm3/s] 

 S  Flow split [%] 

   Reynolds number [-] 

   Free stream velocity [m/s] 

D Characteristic length [m] 

Ν Kinematic viscosity [m2/s] 

X Position in the x-direction [m] 

Y Position in the y-direction [m] 

Z Position in the z-direction [m] 

     Boundary layer thickness [m] 

   Dimensionless wall distance [-] 

   Wall velocity [m/s] 

      Wall shear force [m/s2] 

  Density [kg/m3] 

CV Control volume [m3] 

CS Control surface [m2] 

T Time [s] 

V Volume [m3] 

A Area [m2] 

   Average velocity in x-direction [m/s] 

   Average velocity in y-direction [m/s] 

   Average velocity in z-direction [m/s] 

  Nabla,      
 

   
 [-] 

ur Radial velocity [m/s] 

uθ Circumferential velocity [m/s] 

R Radius [m] 

 r Partial Line element [m] 

  Elevation or inclination in cylindrical coordinates [o] 

   Partial elevation or inclination element [o] 

   Force [N] 

    Stress tensor [N/m2] 

   Normal vector [-] 

G Gravity [m/s2] 

P Pressure (Thermodynamic pressure, mechanical pressure,…) [N/m2] 

    Viscous stress tensor [N/m2] 

  Dynamic viscosity [Pa  ] 

    Permutation symbol [-] 

    Velocity fluctuation [m/s] 

K Turbulent kinetic energy [J/kg] 

Ε Rate of dissipation of k [J/kg] 

Ω Turbulent frequency [Hz] 

   Turbulent viscosity, Eddy viscosity [Pa  ] 

    Kronecker delta [-] 

   Dimensionless constant in the model for turbulent viscosity [-] 

   Turbulent Prandtl number [-] 

  Turbulent length scale [m] 

    Constant in the transport k- ε transport equation [-] 

    Constant in the k- ε transport equation [-] 

   Effective Prandtl number Rad/s 

   Radial velocity [m/s] 

  Inlet width [m] 

Uin Inlet velocity [m/s] 

      Pressure recovery factor [-] 

  Generic property [-] 
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2 Introduction 
A cyclone is a device where a fluid, usually a gas that contains particles, is set into a swirling motion 

inside a circular body. The major technique in the cyclone is that it separates particles from the gas by 

centrifugal forces. The most common so called reverse-flow, or cylinder-on-cone, cyclone consists of 

the following parts: inlet, barrel, cone, dust outlet and gas outlet, with configuration showed in Figure 

1 [1]. The gas is introduced through the inlet, which is usually located at the top of, and tangentially 

to, the barrel. The shape of the barrel then sets the gas into a swirling motion which descends axially 

and continues in the cone. Since the heaviest particles experience greater effect from the centrifugal 

forces, they are forced out to the wall where the swirl velocity is low and end up in the bottom, i.e. the 

dust outlet. The lighter particles leave the cyclone along with the gas via the gas outlet, also called the 

vortex finder.  

 

Figure 1 - Reverse-flow cyclone [1] 

Cyclones are today mainly used in industrial processes as cleaning devices for particle laden fluids, for 

example, a gas that contains dust that needs to be separated. Either the separation is performed before 

the process if the gas is to be used in a gas motor, or the separation is performed after the process in 

order to clean the gas from particles before it is released to the atmosphere.  

A cyclone contains no moving parts and is easy to manufacture. The lack of moving parts makes the 

cyclone a very robust cleaning device even for very high particle loads. In fact, the cyclone’s 

performance is improved the higher the particle loading is, up to a certain point [1]. Since the cyclone 

can be exposed to very harsh conditions and not take much damage, it is an elegant piece of cleaning 

device that has become very popular all around the world at industries where separation of particles 

from a gas stream is performed.  

The background to this master thesis is that an interest to dry particles in a more effective manner has 

arisen. In order to do this, investigations of different methods to reduce the moisture content of 

particles that are introduced into the cyclone have been examined. The aim is to do this without 

critically affecting the cyclones other performances such as pressure drop, energy consumption and 

separation efficiency.  
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3 Literature study 
Even though the geometry of cyclones is simple, the fluid dynamics is very complex since it involves 

lots of vortices and reversed flows which are hard to calculate analytically.  

3.1 Turbulence generators 

When designing a reversed-flow cyclone one is particularly interested in making the flow as laminar 

as possible since the actual separation is then most efficient. This demands very fine surfaces inside 

the cyclone, which often is referred to as smooth surfaces. However in order to dry particles, it is often 

more profitable to disturb the flow in order to generate turbulence since the drying process in a 

turbulent flow field is more efficient than in a laminar flow field, see section “4.1” 

One common way to create turbulence is by introducing so called vortex generators. A vortex 

generator is an obstacle placed in the flow path that disturb the flow and make it behave irregularly. 

Since the slightest surface roughness will create turbulence and that when turbulence once is created it 

propagates exponentially in the fluid, it is important to have good control of the design of the vortex 

generators to achieve the wanted behavior.  

3.1.1 Fins 

In order to control the turbulence, so called fins can be used. These kinds of vortex generators are 

mainly equipped on aerodynamic bodies such as aircrafts and high speed cars in order to delay the 

flow separation and thereby reduce the drag force. This application is seen in Figure 2 [2].  

 

Figure 2 - Vortex generator on airplane wing [2] 

In this project the idea with installing fins is to increase the turbulence but with little loss in pressure 

drop and tangential velocity since the cyclone still needs to act like an efficient separator in order to 

extract particles from the gas. If the tangential velocity is reduced too much, the device will lose in 

efficiency and therefore the fins need to be designed in an aerodynamically favorable way. 

 

Figure 3 - Real shark fin [3] 
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Figure 3 [3] shows a shark fin, which is a typical design of an aerodynamic fin. These can be designed 

in any desirable way in order to get the demanded behavior.  

The position of the vortex generators will most likely have major impact on the flow pattern in the 

cyclone. One idea is to install them at the inside of the upper part of the cyclone, the barrel wall. This 

would expose the fins to the fluid very frequently where the velocity is greatest. The higher the 

velocity the more turbulence is generated and therefore by placing the fins in the barrel the flow will 

be predominantly turbulent.  

Another idea is to install them at the cone wall. By doing this, instead of installing them at the barrel 

wall, the fluid will hit the fins at a lower velocity since it loses some velocity when it travels axially 

downwards along the cyclone wall. The problem with this though is that the turbulence is created 

farther down, so before the fluid hits the fins it is more or less laminar, and therefore the wanted 

increase in drying effect in the barrel does not arise.  

3.1.1.1 Turbulence generators by Mitsubishi 

In order to reduce the drag force on a high speed car, vortex generators can be installed on the back of 

the cars roof. One of few car companies that create these kinds of turbulence generators is Mitsubishi. 

Two different approaches are suggested; one “bump-shaped” and one “delta-wing-shaped”. The 

bump-shaped vortex generator can be seen in Figure 4 [4]. The authors propose that the height, h, of 

the vortex generator should be about the thickness of the boundary layer for their application [4].  

 

Figure 4 - Mitsubishi vortex generator [4] 

This report will focus on the bump shaped vortex generator, since the delta wing shaped looks like a 

composition of a right and an isosceles triangle, which are already investigated.  

3.1.1.2 Turbulence generators on airplane 

In this case, as in the case with the Mitsubishi vortex generators, the purpose is to reduce the drag 

force on the wing. Most planes use it in order to save energy and thereby save fuel and money. A 

typical shape of a vortex generator installed on a wing is presented in Figure 5 [5].  

 

Figure 5 - Airplane vortex generator [5] 
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3.1.1.3 Repds 

The idea with this type of vortex generator is to introduce a semi cylinder shaped rod at the cone wall 

as shown in Figure 6 [6]. It is shown that this stick, called Repds (Reduced pressure drop stick), 

decreases the tangential velocity in the cyclone, and therefore the centrifugal force will decrease with a 

loss in separation efficiency as a result [6]. A positive outcome from this type of vortex generator is 

that the pressure drop shows a decrease of about 17 % [6].  

 

Figure 6 - Reducing pressure drop stick [6] 

3.2 Inlet configuration 

Another way to improve the performance is to take the inlet angles into account. Figure 7 [7] shows a 

squared cyclone design. Square cyclones are smaller in size, have shorter start up time, are easier to 

install water-cooled tube wall in, and is a more cost efficient construction. The downside is that the 

efficiency is usually lower [7].  

 

Figure 7 – Inlet configuration [7] 

The different configurations showed in Figure 7 influences the flow behavior in the cyclone and lead 

to varying separation efficiencies and pressure drop. With the double declining inlets, the reversed 

flow began at lower position in the cyclone; gas and particles traveled a longer helical path downward 

[7]. If the swirling flow goes deeper in the cyclone, particles usually experience centrifugal force for a 

longer period of time, which might be favorable for particle separation. A problem with this is that 

particles that normally get separated is spinning inside the cyclone and may be re-entrained by 

reversed flow and escape through the gas exit. This will further on lead to lower separation efficiency.  

3.3 Vortex breaker in gas outlet 

A cyclones total pressure drop is mainly determined by the pressure drop over the vortex finder [1]. In 

order to reduce the pressure drop in this area, one is usually interested to end the vortex in the gas 
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outlet with a so called “pressure-recovery device”, to create a purely axial flow. One way to do this is 

to install a cross placed at the inlet of the vortex finder as in Figure 8 [8].  

 

Figure 8 - Regular cross [8] 

However, this type of vortex ender abruptly disturbs the inner core spin so a region where swirling 

fluid meets a non-swirling fluid occurs, and therefore the flow vectors in this area will point in many 

different directions. The abrupt end of the vortex will further affect the flow throughout the entire 

cyclone. This disturbance in the core spin will eventually create a negative effect on the separation 

efficiency due to the scattered velocity distribution.  

