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Abstract 

Rotor-stator mixer are used in various different process industries; food, chemical and pharmaceutical 

to mention some. One of the uses for rotor-stator mixer is to perform liquid-liquid homogenization. 

The small gap between the rotor tip and surrounding stator in combination of high rotational speeds 

yields high magnitudes of what is considered as break-up forces. The flow inside the mixer is highly 

turbulent and extremely complex. There exist today a limited number of papers explaining the flow 

and turbulence fields inside the mixer. With the continuous increase of computational power comes 

the possibility of performing CFD-simulation useful in understanding the flow field and mixing effects 

in rotor-stator mixers. A workflow consisting of verified methodology custom for rotor-stator mixer of 

type in-line, reviewing the steps from a CAD-model to steady-state of a CFD-simulation would 

effectively decrease the time needed compared to if one start from naught every time. Additionally it 

would be beneficial if the approximations made in a CFD-simulation of a periodic slice of a mixer 

compared to a full scale model are rendered acceptable. This is especially advantageous when the 

simulation uses LES to resolve the turbulence as a slice would keep down the computational costs.  

The thesis is divided into two parts. First part is RANS-simulation of an in-line mixers pump curve 

and flow field. Second part is a feasibility study of the possibility to perform a LES-simulation of a 

periodic slice instead of a full scale batch mixer.  

From the RANS simulations two workflows have been developed. When developing the workflows 

different mesh strategies, grid sizes and ways to model the rotors movement are tested. Experimental 

measurements and grid convergence studies have has served as verification of the simulation results. 

One workflow is aimed to obtain the mixers pump curve. The other workflow is developed in purpose 

to model the local flow variables i.e. resolve the flow field inside the mixer.  

The feasibility study for simulation of a periodic slice was due to time-limitations not completed. The 

primary progress of the study is that simulation of a periodic slice that consists of a stationary and 

moving region is viable. Nevertheless more work is necessary in determining if the approximations are 

acceptable in simulation of a periodic slice as to the full scale.  
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Nomenclature 

Quantity Explanation Dimension 

  Turbulent dissipation rate 
 
  

  
  

   Share rate 
 
 

 
  

     Rotors local tangential velocity  
 

    

     Radial velocity  
 

    

  or N Rotational speed 
 
 

 
  

  Radius     

  Volumetric flow rate 
 
  

 
  

  Area      

     Rotor tip speed  
 

 
  

   Settling velocity  
 

 
  

  Droplet diameter     

  Fluid density 
 
  

    

  Gravitational acceleration  
 

    

  Dynamic viscosity 
 
   

   
  

  Eddy length scale     

    Turbulent length scale separating Energy-

containing range and Universal equilibrium 

length 

    

    Turbulent length scale separating Inertial 

Subrange and Dissipation Range 

    

  Kolmogorov length scale     

   Eddy velocity in the inertial subrange  
 

 
  

   Eddy time scale in the inertial subrange     

  Fluid velocity  
 

 
  

  Pressure 
 
 

    

  Stress acting on a drop 
 
 

    

  Velocity gradient 
 
 

 
  

  Interfacial tension 
 
 

 
  

   Direction vector     



IX 

 

   Velocity vector  
 

 
  

   Body force vector  
 

    

  Kinematic viscosity 
 
  

 
  

   Mean velocity  
 

 
  

   Velocity fluctuation  
 

 
  

  
           Reynolds stresses 

 
  

  
  

   Pressure head     

   Head coefficient     

   Flow number     

    Stirred vessel power number     

  Shaft power     

   In-line mixer power number     

   Proportionality constant     

  Turbulent kinetic energy 
 
  

  
  

        Extra length in each direction in 

compensation of jet spread 

    

    Courant number     

  Angular span covered by a stator hole     

 

Abbreviations Explanation 

CFD Computational Fluid Dynamics 

RANS Reynolds Average Navier Stokes 

LES Large Eddy Simulation 

MRF Multiple Reference Frame 

SM Sliding Mesh 

CAD Computer-Aided Design 
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1 Introduction 
In the processing industry there is often the need to homogenize mixtures that are naturally not mixed. 

The mixture is referred as an emulsion which consists of two or more liquids; a dispersed phase which 

is submerged into a continuous phase, e.g. oil into water. Homogenization is about reducing the size of 

the droplets of the dispersed phase in purpose of delaying the emulsions natural separation. There are 

several methods to perform homogenization one being processing the mixture in a rotor-stator mixer. 

The mixing head of a rotor-stator mixer consists of, as the name implies, a rotor and stator. The rotor, 

which is operated at high rotational speeds, is surrounded by a stator separated only by a small gap 

from the rotor tip. Holes are found on the stator allowing flow to leave the rotor region in the form of 

jets. The complex flow in the small gap, stator holes and emanating jets results in high velocity 

gradients and turbulence level effective in breaking up droplets. Rotor-stator mixers are divided into 

two types depending on its configuration; in-line or batch. The in-line mixer has an inlet and outlet 

where the components are mixed in a continuous stream. The in-line mixer acts also as a pump 

transfer the flow from the inlet to outlet. In a batch mixer the components are mixed in a vessel.  

Tetra Pak, founded 1951, is a multinational company with headquarters in Lund where the work of the 

thesis was also situated. In 2009 Tetra Pak took over operation of the company Scanima which in the 

process was renamed to Tetra Pak Scanima. Part of the operation of Tetra Pak Scanima is constructing 

and developing rotor-stator mixers. 

Despite the extensive use of rotor-stator mixers in industrial application the knowledge of the mean 

flow and deformation field is limited. As a result new mixer design is partly produced through trial 

and error leading to high development costs. 

The rapid increase of computational resources opens up the possibility of using Computational Fluid 

Dynamics (CFD) in gain understanding of fluid dynamics in mixers. The number of journals and 

thesis papers available that analyzes the flow field in rotor-stator mixers using CFD is limited. A few 

are: 

Yang (2011) used CFD to analyze the turbulent flow field and deformation field in in-line and batch 

rotor stator mixers. He investigated the scaling effect of the mixers. 

From CFD simulation Utomo, Baker and Pacek (2008) investigated the flow pattern and energy 

dissipation rate in a batch rotor-stator mixer.  

Utomo, Baker and Pacek (2009) investigated the effect of stator geometry on the flow pattern and 

energy dissipation.  

A reason why the number of journal articles where CFD are used in analyzing the flow inside the 

mixer is scarce can be that the flow is highly complex and a simulation is therefore computational 

demanding. 

The thesis presents an in-line mixers pump curve and flow field that is obtained through simulation. 

The result has been verified with experimental measurements and grid convergence studies. Based on 

the RANS-simulations two workflows for in-line mixers have been developed. The workflows include 

a verified guide describing the steps from CAD to the results from CFD simulations. Main purpose of 

the workflows is reducing the time to get a mixers flow field and pump curve through simulation. In 

the workflow suggests Reynolds Average Navier Stokes (RANS) model to model the turbulence. 
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In a RANS-simulation all the turbulence is modeled compared to a Large Eddy Simulation (LES) 

where the larger scales of the turbulent motion are resolved. Ideally Large Eddy Simulation (LES) 

would always be used to resolve the turbulence in the flow enabling a more detailed analysis of the 

turbulent break-up force. But as it is highly computational demanding compared to RANS it is not 

always possible. Could the LES simulation be accomplished for a periodic slice instead of the full 

scale it would reduce the computational costs. In the hope of doing so a feasibility study with purpose 

of investigating the effects and assumptions made when simulating a periodic slice compared to the 

full scale. Due to the time-limitation the feasibility study could not be completed but the work up to 

this is presented in this report.  
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2 Literature review 
Despite its wide use the available number of publications of rotor-stator mixers is limited (Mortensen, 

2010). Due to this the theoretical basis of the generic flow field and what controls the mixing 

performance is restricted (Calabrese, et al., 2002). The literature review is focused on summarize the 

general flow field and where the break-up forces may be found. Note that the turbulent break up forces 

is considered to be due to eddies and analyzing of the break-up forces is below done in the aspect of 

the turbulent dissipation rate,  , and shear rate,   , motivations presented in chapter 3.2.  Additionally 

the transient and periodic behavior in the mixer as a result of the rotor movement is reviewed.  