3.3.1 Helix cross 

An alternative way to end the vortex in the gas outlet is to install a so called “helix cross” instead of a 

regular cross plate. The idea with the helix cross is to smoothly slow down the core spin velocity in 

order to avoid the area of disturbance between the swirling motion and the non-swirling motion, and 

thereby create a purely axial flow. A design of the helix cross is shown on the left hand side in Figure 

9 [1], with possible placements on the right hand side. 

 

Figure 9 - Helix cross [1] 

Shepherd and Lapple were among the first to examine such pressure-recovery devices. Their 

investigations showed a reduction of 30 – 50 % in total cyclone pressure drop with the device installed 

at position 2 in Figure 9 [1]. Similar investigations have been made by numerous authors afterwards, 

with resembling results.  

Even though these type of devices give exclusively positive results on the cyclones performance, the 

balance between performance and manufacturing efforts and costs always has to be considered since 

the helix cross has a fairly complex shape according to manufacturing terms. If for example the energy 

consumption of the feed pump is important, these kinds of devices are definitely considerable since the 

pressure drop of the cyclone is greatly reduced. 

3.3.2 Winged core 

The energy loss is one of the important performance indices of a cyclone. The energy consumption is 

determined by the total pressure drop over the cyclone.  
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Investigations of the flow inside hydro-cyclones have shown that when controlling the turbulence 

structure in the vortex, the overall performance improved [9]. One way to do this is to introduce a so 

called winged core in the cyclone.  

 

Figure 10 - Winged core [9] 

As seen in Figure 10 [9], the main vortex is divided into 4 small vortices by the winged core.  This 

core shows positive result in experimental studies. By controlling the structure of the turbulence, the 

performance was proven to have a lower energy loss coefficient, larger reduced separation efficiency, 

higher separation sharpness and larger capacity [9]. One design of the winged core will be tested in 

ANSYS Fluent and compared with the base case.  

Data in Table 1 compares a cyclone with and without a winged core [9]. 

Table 1 - Data from experiment on winged core [9] 

Performance index Without winged core With Winged core 

Energy loss coefficient, K (-) 13.31 6.80 

Reduced separation efficiency, E’t(%) 69.86 88.03 

Corrected cut size, d50c (μm) 3.173 33.66 

Separation sharpness, α (-) 2.43 2.80 

Capacity, Q (cm
3
/s) 1116.0 1503.2 

Flow split, S (%) 13.32 25.69 

 

3.4 Drying of particles 

In order to reduce the energy consumption and increase the efficiency in wood combustion, the 

moisture content in the material has to be reduced. There are many steps in the process of drying. If 

the material is cold from the beginning, it first needs to be heated up to the wet bulb temperature in 

order to force the water out of the material [10]. Along with this, a first evaporation of moisture on the 

surface takes place. Next step in the drying process is a continuous heat transfer from the surrounding 

fluid to the material in order to drive the moisture from inside the material to the outside so it can 

evaporate [10]. Throughout this process the material contain the same temperature since water is 

present all the time. When the moisture content is almost zero, the material starts to gain heat from the 

surrounding fluid with an increase of the material temperature as a result, and the drying process is 

finished.  
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Since the surrounding fluid is usually hot air, and air has a very low convective heat transfer 

coefficient compared to the material that is to be dried, a lot of air is needed in the process. This type 

of thermal drying is very expensive and therefore an alternative way of reducing the moisture content 

is an interesting area to investigate.  

3.4.1 Rotary dryers 

Drying particles with help from the centrifugal force is the principle used in rotary dryers, for example 

in washing machines. The idea with these types of dryers is to physically force the water molecules 

out from the material by setting them in a rotating motion in a drum. The water particles will be driven 

out from the center of the rotation out to the walls and the material will then be dried.  

 

Figure 11 - Rotary dryer [10] 

In industrial processes, the rotary dryer is usually placed before a cyclone; mainly in order to reduce 

the clogging of particles in the cyclone, see Figure 11 [10]. In this particular dryer the principle to 

force the water particles out from the middle is combined with heat in order to make the process more 

efficient. However, this supplement is not always necessary; it can be directly poor in an energy 

consuming point of view.  

In this project the idea is to dry the particles directly in the cyclone in order to dry and separate the 

particles in a one-step process.   
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4 Theory 

4.1 Turbulence 

Turbulent flow occurs in all kinds of situations, for example in hoses, rivers and waterfalls. The Nobel 

Laureate theoretical physicist named Richard Feynman should have stated that “turbulence is the most 

important unsolved problem of classical physics” [11]. This statement demonstrates both the 

importance and the difficulties regarding turbulent flows.  

The behavior of a flow can typically be divided into different types: laminar or turbulent as seen in 

Figure 12 [12], which represents the flow fields in a straight pipe when the Reynolds number is 

changed.  

 

Figure 12 - Laminar-, transitional- and turbulent flow fields resp. [12] 

Whether a particular flow is laminar or turbulent is usually represented by the dimensionless Reynolds 

number, which is defined as 

   
   

 
 

(1) 

Where    is the free stream velocity, D is a characteristic length and ν is the kinematic viscosity of 

the fluid.  

The flow field in upper part of Figure 12 is calm and orderly and the streamlines are typically directed 

only in the tangential direction. This behavior arises when the flow rate is fairly low, and is generally 

referred to as laminar flow. The Reynolds number for laminar pipe flow is said to have a maximum at 

approximately 2300 [13]. 

When the mass flow rate increases, a disorder in the flow occurs as seen in the middle part of Figure 

12. The flow is usually still laminar close to the wall, but in the middle the flow vectors points in all 

three directions in the room. This type of flow is referred to as transitional flow, with Reynolds 

numbers approximately 2300 ≤ Re ≤ 4000 [13].  

When the flow rate increases even further, the flow becomes turbulent, which can be seen in the lower 

part of Figure 12. This type of flow is usually present if Re ≥ 4000 [13]. A turbulent flow is 

characterized by a chaotic behavior with flow field vectors scattered throughout the entire flow. The 

flow is highly irregular with lots of vortices developing in all directions. The unsteady vortices and 

eddies that occur in the flow interacts with each other, and the higher the Reynolds number gets the 

more vortices are created and the flow becomes even more turbulent. At first, large vortices are 
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created, which then dissolve into smaller and smaller vortices. The kinetic energy carried by the large 

eddies are during this process is transformed into heat, with an extensive heat transfer as a result.  

There are both negative and positive aspects according to turbulence. One major drawback with 

turbulence is that the flow field is scattered and predictions how it looks become almost impossible. 

This is typically important in weather forecasts and knowledge of wind formation during flight. 

Coupled to this is also a drawback regarding lift on particles. Since the flow field is spread all around 

in the space, the lift coefficient on for example a wing profile becomes more difficult to determine. 

However there are also some positive effects with turbulence. One of these positive effects is when 

mixing two fluids. Since there are lots of vortices in this type of flows which counteracts with each 

other, the streamlines tend to be shorter and the mixing is more efficient. Since the mixing is 

improved, so is also the heat transfer in a turbulent flow field since there is more exchange between 

the molecules. Another important positive effect is that the drag force on particle traveling in a 

turbulent flow field is reduced compared to particles traveling in a laminar flow field [14]. This 

phenomenon is most easily explained due to that the flow separates later from the particle in a 

turbulent flow field than in a laminar flow field. In this separation wake that is created behind the 

particle, for example a ball, the flow vectors partially points in the direction opposite to the direction 

of travel, which is the main mechanism for formation of drag. This type of drag reduction by 

generation of turbulence becomes most evident on golf balls and airplane wings where dimples and 

fins resp. are used as vortex generators.  

An important aspect to consider is to evaluate if the flow into the cyclone actually is turbulent. The 

flow situation in the inlets in this case can be approximated as a pipe flow, where the limit for 

turbulent flow is when Re ≥ 4000 [13]. According to the high inlet velocities in this case, the Reynolds 

number will be around 32500 which refers to turbulent flow.  

4.1.1 Boundary layers 

When a fluid flows over a surface with different speed compared to the fluid, a drag force is generated 

due to the occurring of shear stresses between the fluid and the plate since the condition of “no-slip” is 

valid. No-slip means that the velocity of the fluid will have the same speed as the surface at the 

surface. Further on this means that the area of the fluid close to the wall will have a lower velocity 

than the free stream velocity and the fluid in the free stream remains inviscid, but the fluid in the 

boundary layer is affected by viscous forces. 

 

Figure 13 - Boundary layer development [15] 

The velocity and temperature profile of the boundary layer over a flat plate is shown in Figure 13 [15]. 

It seems as the boundary layer is a thick region, but this image is exaggerated and in fact it is a very 

thin region compared to the plate length, i.e. δ << L. This is further stated by equation (2) for the 

turbulent boundary layer thickness [16], δ(x) 
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(2) 

where Rex is the Reynolds number at an arbitrary position x along the length of the plate. The 

definition of the boundary layer thickness is the perpendicular distance from the wall to a point in the 

flow at which the velocity is       , where    is the free stream velocity [16].  

Although the velocity at the wall goes to zero, the heat transfer from the fluid to the wall increases in 

the same area if the plate’s surface is different from the fluid temperature, which can be seen in Figure 

14. This is what is expected partly due to the small eddies, from which heat is transferred, 

predominantly exists close to the wall. But also the closer to the wall the larger the temperature 

difference between the fluid and the wall becomes, and the heat flux increases.  

4.2 Computational fluid dynamics 

Since the flow characteristics inside the cyclone is complex to determine analytically due to a lot of 

turbulence, numerical methods in form of computational fluid dynamics have to be introduced. In 

these numerical methods, approximated constants determined from experiments are introduced in 

order to reduce the number of unknowns in the full Navier-Stokes equation. These approximations 

lead to solvable, but somewhat uncertain sets of equations to describe the flow pattern.  