2.1 Flow field and mixing effects in in-line mixers 
Understanding of the flow pattern and mixing effects in an in-line rotor-stator mixer will give aid in 

comprehending where regions of break-up mechanisms such as high dissipation rates and shear 

stresses are anticipated.  

The expected flow field in in-line mixers is highly complex and inhomogeneous and to facilitate 

describing the general flow field and mixing the mixer is divided into different sections; the rotor 

swept region, shear gap, stator hole region and the annulus. These sections are viewed in the cross-

section seen in Figure 1 and described in the following sections 2.1.1-2.1.4. One may argue to also 

describe the flow in the inlet and outlet sections but is not included with the motivation that the flow in 

those regions has negligible effects on the flow in the rest of the mixers that is on focus here (Sparks, 

1996). 

 

Figure 1. Regions of interest in the rotor-stator mixer 
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2.1.1 Rotor region 

The rotor is surrounded by cylindrical stator. Fluid is accelerated tangentially as it enters the rotor 

region and the centrifugal force drives the flow towards the stator. Spark (1996) found that the fluid 

follows the rotor blades and has a tangential velocity that is the same as the local rotor speed: 

          

where   is the rotational speed and   is the radial distance from the rotational axis. Sparks (1996) also 

investigated the back flow in the rotor swept region and found that very little or no back flow occurs in 

this region, back flow equal negative radial velocity. This leads to the conclusion that the radial 

velocity can be derived from the continuity equation: 

     
 

 
 

where   is the volumetric flow rate and   is the local cylindrical mantle area. The tangential velocity 

is several magnitudes higher than the radial velocity inside the rotor region. 

The turbulent length scales are assumed to be substantial higher than the size of droplet. For an eddy 

that breaks to be more probable to break-up a droplet it should be around the same size as the drop see 

chapter 3.2. This result in that the turbulent eddies does not contribute to the homogenization process 

since. Additionally the radial velocity in the rotating region is not high enough for the shear stresses in 

the boundary layer to be part of the droplet break up. 

2.1.2 Shear gap 

From the rotor region the flow enters into the shear gap located between the rotor tip and stator. The 

high tangential velocities in the fluid due to high rotational speeds in combination with a very small 

distance between rotor tip and stator wall yields high velocity gradients in the gap. This result in high 

levels of shear rates in the gap. Tests on an in-line mixer conducted by Rodgers and Cooke (2012) 

suggest that the shear rate in the gap produced by rotor tip contributes to the drop break-up. That 

conclusion is valid for that particular design and operating conditions. Whether or not the shear rates 

in the gap are high enough to break up a droplet in the in-line mixer is not something that is 

investigated in this thesis. 

2.1.3 Stator region 

The fluid emanating from the shear gap into the stator holes has very high tangential velocity, in the 

magnitudes of rotor tip velocity. As the flow hits the leading stator edge the majority of tangential 

momentum is converted into radial momentum. As a result from this transformation a jet is created 

which partly covers the stator hole. This jet follows the leading stator face and continues downstream 

into the annulus region. A circulation zone occupies the trailing side of the stator slot which is fed 

fluid from the annulus region (Mortensen, 2010). Utomo, Baker and Pacek (2009) found that the 

higher depth-to-width ratio the stator has the larger portion of the stator is covered by the circulation 

loop. Illustration of recirculation zone can be seen in Figure 2. 
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Figure 2. Illustration of recirculation zone inside red box 

High magnitudes of the break-up forces are confined in the part of the stator that is covered by a jet. 

PIV measurements carried out by Mortensen (2010) observed higher shear rate magnitudes on the 

stator face where the jet is adjacent to compared to the shear rate observed in the gap. In the same PIV 

measurement the jet velocity was measured to be close to    , with a maximum of 1.3 times the tip 

speed as the rotor passes the slot. High shear rates were found to be confined in a small region closely 

along the leading edge and the free boundary layers of the jet. In contrast Yang (2011) found the 

maximum jet velocity from RANS-simulation for three in-line mixers to be below the rotor tip speed.  

Utomo, Baker and Pacek (2009) investigated the flow field and energy dissipation rate in a rotor-stator 

mixer. Inside the stator the turbulent dissipation rate are highest at the leading and trailing edges. High 

magnitudes of the turbulent dissipation rate were found to cover a larger portion of the jet. It was also 

found that the higher the depth-to-width ratio of the stator holes the larger portion of the holes were 

covered by high magnitudes of turbulent dissipation rates. 

2.1.4 Annulus 

Utomo, Baker and Pacek (2009) found that the smaller jets bend into the direction opposite to the rotor 

rotation as the jet propagates downstream from the stator hole, as illustrated in Figure 3. This is a 

result from interaction between the jets and a circulation flow behind the jet. The larger the stator hole 

is the less is the tendency for the jet to bend. The jet velocity decreases gradually with the distance 

from the downstream edge of the stator edge (Yang, 2011). Utomo, Baker and Pacek (2009) observed 

through CFD simulation that for smaller stator holes the jets dissipate in closer proximity than if the 

hole where of greater size. They argue for that it is the rate of momentum transfer is higher for small 

jets as the interfacial area between jets and the bulk are large.  
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Figure 3. Bend of jet due to interaction with recirculation zone 

Both Utomo, Baker and Pacek (2009) and Yang (2011) report high levels of dissipation rate in the jet 

region with the difference that in Utomo, Baker and Pacek (2009) presents a uniform turbulent 

dissipation rate while Yang (2011) shows high levels primarily on the jets two boundary layers. It 

should be noted that Utomo, Baker and Pacek (2009) in the simulations used less elements than Yang 

(2011) across the stator holes. This can be the reason why the turbulent dissipation rate is uniform and 

the grid is too coarse to resolve two distinct regions. Both reports used the k-ε turbulence model in the 

simulations. 

High shear rates in the boundary layers of the jet are observed by Mortensen (2010). This is also 

captured in CFD simulations performed by Yang (2011).  

2.1.5 Periodic behavior 

The literature review that covers the periodic behavior of the mixer is limited to the mass flow rate in 

the mixer and the maximum jet velocity. This limitation is due to the lack of papers that investigated 

the periodic behavior of the mixer. 

Investigation of the periodic mass flow rate is investigated through PIV measurements by Mortensen 

(2010). He was found that the maximum mass flow occurs just before the rotor starts to block the 

stator. As the rotor starts to block the stator hole the mass flow is dropped rapidly and does not start to 

recover until the entire rotor has completely passed the stator hole. This periodic behavior of the mass 

flow is also found through 3D simulation performed by Utomo, Baker and Pacek (2008).  

Periodic behavior is also present in the maximum jet velocity. Mortensen (2010) found that the jet 

velocity instantly start to decrease as the rotor starts to block the stator hole. This contradicts the 

finding of Utomo, Baker and Pacek (2008) that finds that a maximum jet velocity is when rotor 

approaches the leading edge of the stator hole.  

2.1.6 Final drop size 

Various papers investigate by what operational parameters determine the final drop size after 

processed in in-line mixers. Hall, et al. (2011) found through experiments it was primarily the rotor 

speed and viscosity of the dispersed phase that had an effect of the droplet size. He also stated that 

flow rate, inlet droplet size, viscosity ratio and dispersed phase volume had much less impact on the 
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final droplet size. Thapar (2004) also investigated through experiments the factors controlling the final 

drop size and found that rotor speed and dispersed phase concentration to have most influence on the 

droplet size. Should be noted that Thapar (2004) did not investigate how dispersed phase viscosity 

influenced the droplet size.  
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3 Theory 

3.1 Homogenization 
Emulsion is a mixture of two liquids that naturally are not mixed together. One of the phases is 

suspended in the other in the form of droplets. The liquid being in the state of droplets is referred to as 

the dispersed phase and the liquid in which the droplets are present is called the continuous phase.   

Emulsions are in the process industry often treated to establish a continuous phase. By reducing the 

size of the droplets and dispersing those evenly in the emulsions natural separation can be delayed. 

This process is called homogenization and one of the oldest applications of homogenization is in the 

milk processing in which the size of the fat globules is reduced. Milk is an emulsion in which the 

natural separation is the separation of fat from the water.  

Stokes law describes drag force exerted on spherical objects in a continuous fluid. Combining the 

gravitational force with the forces due to aerodynamic drag and buoyancy and a settling velocity, the 

velocity when net force is zero on the droplet with shape of a sphere, is derived to be (Çengel and 

Cimpala, 2010) 

 

 
   

         

   
              (3.1) 

 

In above equation   is the droplets diameter,    and    is the density of the continuous and dispersed 

phase,   is the gravitational acceleration and   is the viscosity. Observing equation (3.1) for a fixed 

mixture (constant density and viscosity) the only way to reduce the separation speed is by reducing the 

droplet size. This allows us to draw the conclusion that the smaller the droplets are the more stable is 

the homogenized emulsion. After homogenization the mixture is still considered an emulsion but it is 

now a matter of how stable the emulsion is, i.e. how long does it take for the emulsion to separate 

again. In Figure 4 illustration of an emulsion before and after a homogenization is seen.  

 

Figure 4 Homogenization of emulsion 
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3.2 Drop break-up theory 
As described above to delay the emulsions natural separation for a fixed mixture the droplets size of 

the dispersed phase needs to be reduced. The forces that is considered as responsible to the droplet 

break up is divided into two categories; laminar and turbulent forces. Here focus is on the turbulent 

break up forces and before discussing it a short introduction of turbulent flow is given.  

3.2.1 Turbulent flow 

To understand the turbulent break-up mechanism one needs to understand turbulent flow. The 

Richardson’s view is that the turbulence can be considered as a collection of eddies of different sizes. 

The eddies with largest length scales is characterized to the flow scale,   , in mixer application being 

in the magnitudes of the impeller diameter. Richardson’s concept is that the large eddies are unstable 

and break-up easily, transferring the energy to smaller eddies. These eddies of smaller size undergo 

very much the same process transferring their energy to even smaller eddies. This continues down 

until the size of eddies is so small that the molecular viscosity dissipate the turbulent kinetic energy. 

This breakdown of eddies which transfer energy to smaller eddies is called the energy cascade (Pope, 

2000).  

 

Figure 5. Energy cascade 

Kolmogorov further developed the view of turbulence in which he describes in what way and how 

much energy is transferred from larger to smaller eddies of given sizes. In developing the Kolmogorov 

theory various length scales and ranges are defined used to characterizes the eddies, seen in Figure 6. 

The length scale     separates the anisotropic eddies in the Energy-containing range (      ) and the 

isotropic small eddies in the Universal equilibrium range (     ) where   is the eddy size. Isotropic 

is defined that eddies are unaware of the boundary condition and bulk flow field. The universal 

equilibrium range is in itself divided at the length scale     into at two subranges; the inertial subrange 

and dissipation range. In the dissipation range viscosity plays an important role as it is here the eddy 

at length scale  , otherwise known as Kolmogorov length scale, dissipate due to viscosity. In the 

inertial subrange characteristic velocity scale and timescale for the eddy can be estimated to (Pope, 

2000) 

               (3.2) 

 

                 (3.3) 



10 

 

Where   is the length scale of the eddy and   is the turbulent dissipation rate.  

 

 

Figure 6. Length scales and ranges of eddies according to Kolmogorov theory 

Thapar (2004) states that eddies may break-up droplets down to sizes less than Kolmogorov length 

scale. This is observed in experiments conducted by Hall et al. (2011).  

3.2.2 Turbulent break-up mechanism 

In breaking up the droplet there are two types of turbulent forces that are considered as the main 

break-up-forces; viscous and inertial forces. Both forces results from interaction between eddies and 

the droplet. Depending on the eddies size relative to a droplet determines which of the two forces will 

try to break-up the droplet. If the droplet is larger than an eddy it will exposed by inertial forces. On 

the other hand if the droplet is smaller than the eddy it will be subjected to shear forces (Walstra and 

Smulders, 1998). An eddy is most effective to deform a drop if the eddy is around the same size as the 

droplet (Innings, 2005) 

Break-up due to inertial stresses is due to local pressure fluctuation (Walstra and Smulders, 1998). 

From Bernoulli’s equation, 

  
 

 
             

the local pressure fluctuation can be expressed as 

 
      

 

 
       (3.4) 

 

Close to eddies the velocity equals the eddy velocity (Walstra and Smulders, 1998). Break-up due to 

viscous forces is because of local velocity gradient, G over a distance d. The shear stress the 

continuous phase exerts on a droplet is defined as (Çengel and Cimpala, 2010), 

        (3.5) 

 

Depending on the size of the eddy expressions for the velocity difference and velocity gradient can be 

estimated. Under the assumption that the break occurs in the inertial subrange they approximates to 

(Pope, 2000) 



11 

 

            (3.6) 

 

             (3.7) 

 

Where ε is the turbulent dissipation rate and l is the size of the eddy. Equation (3.6) into (3.4)  yields 

that the inertial stress acted on a droplet by an eddy of size l is 

 
      

 

 
         (3.8) 

 

And (3.7) into (3.5) the viscous stress is estimated to 

       
         (3.9) 

 

In the aspect of drop break-up the viscous and inertial forces are considered as external stresses that try 

to deform the drop. They are counteracted by forces that act to resist drop break-up quantified by the 

Laplace pressure, pL defined as the difference between the pressure inside and outside the droplet 

(Walstra and Smulders, 1998). The Laplace pressure for spherical drops is given by 

                    
  

 
 

Where γ is the interfacial tension and d is the diameter of a spherical drop. To start and deform the 

drop the external stress should be larger than the Laplace pressure (Walstra and Smulders, 1998). 

Observations made by Innings (2005) shows that break-up of droplet do not happen instantly when 

exposed by viscous and inertial forces. First the droplets are deformed indicating that a deformation 

time alongside with the stress magnitude are both important factors.  

Innings (2005) reviews three factors that are quantified by various dimensionless constants which can 

be used to estimate the how effective viscous and inertial forces from an eddy act to break up a 

droplet. The expressions of the dimensionless constants are not presented here but are discussed since 

they introduce an understanding of the variables that control the break-up forces: 

 First factor is the magnitude of external stresses and how its magnitudes are relative to the 

internal force. The higher the external stresses are relative to the droplet the higher the 

probability of droplet breakage.  

 The second factor is the how long the eddy time scale and how it is relative to deformation 

time of a droplet. Should the deformation scale be smaller than the eddy time scale the more 

likely is the eddy to break up the droplet.  

 Last factor is the ratio of how the droplet adjusts to the flow (particle adjustment time) and the 

timescale of the eddy. Is the timescale less than the particle adjustment time the larger is the 

fluctuations of the flow around the droplet and the higher is the probability of the droplet 

breakage.  

In a single phase CFD simulation estimations of the mixers turbulent dissipation rate,  , and velocity 

gradients in equations (3.8) and (3.9) helpful in the evaluating the homogenization performance.  
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3.3 CFD modeling 
In the thesis Ansys® Fluent™ is used to simulate the flow inside the mixer. Fluent uses Finite Volume 

Method (FVM) for discretization of the governing equation. Analysis of the flow modeling is not 

studied from the point of view of the discretization process. Therefore the theory behind FVM is 

considered to be redundant in this thesis and should more information behind the subject be aspired 

the reader is referred to complementary sources. 

3.3.1 Governing equations 

The governing equations in this section are for incompressible and isothermal fluids and are expressed 

in tensor notation. The conservation of mass is expressed as, 

    

   
   (3.10) 

 

and the conservation of momentum as 

    

  
   

   

   
 

 

 

  

   
         (3.11) 

 

In equation (3.10) and (3.11)     is velocity tensor,   the pressure,    body forces vector e.g. due to 

gravity, and   is the kinematic viscosity.  