4.2.1 Meshing 

There are numerous types of meshing programs and applications that each requires special knowledge. 

ANSYS, for example, provides one mesh generator that is suitable for certain types of problems. 

Another, standalone mesh generator, is a program called ANSA. This program allows the user to 

create more advanced meshes due to the extensive amount of settings applicable for each area of the 

particular object that is to be meshed. This chapter will give a brief introduction on general 

considerations during CFD meshing for flows with lots of vortices.  

In order to generate a successful CFD simulation for highly turbulent flows, strict requirements are 

placed on the grid design since turbulence is the main cause of transporting energy within the fluid 

[17]. For example where there are large differences in the velocity, more elements are needed in order 

to resolve the increased fluctuations in these areas. This also applies for high pressure differences, 

large viscosity fluctuations, large amount of turbulence etc. Often it’s more important with the 

structure of elements instead of increasing the number of element. It’s an unwritten law that the time 

spent on grid design will benefit to a better convergence and more accurate results. A mesh validation 

is preferably performed before the test.  

Often these areas of rapid changes in the fluid properties arise in the “near-wall region”, where the 

grid resolution generally needs to be refined, see Figure 19. Depending on which turbulence model is 

used, particularly if the model uses wall functions, the grid should be resolved in different ways. The 

most convenient way to determine how fine the elements should be at a certain area is to use the 

dimensionless wall distance, y
+
. The y

+
 value is used to obtain the necessary grid spacing in the 

viscous sub-layer [18], and is defined as 

   
   

 
 

(3) 

Where the wall velocity   , is defined as,  
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(4) 

Where       is the shear force on the wall and   is the density of the fluid. 

To get a value for y
+
, simulation tests are needed to get the velocities near the wall in critical areas. 

However with knowledge of the inlet velocity and assuming that critical velocities will be near the 

inlet velocity, approximations of the y
+ 

can be made [19]. With these approximations a better guess of 

the grid resolution can be made and the time consumption can be reduced.  

4.2.2 Turbulence models 

Since turbulence is impossible to solve analytically, specific models are needed to predict how the 

flow behaves in certain situations. Numerous such models are present today, each of them suitable for 

particular types of problems. There are mainly two types of turbulence models used: models that 

introduce apparent stresses known as “Reynolds stresses”, and models that exactly computes the 

resolution of the large eddies in the flow. There is also a model that resolves even the smallest eddies 

which is called Direct Numerical Simulation (DNS). This model however demands a lot of 

computational effort and the grid resolution needs to be very fine [20], so for engineering applications 

it is not suitable.  

4.2.2.1 Reynolds Averaged Navier Stokes 

The Reynolds Averaged Navier Stokes (RANS) equations are implemented in many of the most 

common turbulence models. These turbulence models are based on the Navier-Stokes equations and 

introduce apparent stresses known as “Reynolds stresses”, see chapter “Appendix/Basic fluid 

dynamics and governing equations” for a more detailed description. The quantities in these equations 

are decomposed in to one time-average component and one fluctuating component, and the solution 

becomes an average approximation of the full Navier Stokes equations, where all different types of 

eddies, both small and large, are modeled [21]. Depending on how the Reynolds stresses are 

determined, the solution methods are named in different ways; “Eddy viscosity models” and 

“Reynolds stress models”.  

4.2.2.1.1 Eddy viscosity models 

If the situation is a steady state problem with laminar flow, a model with lots of predictions and 

assumptions is usually sufficient due to the simplicity of the flow field. In these cases the eddy 

viscosity models are suitable. The Eddy viscosity models solve the Reynolds stresses by using the 

Boussinesq hypothesis, using an isotropic eddy viscosity, µT and are mainly divided into three 

subcategories: algebraic models, one equation models and two equation models, depending on how 

many extra transport equations that are solved for beside RANS. The eddy viscosity models are more 

numerically stable than more elaborate models and are therefore often used to get a first tendency on 

how the flow situation looks like [22].  

4.2.2.1.1.1 k- ε turbulence models 

The most commonly used models in the eddy viscosity model family are the k-ε models. These are 

two equations models which mean that beyond RANS, two extra transport equations are solved for to 

describe the flow. The k-ε models are numerically stable and usually describe general flows well [22]. 

They are widely used by engineers today due to their simplicity and robustness.  
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However the k-ε models do not describe the boundary layer close to the wall very well since they are 

commonly used as so called “High-Re turbulence models” [23]. The “High-Re turbulence models” 

predicts the flow well where the Reynolds number is high. The flow velocity, and thereby the 

Reynolds number, close to the wall is much lower than in the free stream and because of this, these 

models use a specific wall function that predicts how the flow looks like near the wall. This basically 

means that the viscosity affected region is not resolved; see left hand side of Figure 14 [24].  

 

Figure 14 - Wall modeling [24] 

When dealing with more complex flows, the standard k-ε model sometimes does not predict the flow 

in a sensible way. Therefore two more subgroups to the standard k-ε model are available in Fluent: the 

RNG k-ε model and the realizable k-ε model.  

4.2.2.1.1.1.1 RNG k-ε model 

The main differences with the RNG k-ε model compared to the standard k-ε model are: better suited 

for rapidly strained flows, involves the effect of swirl on turbulence, and also it uses an analytical 

approach instead of constant values to determine the turbulent Prandtl number [25]. By doing these 

model changes, RNG k-ε provides reasonable results to a wider range of flows for example flows with 

significant amount of streamline curvature and lots of anisotropy.  

4.2.2.1.1.1.2 Realizable k-ε model 

The main differences between the realizable k-ε model and the standard k-ε model are: new 

formulation for turbulent viscosity (equation (5)) and new transport equation for the dissipation rate. 

The realizable k-ε model is a model that normally provides superior results compared to the standard 

k-ε model regarding flows involving rotation, large gradients and separation. In this case, the term 

“realizable” means that the constant    in equation (F35) in “Appendix/Basic fluid dynamics and 

governing equations“ is no longer constant, but instead a variable determined analytically according to 

equation (5) 

   
 

     
   

 

 

(5) 

Equation (5) is a function of mean strain, angular velocity and turbulence fields which reproduces 

same value as in equation (F35) for inertial sub-layer in an equilibrium boundary layer [26]. For 

complete derivation of equation (5), and also the equation for the new dissipation rate, see [26].  

4.2.2.1.1.2 k- ω turbulence models 

To avoid the usage of a wall function, which is an approximation of the viscosity affected region, 

models that use near wall treatment can be implemented instead.  
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These models, for example most of the k-ω models, are commonly used as so called “Low-Re 

turbulence models” [27]. This type of models instead resolves this viscous sub-layer close to the wall 

and demands therefore a well resolved grid in this area. As their name indicates, these models 

normally do not fit well for areas of the flow where the Reynolds number is high though, for example 

in the free stream. Therefore combinations of these two approaches could be a convenient way of 

handling flows where both the free stream and the boundary layer are important to resolve. One such 

combination is the SST turbulence model, which uses k-ε in the free stream and k-ω in the near wall 

region [27].  

4.2.2.1.2 Reynolds Stress Model 

If the situation is more complex, for example swirling flows with lots of turbulence generation, usage 

of a more advanced and complicated turbulence model is normally a better approach since the 

calculations are performed in a more detailed way with less approximations.  

One of these elaborate turbulence models is the Reynolds Stress Model (RSM). This model solves 

transport equations directly for the Reynolds stresses in RANS along with an equation for the 

dissipation rate, without assuming an isotropic eddy viscosity, which means that it is a 5 equation 

model in 2D and a 7 equation model in 3D [22]. Since RSM does not assume variables to have 

constant values in the same extent as the eddy viscosity models, it usually predicts complex flows 

better than a one- or two equation model such as k-ε. The RSM is however less computationally stable 

since the modeling of pressure-strain and dissipation-rate terms are difficult to perform. But when the 

flow is complex, for example highly swirling flows, the RSM is usually superior to simpler models.  

4.2.2.2 Eddy Simulations 

The large eddies are the ones carrying the most energy [28]. Therefore, in order to determine the 

energy transport, the smallest scales of turbulence are removed and modeled, while the large eddies 

are resolved directly. Since the large eddies are solved for directly, these models demand a lot more 

computational effort and are also less numerically stable than the RANS models [29].  

One example of this approach is the Large Eddy Simulation (LES). In comparison to DNS, the LES 

model allows coarser meshes [28]. It is misleading though to say that the LES models allows coarse 

meshes since it demands a lot finer grids than the RANS models. As for the RANS High-Re 

turbulence models, where a special wall function commonly is used, so called “Subgrid-Scale Models” 

are usually applied in LES to predict the flow pattern close to the wall where the eddies are small. 

These models use the Boussinesq hypothesis as in RANS [29]; the subgrid stresses are mainly 

described using a turbulent eddy viscosity [30].  

4.2.3 Steady state vs. transient 

All simulations can be run either as a steady state simulation, or as a transient simulation. When 

running a steady state simulation the amount of material in a specific domain remains the same, thus 

the flow in and out from the control volume is always the same during certain iteration. Further on this 

means that all time derivatives in Navier-Stokes equations, are zero. This simplifies the calculations a 

lot since in the material derivate, equation (F5) in “Appendix/Basic fluid dynamics and governing 

equations”, in Navier-Stokes equation the time dependent term becomes zero. The continuity equation 

will only depend on the velocity and will reduce to equation (6) for incompressible flow 

     

(6) 
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This kind of approach is suitable in many applications where the changes over time are not needed for 

the purpose of the simulation.  

However, if the system consists of motion of flow that change during time, a transient approach is 

more suitable. This type of system could be for example a damped motion where the amplitude of the 

oscillations change as time goes by. It can also be a system where the flow in to a control volume 

changes according to time, and the flow in and out from the domain does not remain the same. The 

equations in this approach become a lot more complicated to solve due to the implementation of time 

derivatives, and more computational effort is needed. Depending on turbulence model, a transient 

approach could be necessary to make the solution converge at desired criteria.  

In this particular project it would be more convenient to use a transient approach since the flow in and 

out from a particular arbitrary control volume always will differ during different times. This becomes 

even more evident if a lot of turbulence is generated since reverse flow, i.e. fluid that flows in the 

opposite direction to the bulk flow, arises frequently. But due to the amount of computational effort 

needed for this type of simulation, all simulations were performed under steady state conditions.  

4.2.4 Lagrangian vs. Eulerian 
To describe fluid motion, two different methods are used: the Lagrangian and the Eulerian. The 

Lagrangian approach follows the path of individual objects with the help of position vectors of each 

object. Newton’s laws are used to describe the motion and how kinetic energy and momentum are 

exchanged between objects. This method takes up a lot of computational effort since the flow usually 

contains large amounts of small particles. 

In the Eulerian approach a control volume is defined, in which fluid flows in and out. In this control 

volume it is not needed to keep track of individual particles, instead field variables are defined within 

the specific control volume. Such field variables are usually pressure fields and velocity fields. The 

Eulerian method is the method most used in this project due to lower computational effort and also the 

information of movement of individual particles is not considered to have a large impact. When the 

flow control is combined with multiphase the need for Lagrangian methods will increase though and 

some simulations will therefore be run with this approach in order to get information of particle hold 

up time, particle drying, and separation of particles.  

4.2.5 Solution methods 

4.2.5.1 Pressure-Velocity Scheme 

The SIMPLE algorithm is the default in Fluent and SIMPLEC (SIMPLE-Consistent) is similar to 

SIMPLE procedure but has increased under relaxation [31]. PISO is recommended for transient flow 

with large time steps. The coupled algorithm solves the momentum-, energy- and continuity equation 

simultaneously compared to the segregated equations; SIMPLE, PISO, SIMPLEC, which solves the 

momentum- and pressure correction equations separately [31]. The equations are modified to resolve 

compressible and incompressible flow when using the coupled algorithm [32].  

4.2.5.2 Spatial discretization 

Spatial discretization refers to how a certain scalar is going to be calculated. The scalar in the cell 

center is stored, whereas the face value of the cell is interpolated according to the value in the center of 

the cell [33]. This process is usually referred to as upwind schemes, which are the most common 

spatial discretization methods used in Fluent. If only low to moderate accuracy is demanded, the First-

order upwind scheme is sufficient. This scheme predicts that the face value of the scalar is equal to the 

center value. If the accuracy needs to be higher, the Second-order upwind scheme is preferred. This 



 

24 

 

scheme instead determines the face value of the scalar according to the cell center value, the gradient 

of the cell center value and the displacement vector from the center to the face [33].  

As for all other variables, spatial discretization of the pressure can also be chosen. Depending on the 

situation, i.e. the flow characteristics, the choice of discretization scheme is important in order to yield 

reasonable results. One of these schemes is “PRESTO!”. The PRESTO!-scheme is especially 

recommended when dealing with highly swirling flows [34]. This method shifts the mesh 

geometrically so that the “new” cell center values end up on the “old” face values of a particular scalar 

and the face value is therefore known [35].  

4.2.5.2.1 Pseudo Transient 

Adds an unsteady term to the equations to improve stability and convergence, it’s a form of implicit 

under-relaxation for steady state cases [36]. Uses time steps to integrate an initial value problem in an 

ODE or PDE boundary value problem and iterates until acceptable accuracy in steady state is 

achieved, [37]. This application helps to speed up the solution to converge in most of the cases. 

Pseudo transient can be activated when Coupled is chosen as pressure-velocity scheme.  

4.2.5.2.2 Higher Order Term Relaxation  

Improves the startup and general solution and applies to the higher order spatial discretization terms. 

Equation (7) [38] shows the standard formulation with higher order terms where f is the under-

relaxation factor.  

                                

(7) 

4.2.6 Monitors 

All the criteria for residuals was unchecked and mass flow, pressure, temperature and velocity 

measurements was monitored at inlets, outlets and constructed point to see when the solution 

converged. After the monitors stabilized, the criteria for residuals were considered.  

4.2.7 Solution Initialization 

Two different methods can be used for initialization; hybrid and standard. The standard method lets 

the user put in starting values for the simulation. Hybrid, which is used in the simulations in this 

project, uses collection of recipes and boundary interpolation methods to compute the starting values 

[39]. This is done purely on setup provided in FLUENT and the needs for additional input are 

neglected.  
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4.3 Heat transfer mechanisms 

There are three different types of heat transfer mechanisms: conduction, convection and radiation. In 

Figure 15 [40] these three types of mechanisms are shown with conduction, convection and radiation 

from left to right respectively.  

 

Figure 15 - Heat transfer mechanisms [40] 

When speaking of conduction one refers to transport of energy due to molecular motion and 

interaction, i.e. energy transport through bodies. How well different types of materials transfer heat is 

determined by the thermal conductivity, k.  

The convection heat transfer mechanism is the type arising due to fluid motion over a body with other 

temperature than the surrounding fluid. This is the type of heat transfer that takes place in boundary 

layers. There are mainly four types of convection mechanisms: natural convection, forced convection, 

boiling and condensation. Also here, the heat transfer rate is dependent on the materials properties, 

which is called the convective heat transfer coefficient, h.  

The last of the three heat transfer mechanisms is radiation. This type of energy transport arises due to 

that electromagnetic waves either leaving or is received by the body. How effective this heat transfer is 

depends on the surface emissivity and on the surface temperature which is powered to the four in the 

formula for heat transferred via radiation.  

  



 

26 

 

5 Method 

5.1 Computational fluid dynamics 

5.1.1 Meshing 

Depending on different solvers and turbulence models, different mesh resolutions are needed. In a 

cyclone, where the velocities after the gas inlet is relatively high and the high velocities are maintained 

in the barrel, strict demands are placed on the grid resolution. The same applies to the edge in the 

beginning of the vortex finder, where the velocities also will be high. The main reason to have a fine 

grid in these areas is to get a suitable y
+
 value at the wall. The y

+
 value is a dimensionless wall 

distance described closer in chapter 4.2.1. 

 

Figure 16 - 2D geometry of optimal cyclone 

Meshes were constructed for both a 2D geometry, see Figure 16, and for 3D geometry, see Figure 17. 

2D was used to get a symmetrical geometry and decrease the need for computational power.  

 

Figure 17 - One type of 3D geometry for the cyclone 

Figure 18 shows the complete mesh for a 2D geometry. As seen in the figure, extra fine elements were 

used at the inlet walls and at the walls of the vortex finder where the swirl are high to ensure that a 

good value for y
+
 was obtained. 
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Figure 18 - 2D mesh resolution 

For the 3D geometry in Figures 17 and 19 the number of elements increased dramatically and 

tetrahedral cells were used throughout the whole body, compared with the 2D where quads where used 

in the viscous sub-layer and complemented with tetras in the free stream. With a narrow slot at the 

inlet the resolution had to be even better which resulted in even finer layers. The right side of Figure 

19 is a magnification to illustrate this.  

 

Figure 19 - 3D mesh resolution 
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5.1.2 Fluent 

Simulations were performed both in 2D and 3D. 2D simulations were used to save computational 

efforts and time and as a starting point to examine different cases to select the best results for further 

simulations in 3D.  

5.1.2.1 2D 

2D simulations were performed both in planar- and swirling flow. With swirling flow, axis symmetric 

conditions were used to simulate a circular geometry, see Figure 20, where 1 is the dust outlet, 2 is the 

gas inlet and 3 is the gas outlet.  

 

Figure 20 - 2D geometry 

With swirling flow, the difficulty of placing an inlet was avoided by dividing the inlet velocity into 

components; axial, radial and tangential; defining the velocity as tangential and then directing inwards 

using the radial component. The axial velocity is set to 0 m/s and the tangential velocity is equal to the 

inlet velocity and the radial velocity is determined by equation (8) [41], 

   
 

   
    

(8) 

where b is the inlet width, R the radius of the barrel and Uin the inlet velocity. The gas outlet was set to 

a pressure outlet boundary condtion and the dust outlet to a pressure inlet boundary condition. This 

was used according to experiments Figure 21 shows a contour plot of total pressure in a 2D-

simulation. 

 

Figure 21 – Total Pressure in channel flow 

5.1.2.2 3D 

The mesh size of the 3D geometries exceeded the size of the 2D geometries a great deal, but defining 

boundary conditions was less complicated. Figure 19 shows an example of a 3D mesh and its layers. A 

pressure inlet with 50 kPa was put at the inlets and the same conditions as the 2D case was put at the 

outlets; pressure outlet at the gas outlet and pressure inlet at the dust outlet. With a 3D simulation, 

streamlines could easily be produced in Fluent or in the post processor Paraview to get a more detailed 

view how the flow is moving in the cyclone and over the different designs, see Figure 22. With all 3D 
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simulations, the k-ε turbulence model was used due to its simplicity, robustness and lack of 

computational effort. As compliment enhanced wall treatment was also enabled because of the 

variation in y
+
 values over the cyclone, small at inlets and large at cone walls. The restriction of y

+
 for 

k-ε is between 30 and 500, but in this case values below 10 were found at the fine grid-size around the 

inlets.  

 

Figure 22 - Streamlines 

5.2 Turbulence generators 

The main goal with the turbulence generators in this case is to increase the turbulent intensity, with 

minimum increase in pressure drop.  