3.3.2 RANS 

The equation for conservation of momentum in fluid mechanics is also referred to as the Navier-

Stokes equations. For turbulent flows the N-S is impossible to solve. In an effort to make it more 

solvable one may use Reynolds decomposition which is separating the velocity ( ) into a sum of a 

mean (  ) and a fluctuating (  ) component: 

        

By also performing Reynolds decomposition for the pressure and body forces and inserting those 

equations into (3.10)-(3.11), the Reynolds Averaged Navier Stoke (RANS)-equations is obtained after 

some algebraic steps (Saad, n.d). The conservation of mass is expressed as 

     

   
   (3.12) 

 

and the conservation of momentum as 

     

  
    

    

   
 

 

 

  

   
          

    
           

   
 (3.13) 

 

In the RANS equation, a new unknowns is introduced in the Reynold stresses,   
          . The Reynolds 

stresses represents the turbulent segment of the flow. Therefore to solve the RANS equations there are 

need for additional equations to the model the new unknowns obtained through the steps of 

Turbulence Modeling. In the following RANS simulations the k-ε turbulence model have been used to 

model the turbulent flow. I.e. the simulation has not been analyzed from the viewpoint of turbulence 
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modeling and it is therefore the opinion of the writer that the theory behind turbulence modeling 

stretches beyond the frame of this report. Should information regarding turbulence modeling be 

wanted the reader is referred other sources.  

3.3.3 LES 

In RANS simulation all the turbulence is modeled. This results in the no eddies are resolved in the 

simulations. In a Large Eddy Simulation (LES) the larger scales of the turbulence are directly 

represented in the simulation while the smaller scales are modeled. In mixing applications it is of 

interest to use a LES to resolve the eddies. This because it is then possible to analyze the droplet 

break-up in the aspects of eddies instead of the mean picture a RANS turbulence model delivers.  

Due to that the larger eddies are resolved in a LES it is of interest in for mixing application where it is 

the eddies that deforms the droplets.  

3.3.4 Moving mesh techniques 

Fluent solves by default the governing equations in stationary reference frame. The mixer consists of a 

stator and a moving rotor and when viewed from the stationary frame the rotor renders the problem 

unsteady. Fluent features the capability to model the moving parts in a moving reference frame while 

the stator is solved in a stationary reference frame. In Fluent a interface is used to separate the cell 

zones in different reference frames. When moving reference frame is activated the governing 

equations are modified so they include the effect given from the moving part (Ansys® Help, 2013). 

For this thesis two ways are used to model the rotation of the mixers rotor; Multiple Reference 

Frame(MRF)-model and Sliding Mesh(SM)-model. The models are explained in below subchapters 

and the text is limited to the operational principle of the models. Should the equations behind the 

models be wanted the reader is recommended to seek other sources.  

3.3.4.1 Multiple Reference Frame - MRF 

In MRF a rotational speed is assigned to the cell zone that is in the moving reference frame. When 

MRF is used the mesh remains fixed during the computation, which is why MRF is considered as a 

steady-state approximation. Because of the fixed mesh transient effects from interactions between 

rotor and stator is lost when MRF is used to model the impeller rotations  (Ansys® Help, 2013). One 

example transient information lost is the altering jet velocity as the rotor passes by. The MRF is 

therefore not suitable in modeling the flow field close to the interface when strong interaction between 

stationary and moving parts (Ansys® Help, 2013). However it may be suitable in finding the global 

variables, e.g. the pressure at inlet and outlet, since they are located far from interface. Additionally 

MRF may be used in finding an initial condition for a transient sliding mesh-model  (Ansys® Help, 

2013)  

3.3.4.2 Sliding Mesh - SM 

When transient behavior of the flow field due to rotor-stator interaction is considered important the 

SM-model should be used prior to MRF (Ansys® Help, 2013). As for MRF a rotational speed is 

assigned for the cell zone that is in the moving reference frame. However unlike the MRF, where the 

mesh is fixed, the cell zones are slid relative to each other along the interface which separates the 

stationary and moving reference frame. The sliding is done in discrete steps distance defined by the 

simulations time-step size and the rotational speed, for details see chapter 6.5.1.4. As the mesh of the 

cell zones is moved relative each other the transient effect due to rotor-stator interaction is included in 

the simulation (Ansys® Help, 2013).  . In sliding of the cell zones the mesh faces on the two sides of 

the interface do not need to be aligned, meaning the location of the node locations two sides of the  is 

not identical. When the mesh faces is not aligned the interface is referred to as non-conformal 
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(Ansys® Help, 2013). How Fluent handles the flow across such interfaces is explained in following 

subchapter. 

3.3.5 Non-conformal mesh interface 

The operation principle of non-conformal mesh calculations is explained here by looking at a segment 

of two interface zones. Non-conformal mesh interface creates either a wall or interior zone depending 

on the interface zones location relative location. Starting with the positions of the interface zones such 

that they complete overlap each other, as shown in Figure 7, fluent creates an interior zone.  

 

Figure 7. Overlapping mesh interface (Completely Overlapping Mesh Interface Intersection, 2009) 

Should the mesh move from this position, for example when sliding mesh is used, yielding that the 

zones position relative each other is such as in Figure 8. Wall zones are created for the portions of the 

interface zones that do not overlap.  

 

Figure 8. Partially overlapping mesh interface (Partially Overlapping Mesh Interface Intersection, 2009) 

The fluxes over non-conformal interfaces are over faces created from intersection of the two 

interfaces. Individually the mesh faces of the mesh at both sides are the ones between point A-B, B-C, 

D-E and E-F. From the intersection new faces are produced; a-d, d-b, b-e, e-c. As an example the flux 

from cell I and III to cell IV faces D-E is ignored. Instead the faces from the intersection d-b and b-e 

are used (Ansys® Help, 2013).  
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Figure 9. New faces, between small letters, created through overlapping mesh faces, between capital letters (Two-

Dimensional Non-Conformal Mesh Interface, 2009) 

Ansys® Fluent™ offers the possibility of performing transient simulations of a periodic slice of the 

geometry instead of using simulating the full scale model. If sliding mesh is used to model the 

impellers movement the cell zones of rotor and stator region will continuously diverge from each other 

as the simulation progresses. This would mean that the interior zone will decrease and the faces that do 

not overlap are termed as walls. However using the Periodic Repeats-option when creating the 

interface the two faces that do not overlap are coupled. In Figure 10 it would mean that the part of 

interface zone 1 and 2 are between themselves coupled. Note that when periodic repeats are used the 

two interface must be of equal length.  

 

Figure 10. Periodic repeats (Rotational Non-Conformal Interface with the Periodic Repeats Option, 2009) 

3.3.6 Mesh quality 

The skewness of the elements is here used to esteem the quality of the mesh. It is defined as the 

difference between the shape of the cell and the shape of an equilateral (only triangles) or equiangular 

quad, example of cells seen in Figure 11. When skewness is too high it could lead to inaccurate 

solution and/or computational divergence, example of skewness value and respective cell quality are 
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seen in Table 1. Elements with value greater than 0.95 is considered to be of Sliver and should be 

avoided (Bakker, 2008).  

 

Figure 11. Equilateral triangle, equiangular quad and respective high skewness cells 

Table 1. Skewness ranges and cell quality (Bakker, 2008) 

Skewness Cell quality 

0.99-1 Degenerate 

0.95-0.99 Sliver 

0.8-0.95 Poor 

0.5-0.8 Acceptable 

0.25-0.5 Good 

>0-0.25 Excellent 

0 Equilateral 

 

3.4 Pump and system curves 
In-line mixers have in addition of the mixing also the function of a pump. Here the basics of a pump 

curve are reviewed.  

There are a few parameters used when analyzing the performance of a pump. One is the volume flow 

rate,  , through the pump and another is the net head  . The head is defined by Çengel and Cimpala 

(2010) as the change in the Bernoulli Head 

 
   

 

  
 

  

  
   

   

  
 

  
 

  

  
   

  

 (3.14) 

 

where   is the static pressure,   is the velocity,   is the fluids density,   is the gravitational constant 

and lastly   is the height over a reference frame.  