5.2.1 2D simulation 

To be able to determine which vortex generator that gives the best results, i.e. lowest pressure drop 

and highest turbulence intensity, 2D-simulations of different designs have been performed.  

 

Figure 23 - 2D channel flow setup 

The surrounding geometry consists of a plane of size 1000 * 315 mm. Figure 23 shows a sketch of the 

setup of an arbitrary vortex generator. The vortex generator is set as a wall and is placed 250 mm in 
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from the inlet and has a length of 100 mm. The “ground” is also set as a wall. The “roof” serves as a 

symmetry line so the flow is represented as a flow in a channel. A pressure-outlet is placed 650 mm 

away from the trailing edge of the vortex generator.  

All simulations on the general vortex generators were carried out with the k-ε turbulence model with 

standard wall function since the geometry is fairly simple. But it was found that the standard k-ε 

turbulence model didn’t give satisfying result and the turbulence model was changed to SST, which is 

explained closer in chapter 4.2.2.1.1.2.  

The pressure recovery factor,  , is a measure on the amount of pressure recovered between two 

points. The formula for    is presented as equation (9). 

      
     
 

 
      

 
 

(9) 

Where    and    represents the total pressure at each point,     is the mean fluid density between 

point 1 and 2 and     is the inlet velocity. This equation generates a dimensionless variable, and could 

therefore be convenient to use as a scaling factor on different sizes of the same geometry.  

5.2.1.1 General vortex generators 

The first simulations were made on general shapes of vortex generators in order to determine which 

shape that would be further examined. Totally four general shapes were looked at, which are 

schematically illustrated in Figure 24 below. All shapes have the same height and length; 50 mm and 

100 mm respectively.  

 

Figure 24 - General vortex generators 

5.2.1.2 Mitsubishi vortex generators 

In 3.1.1.1 these types of vortex generators are described more in detail. The length of the fin has been 

held constant while the height has been varied. For these more sophisticated designs it was found that 

the k-epsilon turbulence model was not sufficient. Therefore a more advanced turbulence model had to 

be used, which was chosen to be the k-ω SST turbulence model.  

5.2.1.3 Airplane vortex generator 

The design of these vortex generators can be seen in Figure 5 in 3.1.1.2. Three different heights have 

been investigated while the length was held constant. Two types of airplane vortex generators have 

been examined: one “standard” and one “with fillet”. The two designs are shown in Figure 25, with 

the standard design to the left and the fillet design to the right.  
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Figure 25 - Airplane vortex generators 

5.2.1.4 Improved shark fin 

The default geometry of these vortex generators can be seen in Figure 3 in 3.1.1. Inspiration has been 

taken from real sharks, since they have perfected their ability to reduce their hydrodynamic drag force 

in order to swim with the smallest amount of effort possible. One type of design is shown in Figure 26.  

 

Figure 26 - Improved shark fin 

5.3 Inlet configuration 

The main goal with changing the inlet angles is to improve the cyclone’s performance according to 

increase of the separation efficiency by increasing the velocities, and also decrease of the total 

pressure drop.  

5.3.1 2D simulation 

Two types of inlet angles have been investigated; the incident angle as on the left side and the section 

angle as on the right side in Figure 27.  

 

Figure 27 - Incident- and section angle respectively 

Also in this part, 2D simulations have been performed as explained in chapter 5.1.2.1. For this 

particular case, the mass flow in to the cyclone was held constant, with varying the inlet velocity 

components so it corresponded to the different angles simulated. 2D simulations though are, as 

mentioned earlier, an approximation to the 3D simulation and were performed mainly to get a first hint 

of which case that shows most promising results. This case is then meshed and simulated in 3D. It is, 

however, only the incident angle that can be simulated in 2D. When investigating the section angle, 

3D simulations are needed since this angle cannot be defined in 2D, which was much more time 
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consuming. All simulations, both 2D and 3D, where carried out with RNG k-ε turbulence model 

which suits well for swirling flows.  

5.3.2 3D simulation 

In the 3D case the boundary conditions are much easier to set since the geometry is complete with all 

inlets and outlets. The geometry for the different section angles are shown in Figure 28 with baseline 

case 10 degrees and 45 degrees cases from left to right respectively.  

 

Figure 28 - Section angles simulated: 0 degrees (baseline case), 10 degrees and 45 degrees 

Figure 29 shows the baseline case cyclone to left and the cyclone with an incident angle of 20 degrees 

to the right.  

 

Figure 29 - Incident angles simulated: 0 degrees (baseline case) and 20 degrees case 

The 3D simulation set up is straight forward and follows the same procedure explained in chapter 

5.1.2.2.  
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5.4 Winged core 

The purpose to insert a winged core in the cyclone is to reduce the pressure drop in order to reduce the 

power input to the feeder. From the outside, the cyclone’s appearance is the same as the default 

cyclone, but the inside is modified as in Figure 30, which shows the winged core in the middle and the 

cyclone with the winged core installed.  

 

Figure 30 - Winged core in cyclone 

For this case only 3D simulations have been performed since a cross can’t be simulated in a satisfying 

way in 2D. The 3D simulations are performed identically as all other cases and are explained more in 

detail in “5.1.2.2”. Section “3.3” explains how this feature works in a hydro cyclone.  
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6 Results 

6.1 Turbulence generators 

This chapter describes the results from the calculations on vortex generators.  

6.1.1 2D simulations 

6.1.1.1 General shapes 

In Figure 31 the distribution of the different measurement lines are presented for the simulation of 

general shapes.  

 

Figure 31 - Measurement lines general shapes 

The values in “Excel/ A1 – General vortex generators” for difference in turbulent intensity and total 

pressure drop respectively, are in comparison to the inlet at each position; “Line #1”, “Line #2”, “Line 

#3” and “Outlet”. All other values that contribute are presented in “Excel/A1 – General vortex 

generators”.  

 

Figure 32 - Turbulence intensity general shapes 
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Figure 33 - Total pressure drop general shapes 

Figures 32 and 33 show plots with values from Tables A1 and A2 in “Excel/ A1 – General vortex 

generators” respectively. Since the goal is to increase turbulence without generating high pressure 

drop, a qualitative comparison between these variables has to be done. The most critical area is at Line 

#2, where the turbulent intensity is at its highest. If the total pressure loss is of most importance, the 

half circle shape is the obvious choice. However, this geometry does not generate as much turbulence 

as for example the shark fin. The final choice of vortex generator is therefore a balance between these 

two aspects, and evaluation of which parameter is most important.  

All variables are presented in “Excel/ A1 – General vortex generators”.  

6.1.1.2 Mitsubishi vortex generators 

In this case an additional control line has been inserted at the trailing edge of the bump, i.e. Line #2 in 

this case. The distribution of the control lines are shown in Figure 34. The design of the vortex 

generator can be found in chapter 3.1.1.1. 

 

Figure 34 - Measurement lines for improved designs 

Tables A3 and A4 In “Excel/A2 – Improved vortex generators ” the values of the difference in 

turbulent intensity and total pressure drop respectively is presented for three different heights, h, of the 

fin and are in comparison to the inlet at each position; “Line #1”, “Line #2”, “Line #3”, “Line #4”, and 

“Outlet” respectively.  

Figures 35 and 36 show plots with the values from Tables A3 and A4 in “Excel/A2 – Improved vortex 

generators” respectively. 
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Figure 35 - Turbulence intensity Mitsubishi 

 

Figure 36 - Total pressure drop Mitsubishi 

Interesting position to notice is at the trailing edge of the bump, i.e. “Line #2”. The vortex generator 

with a height of 30 mm generates a lot of turbulence, but the pressure drop is also very large. Worth 

noting is that for the vortex generator with a height of 10 mm the turbulence intensity never increases, 

which is represented by the negative values.  

6.1.1.3 Airplane vortex generators 

After some evaluation it was observed that the airplane design with fillet generated a lot of pressure 

drop but with little turbulence generation, and was therefore not evaluated further. The design of these 

vortex generators can be seen in chapter 3.1.1.2. 

The distribution of the control lines are the same as for the “Mitsubishi vortex generator” as in Figure 

34.  

The values in all tables are in comparison to the inlet at each position; “Line #1”, “Line #2”, “Line 

#3”, “Line #4”, and “Outlet” respectively.  

Figures 37 and 38 show plots with the values from Tables A5 and A6 in “Excel/A2 – Improved vortex 

generators” respectively. 
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Figure37 - Turbulence intensity airplane 

 

Figure 38 - Total pressure drop airplane 

The interesting position to look at is downstream the trailing edge of the vortex generator, i.e. Line #3. 

Also in this case the vortex generator with a height of 30 mm produces a lot of turbulence, but also a 

lot of pressure drop.  

6.1.1.4 Improved shark fin 

Also for this design, three different heights have been investigated while the width was held constant. 

The distribution of the control lines are the same as for the “Mitsubishi vortex generator” as in Figure 

34. The values in all tables are in comparison to the inlet at each position; “Line #1”, “Line #2”, “Line 

#3”, “Line #4”, and “Outlet” respectively. The design can be seen in chapter 5.2.1.4.  

Figures 39 and 40 show plots with the values from Tables A7 and A8 in “Excel/A2 – Improved vortex 

generators” respectively. 

-0,4 

-0,2 

0 

0,2 

0,4 

0,6 

0,8 

1 

#1 - Inlet #2 - Inlet #3 - Inlet #4 - Inlet Outlet - Inlet 

Δ
I [

%
] 

Turbulence intensity difference standard airplane 

h = 10 mm 

h = 20 mm 

h = 30 mm 

-0,4 

-0,2 

0 

0,2 

0,4 

0,6 

0,8 

1 

Inlet - #1 Inlet - #2 Inlet - #3 Inlet - #4 Inlet - Outlet 

Δ
p

_t
o

t 
[P

a]
 

Total pressure drop standard airplane 

h = 10 mm 

h = 20 mm 

h = 30 mm 



 

38 

 

 

Figure 39 - Turbulence intensity improved shark fin 

 

Figure 40 - Total pressure drop improved shark fin 

As for the case with the Mitsubishi vortex generator, the interesting positions to look at are at the 

trailing edge of the vortex generator. Also in this case the vortex generator with a height of 30 mm 

produces a lot of turbulence, but also a lot of pressure drop.  