The maximum flow rate through a pump is when its net head is zero,    , referred to as the pumps 

free delivery. Free delivery is obtained when there is no flow restriction at the pump inlet or outlet. 

Another operation point is the shutoff head and is the net head when the volume rate is zero,    . 

The curve of   as a function of   between the two operation points is called the pump curve. The 

pump curve change with rotational speed. In an application, e.g. a pipe system, has a required head, 

         , that includes irreversible losses, elevation changes etc. This required head increases with 
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flow rate, compare with net head delivered by a pump decreases with flow rate. The curve of required 

head of a system as a function of flow rate is referred to as the system curve. When plotting the pump 

curve and an applications system curve the two will match at a point; the operation point. This means 

when a specific pump is used in the system the flow rate is given by where the two curves match. 

  

Figure 12. System and pump curve (Çengel, Y.A., Cimpala, J.M., 2010) 

3.5 Dimensionless parameters 
Dimensionless constants are useful when scaling a model and when comparing the performance 

between different models. The in-line mixer is considered both as a pump and a mixer and 

dimensionless constant for both types are presented in this subchapter. Later in section 4.3 the 

performance of the in-line mixer is compared with centrifugal pumps and other in-line mixers using 

the following dimensionless parameters.  

3.5.1 Centrifugal pumps 

Çengel and Cimpala (2010) define through dimensional analysis three dimensionless constant for 

pumps; Head coefficient, Capacity (or flow) number and Power number. These are 

Head 

coefficient 
   

  

    
 (3.15) 

 

Flow 

number 
   

 

   
 (3.16) 

 

Power 

number 
    

 

     
 (3.17) 
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Where   is the gravitational constant,   is the net head,   is the shaft power in [J/s],   is the 

rotational speed,   is the flow rate and D is impellers diameter. The coefficients describe how the 

head, flow rate and power draw vary with operational condition (rotational speed), characteristic 

length (impellers diameter) and fluid properties (density).  

3.5.2 In-line mixers 

For batch-mixer the conventional power number in equation (3.17) is used to describe the power draw 

as only a function simply of the rotational speed. For in-line mixers where the power also depends on 

the flow through the mixer which makes the above power number incomplete. Kowalski, Cooke and 

Hall (2010) describe a different power number as 

In-line mixer 

power 

number 

   
 

     
   

 

   
 (3.18) 

 

Note that in equation (3.18) the power number is a sum of the conventional power number for zero 

flow rate and flow number multiplied with proportionality constant,   . Is the power draw and how it 

varies with flow rate known; linear regression in MATLAB® gives us the proportionality constant. 
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4 Experimental measurements 
The RANS simulation in chapter 6 is of an existing mixer. Because of this experimental measurements 

may be used in verifying the outcome from the simulations. The experimental set-up, measured pump 

curve and comparison of mixers performance with centrifugal pumps and in-line mixers based on the 

measurements are presented in this chapter. The measurements were conducted at in Aalborg 

Denmark at Tetra Pak Scanima A/S.  

4.1 Experimental set-up 
In the experimental measurements water with temperature of 17 °C was selected as working medium. 

The rotational speed the test was conducted at was 2635 RPM.  

4.1.1 Experimental rig 

An experimental rig located at Tetra Pak Scanima A/S in Aalborg was used to perform tests on the in-

line mixer. Water from tank is fed into a pipe leading to the mixer. The mixer is responsible for the 

pumping effect in the rig. The rotational speed is adjusted by changing the frequency from the 

frequency converter while a tachometer is used to measure the actual rotational speed. Flow rate is 

controlled by adjusting the throttle vale positioned downstream of the mixer. The flow rate is 

measured by a flow meter and the net pressure delivered by the mixer is given by the two pressure 

indicators.  

A schematic diagram and a photo of the experimental rig are shown in Figure 13 and Figure 14. 

 

Figure 13. Experimental set-up (Credit to Hans Henrik Mortensen) 
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Figure 14. Photograph of test rig 

4.1.2 Stator 

The in-line mixer is constructed to able changing of the stator type. The stator holes in Figure 15 are 4 

mm in diameter. The stator is the same used in the RANS simulations explained in chapter 6.1.1. 

Additional measurements were also conducted for two different stators seen in Figure 16. In the figure 

the left stator is to investigate the change in the pump curve if the openings on the stator are slots with 

greater cross-sectional area and the right stator is to represent the operation without any stator.  

 

Figure 15. Stator hole with 4 mm in diameter 
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Figure 16. Stators with stator slots (left) and stator with no stator holes (right) 

4.1.3 Measuring Instruments 

The flow rate is measured using the Promag 10H, Endress+Hauser, flow meter. The two pressure 

clocks used in reading the pressure up- and downstream of the mixer are of type EN-837 1, Wika. The 

instruments are shown in Figure 17 and its accuracy is found in Table 2. 

 

Figure 17. Flow meter (left) and gauge pressure clock upstream (middle) and downstream (right) of mixer 

Table 2. Accuracy of measurements 

Instrument Accuracy 

Promag 10H, Endress+Hauser – Flow meter ±0.5 %
1
 

EN-837 1, Wika – Pressure clock ±1 %
2
 

 

4.2 Pump curves and dimensionless constants 
The head produced by the mixer, defined in section 3.4, are given by 

 
   

 

  
 

  

  
   

   

  
 

  
 

  

  
   

  

 (4.1) 

                                                      

1
(Endress+Hauser, n.d.) 

2
 (Wika, 2008) 



22 

 

 

As the pipe diameters are same in both locations of the pressure clocks, equation (4.1) is reduced to 

 
   

 

  
   

   

  
 

  
   

  

 (4.2) 

 

The head is therefore given by the sum of the pressure clocks net pressure and height. The net height 

for the clocks is 0.3 m. The pump curve for the three stator types given by measurements are plotted 

together in Figure 18. The span of the error bars is based on that two pressure clocks gives a 

measurements accuracy ±2 %, one percent per clock. From the plot it appears that the pressure head is 

greater the greater cross-sectional area of the stator holes/slots. In other words the smaller holes the 

greater the pressure loss over the stator.   

 

Figure 18. Pump curve for in-line mixer at a rotational speed of 2635 RPM 

 

The difference between the pump curves with and without circular stator holes are the stators system 

curve seen in Figure 19. 
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Figure 19. System curve of stator with circular holes of 4 mm 

In section 3.5 dimensionless constants for power draw, flow rate and net head are defined. From the 

measurements all variables are obtained necessary for calculating the dimensionless variables. In 

determining the proportionality constant,   , the use of polynomial fitting MATLAB® is required. 

From the tests using no stator the dimensionless parameters developed for pumps are estimated and 

shown in Table 3. The dimensionless parameter developed for in-line mixer from measurement of the 

mixer when using a stator with circular hole are shown in Table 4. 

Table 3. Dimensionless parameters of in-line mixer when using no stator 

 Power number, CP0 Flow coefficient, CQ Head coefficient, CH 

In-line mixer 0.17-0.67 0-0.06 4.3-2.6 

 

Table 4. Dimensionless parameter of in-line mixer when using stator. 

 Power number- no flow, CP Proportionality constant, k1 

In-line mixer 0.11 9.2 

 

4.3 Comparison with centrifugal pump and in-line mixer 
To estimate the mixers pump performance when no stator is used, it is compared with two centrifugal 

pumps developed at Alfa Laval. In Table 5 are the values of the power number, flow coefficient and 

head coefficient used in the comparison. The magnitudes reveal that when two of two parameters are 

around the same magnitude the third is superior for the centrifugal pumps. Comparing with LKH 

Evap-25 the flow coefficient and head coefficient are similar with the mixer but the mixers power 

number are around twice the magnitude. This means twice the power input is required to deliver equal 

flow rates and net head. For LKH Evap-70, Alfa Laval the flow coefficient is double the mixers. This 

means that LKH Evap-70 can pump twice the flow rate with relation to the angular velocity and 

diameter.  
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Table 5. Dimensionless parameters for centrifugal pumps and in-line mixer 

Pump Power number Flow coefficient Head coefficient 

In-line mixer 0.12-0.67 0-0.06 4.3-3.0 

LKH Evap-25, Alfa 

laval
3
 

0.072-0.32 0-0.06 5.1-3.0 

LKH Evap-70, Alva 

laval
4
 

0.17-0.63 0-0.15 5.4-1.9 

 

The dimensionless parameters in section 3.5.2 are used for comparing the power draw between in-line 

mixers. Zhang, Xu and Li (2012) summarizes from reviewing research findings the power draw for a 

number of different models and stator types. He reports magnitude intervals for power number with no 

flow through the mixer,    of 0.11-0.254 and for proportionality constant    of 7.46-10.6. From above 

in Table 3 the in-line mixers power number and proportionality constant is found to be 0.11 and 9.2 

which are within the intervals Zhang, Xu and Li (2012) reported. The in-line mixer when using a 

stator with circular holes is compared with two different mixers in Table 6. 

Table 6. Dimensionless parameters for in-line mixers, (Zhang, Xu and Li, 2012) 

Pump Power number- no flow,    Proportionality constant,    

In-line mixer 0.11 9.2 

Silverson 150/250 MS, 

standard screen, dual 

emulsifier 

0.197 9.35 

Silverson 150/250 MS, fine 

screen, dual emulsifier 

0.145 8.79 

 

  

                                                      

3
 (Evap-25, n.d.) 

4
 (Evap-70, n.d.) 
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5 LES feasibility-study of batch mixer 
In a RANS-simulation all the turbulence are modeled. In a LES simulation the larger scales of the 

turbulent motion are directly represented while only the smaller scales of turbulent motion are 

modeled (Pope, 2000). Recall that the turbulence break-up forces are from eddies. The result from a 

LES is therefore more informative in the sense that some eddies are resolved.  

At Tetra Pak a full-scale RANS-simulation has been carried out on a batch high-shear mixer in where 

the flow field inside the mixer is investigated. To continue the analysis with study of the droplet break-

up inside the mixer an LES simulation of the mixer is aspired. As an LES-simulation is more 

computational expensive than a RANS-simulation it is the hope to keep down the computational costs 

by performing the simulation of a periodic slice instead of the full scale model. The feasibility study is 

about investigating the possibility doing just that.  

In this chapter the slicing of the geometry, mesh and simulation settings used in the LES feasibility 

study are reviewed. The boundary conditions used in the LES simulation is extracted from the 

previously performed full scale RANS simulation. Note that the result of the feasibility study 

presented in section 6.4 is not analyzing the break-up due to turbulent eddies but the investigation of 

the possibility of simulating a periodic slice instead of full scale.  

5.1 Geometry of full scale batch mixer 
The rotor-stator mixing unit is mounted from the bottom of the vessel. The rotor is connected by a 

shaft to a motor that is located on the top of the vessel. The rotor-stator is placed in the central of the 

vessel. The illustration of the vessel and mixing head are shown in Figure 20. The impellers six rotor 

blades are surrounded by a stator. There is a gap of 0.5 mm between rotor and stator from where a 

portion of the flow leaves the rotational region in the axial direction. On the stator there are 26 stator 

slots. Illustration and dimensions of the rotor and stator are seen in Figure 21. The maximum diameter 

of the vessel is 650 mm. On the inside of the mixer there are 6 baffles. The bottom of the mixer is flat 

on the inner part while the outer part is chamfered. Same is for the top part. Other dimensions of the 

vessel and baffle can be seen in Figure 22. 

 

Figure 20. Illustration of batch mixer. Used and adapted with permission from the author (Mortensen, 2010) 
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Figure 21. Dimensions of rotor and stator 

 

Figure 22. Measurement on vessel and baffles 

5.2 Slice 
The aim is to make the slice such that the number of different faces where boundary conditions needs 

to be specified becomes limited. The slice should contain the regions where break-up due to turbulent 

is expected to take place. The slice is done in the axial, radial and angular direction.  
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Axial slice 

The rotor region is surrounded in the axial direction by circular plates. At to the bottom there is a base 

plate and at the top the circular plate where the rotor blades are attached. By performing the slice along 

the plates a large portion of the boundaries in the axial direction will be covered by a wall. The slice 

yields one inlet through the holes in the top circular plate and two outlets; through the gap between 

rotor and stator and in the axial direction outside the stator. The slice can be seen in Figure 23. 

 

Figure 23. Axial slice between red lines 

Radial slice 

From the breakdown of the jets that emerges from the stator slots eddies are formed. These eddies is 

believed to be responsible for part of the droplet break-up. It is therefore important that the entire jet is 

found inside the region. To ensure that the jets are enclosed in the radial direction there is not made an 

outer radial slice. This makes the wall of the batch to make up the outer radial boundary. The top 

circular plate has openings located in the inner part of the plate through the flow pass into the rotating 

region. The inner slice is such that the openings on the top circular plate are excluded but still far 

enough from rotor-stator gap that the transient effects due to rotor-stator interaction are not included.  

In Figure 25 the radial velocity contour plots are shown of a radial slice at radii 80 mm inside the rotor 

region, 15 mm from the stator wall. The three contour plots are from the full scale RANS-simulation 

where the profile follows a rotor through the transient simulation. They are snapshots of the inlet 

profile at three different times such that they rotated 24 degrees between the images. The white section 

represents the rotor. From the figure it is clear that the inlet conditions do not vary significantly as the 

impeller rotates validating that the transient effect are not present at this slice at radii 80 mm.  
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Figure 24. Radial slice between red lines 

 

Figure 25. Radial velocity of a radial slice at r=0.08 inside the rotor region. The three contour plots are 24 degrees 

apart in the full scale RANS-simulation 

Angular slice 
The rotor and stator has different periodic conditions. The impeller has six rotor blades making it 

periodic at every 60°. The stator has 26 slots making it periodic first at 180°. By adapting the geometry 

by reducing the number of stator slots from 26 to 24 the stator gains a periodicity of 60°. This adaption 

will affect the final solution but is a trade-off in order to make it possible for simulation of a periodic 

slice at 60°. The angular slice in Figure 26 is performed such that the angular boundary faces lies in 

the middle of the rotor blades. 
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Figure 26. Angular slice between red lines 

 

5.3 Geometry of slice 
The adapted geometry of the periodic slice in Figure 27 is created using Ansys® DesignModeler

TM
. 

As sliding mesh used to model the impellers rotation the rotor and stator region needs to be separated 

by an interface. The interface is located between rotor tip and inner stator with equal distance to both.  

 

Figure 27. Geometry of periodic slice 

5.4 Mesh 
The mesh applied to the geometry is a structured grid containing 15 153 272 hexahedral elements. The 

mesh sizing is such that there are 4 elements across the stator holes and 32 elements across stator slot. 

When generating the mesh the node and face distribution should be identical on the two angular faces. 

This is to enable creating conformal periodic zones in Fluent. Conformal periodic zones are described 

in section 5.5. 

 

5.5 Cell zone and boundary conditions 
The slicing gives four boundary conditions apart from the walls; inlet, angular periodic, axial outlet 

through gap and annulus (Figure 28). Additionally a periodic repeat-mesh interface between the rotor-
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stator is defined. The boundary conditions used in the LES simulation is retrieved from the full scale 

RANS-simulation. How it is done is described below and summarized in Table 7.  

 

Figure 28. Boundary conditions in periodic slice 

Inlet boundary condition 

As the inlet is located close to the stator holes it is important the velocities and turbulence levels are of 

appropriate magnitudes. If not the errors introduced by the use of incorrect boundary conditions will 

propagate and the simulation would be less accurate. The inlet profile of velocity components in 

cylindrical coordinates, turbulent kinetic energy,  , and turbulent dissipation rate,  , are extracted from 

the full scale RANS-simulation. To do that in the RANS-simulation a face of equal size and shape as 

the slice inlet, properly located between two rotor blades, are created. From that the profile containing 

the inlet conditions can be exported. Should profiles location in the coordinate system in the RANS-

simulation be different from the position of the inlet face in the LES simulation it is important that it is 

oriented such that the profile coincides on the inlet. It was earlier shown Figure 25 that the transient 

inlet profile has steady-state behavior in the transient full scale RANS-simulation. A stationary profile 

of a snapshot from the RANS simulation is used in the transient LES simulation.  