6.1.1.5 Summary 

Since it is hard to evaluate the results by only looking at separate plots, summary plots have been 

created. These give the chance to analyze the results in a more qualitative way and are presented in 

Figures 41 and 42.  
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Figure 41 - Summary of turbulence intensity 

 

Figure 42 - Summary of total pressure drop 

Evaluating Figures 41 and 42 and tables A9 and A10 in “Excel/A2 – Improved vortex generators”, one 

can start by excluding the ones that produce a really high pressure drop, i.e. “Mitsubishi 30” (dark 

green) and “Improved shark fin 30” (light green) since the pressure drop is the key factor to power 

consumption of the feeder pump/fan. One can also exclude the ones that have very low turbulence 

intensity, i.e. “Mitsubishi 10” (dark blue), “Airplane 10” (purple), “Airplane 20” (blue) and “Improved 

shark fin 10” (light blue) since the main purpose with the vortex generators in this project is to 

generate turbulence.  

This conclusion leaves “Mitsubishi 20” (red), “Airplane 30” (orange) and “Improved shark fin 20” 

(light red) for further investigations. If a comparison between “Airplane 30” and “Improved shark fin 

20” is done, one can exclude “Airplane 30” since its maximum pressure drop is higher than that for 

“Improved shark fin 20” with almost the same turbulence generation. Then a comparison between 

“Improved shark fin 20” and “Mitsubishi 20” excludes the “Improved shark fin 20” due to higher 

turbulent intensity but practically total pressure drop. Therefore the final choice of vortex generator is 

“Mitsubishi 20”, which means the Mitsubishi design with a height of 20 mm and a width of 100 mm. 

The final design of this vortex generator is presented in Figure 43.  
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Figure 43 - Mitsubishi vortex generator 

6.1.2 Vortex generators installed in cyclone 

The final step in the investigation of vortex generators was to install them in the existing cyclone. 

Figure 44 shows the whole cyclone with vortex generators installed and the distribution of the fins in 

the cyclone barrel for each separate case.  

 

Figure 44 - Vortex generators implemented in cyclone 

Simulations were run on these three geometries, and also a base case without any fins at all to have a 

case to compare with.  

6.1.2.1 Measurement 

The data collected in ANSYS Fluent were taken from constructed planes, both horizontal and vertical, 

inlets and outlets, and also points constructed around the vortex generator. These planes and points are 

illustrated in Figure 45.   
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Figure 45 - Measurement planes and points resp. 

6.1.2.2 Base case 

The base case refers to the default cyclone without any fins installed. The results of turbulent intensity 

and pressure drop at different locations are presented here, and the rest of the variables are presented 

in “Excel/A3 – Cyclone with vortex generators”. The base case was simulated to have a comparison 

with the different flow controls. Figure 46 shows the geometry of the base, normal cyclone without 

any vortex generators. 

 

Figure 46 - Cyclone without fins 

Figure 47 shows a zoomed area of the velocity streamlines where the fins will be mounted later on. 

High velocities at the barrel top and at section between barrel and cone are observed. 
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Figure 47 - Flow field without fins 

6.1.2.3 Two columns with three vortex generators in each column 

Figure 48 shows the cyclone with two columns with three vortex generators in each column. The 

vortex generators were placed in the middle between two inlets.  

 

Figure 48 – Cyclone with 3x2 fins 

Simulations show an increase in turbulence intensity around the vortex generators. Figure 49 shows a 

contour plot of the plane cutting the inlets and the middle fins. Figure 50 shows a more detailed view 

of the turbulent intensity around one fin. 

 

 

 

 

 

 

 

Figure 49–Plane intersecting middle fin, 2x3 Figure 50 - Top view of flow field around one fin 
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With only two columns of vortex generators, only two of the inlets will directly affect the fins. Figure 

51 show how the velocity streamlines get scattered when hitting the fins. Compared with the base 

case, the velocity profile gets more evenly distributed on the cyclone barrel wall.  

 

Figure 51 - Flow field with 2x3 fins 

6.1.2.4 Four columns with three vortex generators in each column 

In the case 3x4 fins there will be a column of fins placed between two inlets, as a result every inlet will 

directly affect one fin. Figure 52 shows the placement of each fin in the cyclone.  

 

Figure 52 – Cyclone with 3x4 fins 

In Figure 53 the streamlines that goes over the vortex generator are displayed more detailed. As the 

picture illustrates the velocity increases over the fin and the velocity becomes more distributed over 

the wall. 
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Figure 53 – Streamlines over a vortex generator 

6.1.2.5 Eight columns with three vortex generators in each column 

The placement of the fins are illustrated in Figure 54, compared with case 3x2 and 3x4 there is one 

more fin placed between two inlets. This case will also simulate a different placement of the fins. 

Figure 55 shows the velocity streamline and it can be seen in the figure that the velocities close to the 

wall are higher at the first fin. 

 

Figure 54 – Cyclone with 3x8 fins 
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6.1.2.6  
Figure 55 – Streamlines over vortex generators for 3x8 fins 

6.1.2.7 Turbulence Intensity 

Main reason to install the Vortex generators was to increase the turbulent intensity. The data measured 

in the planes in Figure 45 show that there is an increase in turbulence in plane 5, in all cases, which is 

the horizontal plane that cuts the middle fin and inlets. Figure 56 show the turbulence intensity in each 

case. Looking at the points in Figure 56, there is an increase in all points in all cases.  

 

Figure 56 - Turbulence intensity in planes and points respectively 

The velocities decrease when the fins are installed which is illustrated in Figure 57.  This was an 

expected result but the study was to determine the magnitude of the drop. The velocities decreased 

from 3% at case with 3x2 fins to 17% at case 3x8 fins compared to baseline case. Velocity 

measurement at the points also show a decrease in magnitude, highest at 3x8 fins because of 

placement closer to the inlet where the velocity is higher.  
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Figure 57 - Velocity magnitude in planes and points respectively 

The pressure drop was measured from the inlet to the plane that cuts the barrel and cone. As seen in 

Figure 58 the pressure drop is relatively small, 11 - 18mbar.  

 

Figure 58 - Total pressure drop, inlet - PL2 

In the cyclone with 8 columns there are two fins placed between two inlets, as in Figure 59. The first 

fin will be placed closer to the inlet as a result of this. The assumption was that the velocities and 

turbulence intensities would be lower at the second fin, but Figure 60 shows that this is not the case.  

 

Figure 59 - Point distribution at the case with 3x8 fins 
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Figure 60 shows the turbulence intensity and velocity magnitude distribution for the case with 3x8 

fins. Only in the point PO22 there is a decrease in velocity and turbulence intensity compared with the 

first fin. With 8 fins in the barrel the flow will not stick to the wall and the flow will follow a smaller 

radius.  

 

Figure 60 - Turbulence intensity and velocity magnitude in points for 3x8 fins 

6.2 Inlet configuration 

In this chapter, the results from the effect of changing the inlet angles will be presented.  

6.2.1 Incident angle in 2D 

The incident angle was simulated with 0, 5, 10, 20 and 45 degrees. The results from the 2D 

simulations are shown below. Since the most important variables are the pressure drop, the velocities 

and the turbulent intensity, these are included in the report. All other results are presented in 

“Excel/C1 – 2D Inlet configuration”.  

Figure 61 shows the distribution of the measurement lines in the cyclone.  

 

Figure 61 - Measurement lines for inlet configuration in 2D 

In Figure 62 the pressure drop between the inlet and respective outlet is shown for the different cases. 

It is clear that an incident angle of 45 degrees generates most pressure drop over the cyclone. 
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Interesting is however that the pressure drop seems to decrease slightly up to an incident angle of 10 

degrees, which is favorable in a power consumption point of view.  

 

Figure 62 - Total pressure drop with different incident angles in 2D 

Since the most important velocity for separation efficiency is the swirl velocity due to affection on the 

centrifugal force; this is presented in Figure 63 below in percent compared to baseline case at the joint 

between barrel and cone and at the middle of the cone respectively. At the joint between barrel and 

cone, i.e. the barrel, the swirl velocity increases with an increase of the incident angle for all cases 

except 45 degrees. However at the middle of the cyclone the swirl velocity decreases with increased 

incident angle except for 45 degrees.  

 

Figure 63 - Swirl velocity for 2D at joint barrel cone and at middle of cone resp. 

As mentioned earlier; it is favorable for separation efficiency with an increase in swirl velocity. When 

investigating the results in Figure 63 one can say that the case with an incident angle of 20 degrees 

seems to give best results; the increase in the joint is large along with a low decrease in the middle of 

the cone.  
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Figure 64 - Turbulence intensity for 2D at joint barrel cone and at middle of cone resp. 

As well as for the case with the swirl velocity, the turbulence intensity is presented as compared to 

baseline and shows good results in the joint between the barrel and the cone as seen in Figure 64, with 

reasonably low decrease in the middle of the cone except for the case with a 45 degree incident angle. 

For this case the turbulence intensity is significantly increased, but due to the massive pressure drop, 

this type of configuration is not further investigated. The case with an incident angle of 20 degrees 

shows a slight increase in pressure drop but also an increase in swirl velocity and turbulence intensity 

in the barrel, so this configuration seems to generate the most promising results. To evaluate these 

results more accurate, 3D simulations are needed. 

6.2.2 Incident angle in 3D 

To be more convinced about the results, 3D simulations were made on the base case and also on the 

best incident angle from 2D which proved to be 20 degrees. The base case simulation was also used as 

a base case for evaluation of the section angle in next chapter.  

To be able to measure the different properties in the cyclone, planes were created at suitable locations. 

This plane configuration is shown schematically in Figure 65.  

 

Figure 65 - Measurement planes in cyclone for inlet configuration 

Since the goal with the inlet configuration was to increase turbulence intensity and decrease total 

pressure drop, and also keep the velocities in order to maintain good separation efficiency, these are 

the results presented here. 
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Figure 66 - Total pressure drop, incident angle 20 degrees in 3D 

The pressure drop is not affected too much by an increase of incident angle, and the increase in total 

pressure drop is around 3 % according to Figure 66.  

 

Figure 67 - Velocity magnitude in percent compared to baseline case, incident angle 20 degrees in 3D 

 

Figure 68 - Turbulence intensity in percent compared to baseline case, incident angle 20 degrees in 3D 

As seen in Figure 67, the velocity magnitude is reduced when the incident angle is increased, with a 

maximum in the middle of the cone of 16 %. Due to that the velocities are probably the main reason 

for separation efficiency, this result is not favorable.  
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Since the velocity magnitude for the most part consists of swirl velocity, this result does not 

correspond well with results from the 2D simulations (see Figure 63). Therefore one can make the 

conclusion that the 2D simulations are not reliable in this case.  

The turbulence intensity is decreased in the same manner as the velocity magnitude. This is probably a 

negative outcome since the drying effect will most likely increase with more turbulence; see chapter 

4.1. However to confirm these conclusions, a two-phase simulation with drying and pulverization of 

particles is needed in order to evaluate the drying and separation of the particles. 

Below in Figure 69 the streamlines colored by total pressure drop are shown. Even though the inlet is 

considerably directed downwards, the streamlines follow a tangential path in the same manner as for 

the base case, see Figure 47. This implies that the separation efficiency for this case will most likely 

remain close to the separation efficiency for the base case.  

 

Figure 69 - Streamlines colored by total pressure for incident angle 20 degrees 

6.2.3 Section angle 

The section angle had to be simulated in 3D since it can’t be defined in the same way in 2D as the 

incident angle. Here, two different angles were simulated in addition to the base case: 10 degrees and 

45 degrees, which are presented in Figure 28.  

The results for pressure drop, velocity magnitude and turbulence intensity are presented here, and rest 

of the results are presented in “Excel/C2 – 3D Inlet configuration”.  

The distribution of the measurement planes are the same as for the incident angle, see Figure 65. 
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Figure 70–Total pressure drop, section angle 

Figure 70 shows that the pressure drop is nearly unaffected by the section angle. The pressure drop is 

measured between one inlet and the plane in the joint between barrel and cone and not between inlet 

and outlet since a boundary condition of 0 Pa is set on the outlet.  

All the velocities in Figure 71 are presented as percent of the base case, with the value of the velocity 

magnitude for the base case shown in its bar. The average velocity magnitude in each plane is 

somewhat independent of the section angle, with a maximum deviation in the joint between the barrel 

and the cone for 45 degrees of 8 units of %.  

 

Figure 71–Velocity magnitude in percent compared to base case, section angle 
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As for the case with the velocity magnitude; the turbulence intensity does not change significantly 

with increased section angle. As seen in Figure 72, the maximum deviation is at the plane in the 

middle of the barrel, where it decreases by 12 units of percent compared to base case for 45 degrees.  

 

Figure 72–Turbulence intensity in percent compared to base case, section angle 

Since both velocity and turbulence intensity decreases with increased section angle, there is no 

justification to do this geometry change since both separation efficiency and probably the drying effect 

will most likely be affected in a poor way. As for the case with the incident angle; the evaluation of 

these results would benefit by introducing particles into the cyclone and to see what happens with the 

cyclone’s characteristics. 

6.3 Winged core 

In this chapter the results from the simulations on the winged core will be presented. Since it is 

impossible to illustrate the cross shape as in Figure 30 in 2D, the evaluations will be made only in 3D.  

In Figure 73 the distribution of the 17 horizontal measurement planes are showed with plane 1 at the 

top and plane 17 at the bottom. Many planes have been created in order to see a trend of how the 

characteristics changes with the winged core installed.  

 

Figure 73 - Horizontal measurement planes for winged core 
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Results for the pressure drop, velocity magnitude and turbulence intensity are presented below, the rest 

of the results are presented in “Excel/D – Winged core”. Since it is in this case more interesting to 

look at a trend, rather than absolute values in specific areas; the graphs involves lots of measurement 

areas.  

 

Figure 74 - Total pressure drop winged core 

In Figure 74 the total pressure drop is presented in mbar between one of the inlets and planes 5 to 9. It 

is clear that in all cases the pressure drop is higher for the base case than for the case with the winged 

core, which is a positive outcome regarding power consumption of the feeding device. These planes 

were chosen since they gave the most illustrative results, but the trend is maintained throughout the 

entire cyclone which can be seen in “Excel/D – Winged core”.  

 

Figure 75 - Average velocity magnitude for winged core in percent compared to base case 

In Figure 75 the average velocity magnitude is presented in percent compared to base case for the 

winged core. The base case velocities are presented with a blue line, since they at all times will be 100 

%. The conclusion from this result is that the average velocity magnitude increases with a mean value 

of 6 %, with highest increase in the gas outlet of about 17 %. It seems as the velocities are reduced in 

the dust outlet, i.e. “Dust outlet” and “Plane17”, but since the velocity magnitude mainly consists of 

swirl velocity it only means that this is reduced. The axial velocity though is increased in both outlets 

which are further stated due to reduced turbulence intensity in both outlets as well. This behavior can 

be seen in “Excel/D – Winged core”.  
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Figure 76 - Average turbulence intensity for winged core in percent compared to base case 

In Figure 76 the turbulence intensity at all planes are displayed in comparison to base case that 

corresponds to 100 % and is represented by the red line. The behavior is that it seems to be reduced 

with the winged core installed. However this reduction in turbulence intensity is mainly due to that the 

inner helical flow is transformed into purely axial flow farther down in the cyclone. At planes 1, 2 and 

3 the turbulence intensity is reduced, with an increase in velocity magnitude (see Figure 86) as well 

which states that the flow is more axially oriented in this area compared to the base case. The axial 

flow not only contributes to reduced pressure drop, but also that backflow in the middle of the gas 

outlet is prevented.  

Another positive aspect from the winged core is that the turbulence structure in the cyclone is better 

controlled. In the base case cyclone it is not certain that the inner helix takes a straight vertical path; it 

can vary both in size and shape due to the strong swirl that is present here and thereby affect other 

parts of the flow. By controlling this swirl, better control of the flow pattern in the whole cyclone is 

reached. An example of this is shown in Figure 77 and 78, where, in Figure 78, it is illustrated that the 

turbulence is controlled farther down.  

 

Figure 77 - Turbulence structure with the winged core (upper part) 
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Figure 78 - Turbulence structure with the winged core (lower part) 
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7 Discussion 

7.1 Turbulence generators 

With turbulent generators installed there was an increase of turbulent intensity around the vortex 

generators, confirmed both by simulation and by experiment. Another aspect to look at is the 

separation of particles. With the vortex generators installed, the streamlines gets more scattered and 

evenly distributed over the wall. With the high velocities the vortex generators will also act as a wall 

and smash more dense particles to smaller particles which will increase the drying process. The 

experiment only considered particles that weren’t dense so this aspect wasn’t confirmed.  

In this project the vortex generators have been installed at a certain position in the barrel, namely right 

between two gas inlets. Since the streamlines after the vortex generators are more evenly distributed, 

an interesting variable is also where in the barrel these should be placed; would the effect be larger if 

they are placed closer to the inlet in terms of scattering of the velocity field?  

Also the vortex generators have been placed parallel to the top of the barrel, see Figure 44. What 

would happen if the vortex generators were directed differently? If the tail is raised, the residence time 

would probably be increased since the streamlines then points upwards. If the other way around; the 

tail is tilted downwards, the problem with particle accumulation in the top could be avoided.  

Another aspect to consider is the size of the vortex generators. In the literature study [4] it is suggested 

that the height of the vortex generators should be about the thickness of the boundary layer. In this 

project simulations have been performed on three different heights; 10, 20 and 30 mm, where the 10 

mm is about the thickness of the boundary layer. But since the main goal in this project was to 

generate a lot of turbulence, a larger vortex generator would most likely increase the turbulence. These 

design aspects are varying depending on feeding material which is best investigated by a case study of 

different materials and well defined boundary conditions and measurement set up.  

7.2 Inlet configuration 

When looking at the results for changing the inlet angles one can certainly say that this geometry 

change does not affect the cyclones performance in a good way. The velocity magnitude that is 

presented in the results for the 3D cases consists mostly of swirl velocity, which is the velocity 

responsible for the separation of particles in the cyclone. This velocity seems to be reduced, which is 

then not favorable in a separation efficiency point of view. In the same way as the velocities are 

reduced, the turbulence intensity also decreases with an increase of both angles. This will most likely 

reduce the drying effect on the particles.  

7.2.1 Section angle 

As seen in the results; changing the inlet’s section angle does not affect the one-phase flow 

significantly, but the case for a flow containing particles is likely to be a different situation. Since the 

inlets are tilted outwards the flow in to the cyclone is directed differently to the bulk flow inside the 

cyclone, and particles will probably smash into the wall more frequently instead of directly following 

the bulk flow. If this smashing occurs, the pulverization of particles will increase along with an 

increase in drying effect and separation efficiency.  