Axial and Gap outlet 

The outlet conditions is determined by uniform static pressure. The creating equivalent faces of the 

outlets in the RANS-simulation the average pressures in the gap and annulus is found. 

Conformal angular periodic 

Due to the tangential motion of the rotor fluid will pass through the angular faces. Conformal periodic 

boundary condition is used to model that the flow that passes out from one angular side of the solution 

domain enters in from the other side. This is done by using the text command (Ansys® Help, 2013): 

grid  modify-zones  make-periodic 

In the process of creating conformal angular periodic boundary conditions one needs to define which 

faces that will be coupled as the periodic pair and that they are to be considered as rotationally 

periodic.  

Mesh motion 

A rotational speed of 1033 rpm was used in the full scale simulation. The same rotational speed is 

used in the LES simulation.   
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Periodic Repeats-Mesh Interface 

When Sliding Mesh is used to model the impellers movement the mesh will be rotated in discrete 

steps. As the geometry is not a full 360° model the two cell zones will continuously move from each 

other as the simulation progresses creating walls where the cell zones are not adjacent. By using the 

interface option Periodic Repeats the portions of the mesh interfaces that does not overlap becomes 

coupled. 

Table 7. Boundary-, Cell zone-conditions and mesh interface 

 Boundary name/Cell zone Boundary type 

Boundary faces Inlet Momentum: Cylindrical 

components. From profile 

extracted from full scale RANS-

simulation 

Turbulence: Turbulent kinetic 

energy and turbulent dissipation 

rate. 190 vortices. From profile 

extracted from full scale RANS-

simulation 

 Gap outlet Gauge static pressure of 8623 

Pa. Extracted from full scale 

RANS simulation 

 

 Annulus outlet Gauge static pressure of 4702 

Pa. Extracted from full scale 

RANS simulation 

 Angular periodic Conformal periodic. Created 

using make-periodic-command 

Cell zone conditions Rotor Mesh motion – Rotational speed 

of 1033 RPM 

Mesh interface Two faces separating the rotor 

and stator 

Mesh Interface of type Periodic 

Repeats 

 

5.6 Models and Solution methods 
The models and settings methods in Table 8 are used in the LES simulation and are selected based 

only on previous experiences at Tetra Pak. Same applies for the Solution methods in Table 9. 

Table 8. Models and solution methods options 

 Models/Options 

General Pressure-based solver type; Absolute velocity 

formation; Transient 

Turbulence model Large Eddy Simulation 

Subgrid-Scale model  Smagorinsky-Lilly 

LES Model Option Enable “Dynamic Stress” 

Materials Water, constant density and viscosity 
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Table 9. Solution methods 

 Methods 

Scheme SIMPLE 

Gradient Least Squares Cell Based 

Pressure Second Order 

Momentum Bounded Central Differencing 

Transient Formulation Bounded Second Order Implicit 

 

The dimensionless Courant number,      is used in estimating an appropriate time step size. The 

courant number is defined as 

 
    

   

  
 (5.1) 

 

where   is the local flow velocity,    is the time step and     is the element size. For transient LES 

simulation the Courant number is recommended to be below 1 to ensure stable solution (Ansys® Help, 

2013). With the element size in the mesh known estimation of maximum velocity gives us the required 

time step size when courant number is equal to 1. The maximum velocity is estimated to the rotor tip 

velocity given by 

                   (5.2) 

 

Where           is the impeller radius and   is the angular velocity. Using the above rotational 

speed of 1033 rpm and the radius equation (5.2) gives us the rotor tip velocity to 

 
              

    

  
      (5.3) 

 

The minimum element size is 1.5e-4 m. Using the above values into equation (5.1) the time steps size 

is estimated to 

 
   

      

 
 

           

    
          (5.4) 

 

Various calculations settings are shown in Table 10. 

Table 10. Calculation settings 

 Calculation settings 

Initialization Steady flow conditions 

Time step size 1.4e(-5) 

Iterations/Time step 5 

Convergence check Disabled 
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6 Result and Discussion 

6.1 Grid convergence and multiple reference frame studies for in-line 

mixer 
Grid convergence studies (or grid refinement studies) and multiple reference frame studies have been 

used to determine suitable grids and methods to be used in the RANS-simulation. The studies are 

presented in this subchapter including with the description of the geometry of the in-line mixer. 

6.1.1 Geometry of in-line mixer 

The geometry of the in-line mixer used in developing RANS simulation is reviewed here. As seen in 

Figure 29 there are six major regions the compose a in-line mixer; Inlet and outlet tube, rotating 

region in where the impeller are found, a high shear region between the high shear rotor tip and stator 

holes and lastly the annulus extending from the stator holes. The stator holes are circular with a 

diameter of 4 mm and length 5 mm and are the only path for the flow to cross from the rotating region 

and annulus. The impeller consists of two sections; the curved pumping blades located upstream the 

high shear rotor blades. The impeller diameter is 198 mm. A cross sectional view of the high shear 

rotor blades are seen in Figure 30. The gap distance between rotor tip and stator is 1 mm. The outer 

diameter of the circular annulus is 266 mm. Dimensions of the in-line mixer can be seen in Figure 30 

and Figure 31.  

 

Figure 29. The various sections that compose the mixer 
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Figure 30. High shear rotor blades highlighted including measurements 

 

Figure 31. Measurements of in-line mixer 

 

6.1.2 Grid convergence pump curve 

For simulation of the pump curve it is the global variables of pressure at inlet and outlet that are of 

interest. The meshes over the stator holes are identified by the number of elements are found over the 

stator holes.  Grids with 5, 10, 15, 18 and 25 elements across the stator holes are generated and used in 

the grid convergence studies. The number of elements in the grids used are found in Table 11. Since 

the Reynolds numbers varies along a pump curve grid convergence studies are performed for at two 

flow rates, one low (10 m
3
/h) and one large (40 m

3
/h). There are two possibilities in modelling the 

impeller rotation. Individual grid convergence studies are performed for MRF and SM. This gives a 
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total of 4 grid convergence studies; two flow rates when using MRF and two flow rates when using 

SM.  

Table 11. Number of elements in the for the meshes used in the grid convergence study 

Mesh with # elements across stator hole Total number of elements in mesh 

5 5 million 

10 11 million 

15 14 million 

18 25 million 

25 44 million 

 

The grid convergence for SM with flow rate 10 m
3
/h the average periodic steady state pressures for 

five grids shows the convergence is attained for the coarsest grid with 5 elements across the stator hole 

(Table 12). However from the pressure head during the simulation in Figure 32 it is clear that the 

periodic behaviour is lost for simulation of the grid with only 5 elements across the stator holes. Due 

to the loss of periodic behaviour that grid is not tested in the other grid convergence studies. As is the 

grid with 25 elements excluded from below analysis since it is considered redundant. From the other 

grid refinement studies in Table 13-Table 15 grid convergence are also reached for 10 elements across 

the stator hole. The largest difference of the pressure head from the coarsest and finest grid is less than 

1 % in all grid convergence studies.  

Table 12. Net pressure of inlet and outlet from SM simulation for different meshes at flow rate 10 m3/h 

Mesh with # elements across stator hole Net pressure [bar] 

5 2.98 

10 2.98 

15 2.95 

18 2.98 

25 2.98 
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Figure 32. Development of pressure head during transient simulation of 2 rev 

 

Table 13. Steady state pressure from SM simulation for different meshes at flow rate 40 m3/h 

Mesh with # elements across stator hole Steady state pressure [bar] 

10 2.54 

15 2.52 

18 2.52 

 

Table 14. Steady state pressure from MRF simulation for different meshes at flow rate 10 m3/h 

Mesh with # elements across stator hole Steady state pressure [bar] 

10 3.02 

15 3.02 

18 3.02 

 

Table 15. Steady state pressure from MRF simulation for different meshes at flow rate 40 m3/h 

Mesh with # elements across stator hole Steady state pressure [bar] 

10 2.65 

15 2.65 

18 2.65 
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Based on above studies grid convergence for simulation of global variables is obtained with the mesh 

that has 10 elements across the stator containing a total of 11 million elements. 