7.2.2 Incident angle 

Even though it’s earlier stated that the 2D simulations in this case are not reliable, there seem to be a 

certain point where the velocities start to decrease after 20 degrees incident angle. Therefore the 

curiosity to find a “perfect angle” obviously arises. If this angle could be found, the separation 
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efficiency might have been improved according to maximum velocities inside the cyclone. However in 

order to confirm this statement, two-phase 3D simulations or experiments are indeed necessary.  

7.3 Winged Core 

The results for the case with the winged core are clear: the performances of the cyclone are improved 

by an installation of the winged core. A major advantage of this type of vortex breaker is also that it is 

easy to manufacture when it doesn’t involve any twisting design as the case with the helix cross.  

Further studies of length and design could improve the result further. In our case we tested one length 

and then compared it to the baseline. The placement and how deep the winged core should go in the 

vortex finder is another aspect to look into. Since the inner vortex stream gets cut off from the rest of 

the cyclone stream by the vortex finder walls the depth into to the vortex finder could influence the 

results.  
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8 Conclusions 

8.1 Turbulence generators 

Increase in turbulent intensity at the plane that cuts the vortex generators but a decrease at the planes 

below. An increase of total pressure drop with vortex generators installed but the increase is minimal 

compared to the base case. Experiment gave inconclusive results regarding moisture content but 

showed an increase in turbulent intensity at the vortex generators similar to the simulation. Since both 

velocities and turbulence intensity increases locally around the fins, the drying effect could benefit by 

these if the majority of the drying takes place in the upper part of the cyclone. However in the lower 

part of the cyclone, both velocities and turbulence intensity decreases, and the drying effect is 

therefore reduced.  

8.2 Inlet configuration 

8.2.1 Section angle 

Basically one can only see significant differences of the cyclone’s characteristics when the section 

angle is large, i.e. over 20 degrees. Therefore the main conclusion from this study is that the section 

angle does not affect the one-phase flow. Both pressure drop and velocity magnitude remain nearly 

constant and the characteristics are therefore nearly constant as well. The average turbulence intensity 

is decreased slightly throughout the cyclone when the section angle is increased. Locally though an 

increase of turbulence intensity arises at the joint between barrel and cone.  

8.2.2 Incident angle 

As for the case when changing the inlet section angle; there doesn’t seems to happen that much when 

changing the inlet incident angle. Velocities drop throughout the entire cyclone by a maximum of 

about 16 % in the middle of the cone. The turbulence intensity drops in the same way as the velocities 

with a maximum of about 16 % in the middle of the barrel. The pressure drop is somewhat 

unmodified. These conclusions lead to that the characteristics of the cyclone will most likely be 

affected in a poor way when changing the inlet incident angle.  

8.3 Winged Core 

The results from simulations of the winged core show unanimously positive results; pressure drop is 

decreased at all areas, the mean value of the velocity magnitude is increased by approximately 6 % 

and the mean value of the turbulence intensity in the inner helix is decreased by approximately 6 % 

throughout the entire cyclone. Not only this; the axial velocity is increased in both gas- and dust outlet 

along with a decrease in turbulence intensity.   
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Appendix 

Basic fluid dynamics and governing equations 

Continuity equation[42] 

The continuity equation uses the assumptions that within a control volume, the mass that enters and 

the changes in density must be equal to the mass that exits. The general expression for conservation of 

mass applied to a control volume is defines as, 

     

  

  
                  

(F1) 

In equation (F1), the area integral over the surface that defines the volume is transformed into a 

volume integral with Gauss’s theorem into equation (F2) 

     

  

  
       

           

(F2) 

Rewrite equation (4) into one integral, 

      
  

  
               

(F3) 

 

Equation (F3) is only true for any shape or size of any control volume when the integrand is zero, and 

can now be reduced to the general form of the continuity equation.  

  

  
           

(F4) 

 

The first term in equation (F4) is called the material derivative  

    

  
 

    

  
   

    

   
 

(F5) 

In the case with a cyclone, with gas as the operating fluid and also with varying temperature, the 

assumption of incompressible flow doesn’t hold. Therefore it can’t be simplified to get a velocity 

derivative equal to zero, which is the case if the fluid is considered incompressible. 

The continuity equation expressed in cylindrical coordinates is expressed as, 
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Momentum equation[42] 

Through Reynolds transport theorem the averaged momentum equation can be derived. Starting with 

the general expression applied to a control volume, 

                          
  

 

  
            

               

(F7) 

With the help of the divergence theorem, the last term in equation (F7) is transformed from a surface 

integral to a volume integral: 

   
                                

(F8) 

On a similar manner the second term on the left hand side in equation (F7) can be written as, 

                       

(F9) 

With equations (F8) and (F9) put into equation (F7), the expression only contains volume integrals. 

Rearranging gives equation (F10), 

    
 

  
                                

(F10) 

This will only hold for any control volume if and only if the integrand is equal to zero. The general 

equation for linear momentum is derived into equation (F11), which is also called Cauchy’s equation. 

 

  
                           

(F11) 

Where for moving fluid, 

     
    
    
    

   

         
         

         
  

(F12) 

With the use of the chain rule, the second term on the left side of Equation (F11) can be expressed as, 

 
 

  
       

 

  
                                 

(F13) 

With continuity this can be reduced to, 
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Navier-Stokes equations[42] 

To start deriving the Navier-Stokes equation for a Newtonian fluid, an expression for the viscous 

stress tensor is needed.  

           

         
         

         
  

 
 
 
 
 
 
   

  

  
  

  

  
 

  

  
   

  

  
 

  

  
 

  
  

  
 

  

  
   

  

  
  

  

  
 

  

  
 

  
  

  
 

  

  
   

  

  
 

  

  
   

  

   
 
 
 
 
 
 

 

(F15) 

This together with equation (F12) and put into Cauchy’s equation considering the x-component gives 

equation (F16) 

 
  

  
  

  

  
       

   

   
  

 

  
 
  

  
 

  

  
   

 

  
 
  

  
 

  

  
  

(F16) 

 

Having smooth functions, equation (F15) can be rearranged along with the use of continuity for an 

incompressible flow. The same procedure is done for the y- and z-component and the general form for 

Navier-Stokes Equation, equation (F17), for an incompressible, isothermal flow is derived where the 

first term is the material derivate from equation (F5). 

 
   

  
  

  

   
       

    

      
  

(F17) 

To describe the average properties and dynamic properties of a turbulent flow, the use of Reynolds 

decomposition is used. All the instantaneous components is split into a time-average component and a 

fluctuating component [43], 
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(F19)  

Where  

             
   

 

 
          

 

 

 

(F20) 
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Figure 79 - Mean and fluctuating velocity components [43] 

Both the mean flow and the fluctuations follow continuity and equation (F21) 
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But  

           
           

   

 

 
           

 

 

 

(F22) 

With these components put into equation (F17), and the use of continuity and chain rule, the 

momentum equation for mean flow with a Newtonian medium is derived.  

  

   

   
  

 

 

  

   
  

    

      
 

 

   
   

  
 
 

            

(F23) 

Equation (F23) produces additional unknowns, the so called Reynolds stresses, see equation (F24). 

These must be related to the averaged flow quantities in order to be determined. Equation (F24) gives 

the equation system 6 more unknowns to be handled.  

 

Where,  
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These stresses are commonly handled in two different ways; either by turbulent viscosity models; k-ε, 

k-ω, SST,… or by the Reynolds Stress Models: LRR, SSG. These two types are described more in 

detail in the next section.  

8.3.1.1.1 Mathematical description of the k-ε models [44] 

The averaged momentum equation for incompressible flow without body forces can be written as, 

 
    

  
 

 

   
                          

   

   
 

     

   
 

(F25) 

Where     is the mean viscous stress tensor component: 

       
    

   
 

    

   
  

(F26) 

To close the equations a model for the viscosity is assumed. The eddy-viscosity model for the 

Reynolds stress, the mean stresses and the turbulent viscosity can be connected with the Eddy 

viscosity models by equation(F27) 

 

 

    
               

   

   
 

   

   
  

 

 
      

(F27) 

 

Where k is the turbulent kinetic energy and     is the kronecker delta:  

  
 

 
  

            

(F28) 

In equation (F28), the turbulent viscosity,  , in this model is defined as, 

      
  

 
 

(F29) 

The difficulties with turbulence can be modeled by using partial differential equations. The two 

equation model k- ε handles the kinetic energy, k, and the dissipation, ε, and is a common way to 

estimate the turbulent behavior, which is made according to equation (F30).  

     

  
 

      

   
 

 

   
  

  

   
  

 

   
 
 

 
  

  
 
  

 
 

                
 

           
  

 
 

       
    

   
 

   

   

   

   

          
 

(F30) 

The second term on the right in equation (F30) handles the turbulent diffusion of kinetic energy and 

can be modeled as: 
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(F31) 

Where   is the turbulent Prandtl number which has approximately the value of 1. The third term on 

the right in equation (F30) represents the production of kinetic energy by the mean flow. With help of 

the eddy-viscosity model, the expression for the Reynolds stresses can be expressed as: 

       
  

 
 

       
    

   
    

    

   
 

    

   
 
    

   
 

(F32) 

To determine the length scale of the turbulence, different models are used. One is based on the 

observation that dissipation is needed in the energy equations which weighs the production and 

destruction of turbulence. The relation between production, k, dissipation, , and length scale L is 

defined in equation (F33) 

  
 

 
  

 
 

(F33) 

The most common form of the k-   model is: 

     

   
 

       

   
      

 

 
     

  

 
 

 

   
 
  

  

  

   
  

(F34) 

Where the constant often takes the values of 

                                           

(F35) 

In FLUENT there is an even more detailed walkthrough of the k-   model and other turbulence 

models.  

 