6.1.3 Grid convergence flow field 

How the flow varies with the use of different grid is investigated by a grid convergence study. Grid 

convergence for flow field examines how local flow variables vary with the use of different grids. It is 

found that getting grid convergence locally requires more elements in the mesh. Instead of generating 

three full grids of the mixer one grid was used where the mesh varies locally for the stator holes. The 

mesh had a total of 25 million elements. Three different local grids over the stator holes are 

investigated; 26, 34 and 42 elements across including 10 inflation layers. The middle mesh with 36 

elements across the stator inlet is seen in Figure 33. 

 

Figure 33. Mesh of stator inlet with 34 elements across 

From a simulation local flow variables along the lines in Figure 34 located across the three stator holes 

are extracted. In the graphs the green, red and black lines represent values across the lines in stator 

holes with 26, 34 and 42 elements across respectively.  

 

Figure 34. Monitor lines across stator hole 

In Figure 35 the radial velocity is plotted along the three lines. From that it is found that the major 

difference between the grids for radial velocities is close to the stator walls on the inner line. 

Otherwise the solution is similar regardless which of the grid are used. In Figure 36 and Figure 37 the 
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turbulence dissipation rate and shear strain rate respectively is plotted on the inner and middle line. 

The solution shows no real difference between using 34 or 42 elements across the stator hole. 

However the turbulent dissipation rate and shear strain rate for 26 elements varies from the other two. 

It is concluded that for 34 elements across the stator hole, is recommended to be able to capture the 

flow field properly.  

 

Figure 35. Radial velocity across inner (top-left), middle (top-right) and outer (bottom) line 

 

Figure 36. Turbulent dissipation rate across inner (left) and middle (right) line 
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Figure 37. Shear strain rate across inner (left) and middle (right) line 

6.1.4 MRF vs. SM vs. MRF-SM 

There are two possible methods to model the impellers rotation; Moving Reference Frame (MRF) or 

Sliding Mesh (SM) method. The possible uses the two methods for the pump curve and flow field 

simulation are illustrated in Figure 38 and Figure 39 respectively. In the figure the methods that are 

crossed over are the ones not recommended with following motivations: 

In chapter 3.3.4 it is presented that MRF is a steady-state approximation in that sense that the rotating 

region is not moving during the calculations. Should the MRF be used in the simulation it means that 

the periodic behaviour of the flow is lost. That makes the use of MRF an ill representation of the local 

flow field close to interface located in the rotor stator gap eliminating single use of MRF as a 

possibility for the flow field methodology. It may however be enough to capture the global variables at 

the inlet and outlet since they are located far from the rotor-stator gap.  

Simulations when using the SM starting from stationary flow or SM starting from a MRF solution are 

compared. In Figure 40 the pressure head are compared showing that steady-state is reached more 

quickly when starting from MRF solution.  

 

Figure 38. Possible methods to model the rotation of the impeller, recommended methods are those with no 

strikethrough 

 

Pump curve 

MRF 
SM starting from 
stationary flow 

SM starting from 
MRF 
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Figure 39. Possible methods to model the rotation of the impeller, recommended methods are those with no 

strikethrough 

 

Figure 40. Pressure head during transient SM simulation for 2 revolutions. Starting from stationary flow or a MRF of 

grid with 18 elements across stator hole 

With the motivations above it leaves that the recommended ways to model the impellers rotation in the 

simulation are; for pump curve-simulation the MRF starting from stationary flow or SM starting from 

a MRF solution and for full flow field-simulation a MRF starting from SM. 

6.2 Simulation of pump curve 
Based on the above grid convergence study and suitable methods to model the impellers rotation 

simulation to obtain to mixers pump curve are performed. The details in the used mesh and resulting 

pump curve are presented in following subchapters. The settings in the simulation program, e.g. the 

boundary condition and turbulence models, are not describes here but later in section 6.5.1.4.  

  

Full flow field 

MRF 
SM starting from 
stationary flow 

SM starting from 
MRF 
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6.2.1 Mesh 

The mesh for the mixer used to simulate its pump curve contain a total of 10 900 065 elements. An 

element with skewness greater than 0.95 then it is considered to be of Sliver and should be avoided. 

By using Mesh Metric the number of elements with bad cell quality can be counted. There are 31 

elements in the rotational region with skewness greater than 0.95, see Table 16. Visualization of the 

bad elements showed that they are located afar from the stator region their effect on the result is 

assumed be nominal, provided that the computations is stable. In Table 16 the number of nodes and 

maximum skewness for the mesh in the regions that make up the entire mixer is listed.  

Table 16. Details of mesh in total and for the various parts, generated from following methodology developed for 

pump curve 

 Elements Maximum skewness 

Total mesh 10 900 065 0.997 

Inlet tube 33 030 0.57 

Rotational region 2 711 217 0.997 

Gap 4 987 445 0.91 

Stator hole 249 170 0.66 

Annulus 2 887 279 0.95 

Outlet tube 32 724 0.59 

 

6.2.2 Simulation setting 

The settings such as turbulence model and boundary conditions are described in chapter 6.5.1.4. 

In determining if the simulation had reached steady state the inlet and outlets net pressure was 

monitored. The net pressure during a simulation with inlet flow rate at 70 m
3
/h is shown in Figure 41. 

From it steady-state is concluded to be obtained after around 1000 time steps. The difference between 

the two red lines is around 1 %. 

 

Figure 41. Head over 2 ½ revolutions where the first two local minimum is illustrated by the red lines 



42 

 

 

6.2.3 Pump curve from simulations 

From simulation two pump curves are acquired, one using MRF the other from using SM following a 

MRF. In Figure 42 the two simulated pump curves are plotted together with the measured pump curve. 

Deviation of simulated pressure head from measurements at fixed flow rates are given in Table 18. 

From there it is found that the pump curve given from MRF and SM are equally accurate for flow 

rates below 40 m
3
/h. Higher flow rates than 40 m

3
/h the simulation is less accurate when using MRF 

but for SM it is as accurate as for low flow rates. Comparison between the two simulated pump curves 

also shows that the difference of the pressure head increased with increasing flow rates. 

 

Figure 42. Pump curve from simulation and measurements 

Table 17. Deviation of simulation from measurements and between the two simulation methods 

Flow MRF Head - % from 

experiment 

SM Head - % from 

experiment 

MRF Head - % from 

SM simulation. 

1 m
3
/h 3 5 2 

20 m
3
/h 3 6 3 

40 m
3
/h 6 1 7 

60 m
3
/h 15 7.5 7 

70 m
3
/h 19 7 12 

 

From Table 18 it appears that the simulations under predict the dimensionless values, MRF more than 

SM with exception of the head coefficient. The interval for the Pump Powers Number, Flow 

Coefficient and Head Coefficient are for flow rates 10-70 m
3
/h. 

  

-10 0 10 20 30 40 50 60 70 80
16

18

20

22

24

26

28

30

32

34

Flow [m3/h]

H
e
a
d
 [

m
]

 

 

Measurements

MRF and SM

MRF



43 

 

Table 18. Dimensionless constant from simulations and measurements 

 Measured MRF MRF and SM 

Pump power number 0.18-0.59 0.12-0.51 0.12-0.53 

Mixer power number, 

POZ 

0.11 0.057 0.060 

Mixer power number, 

k1 

9.2 8.4 8.8 

Flow coefficient 0-0.057 0-0.057 0-0.057 

Head coefficient 4.5-2.3 4.1-2.7 4.0-2.5 
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6.3 Simulation of flow field 
Like above simulation based on grid convergence study and what suitable ways to model the impellers 

rotation, simulation are made to obtain the flow field inside the mixer. The used mesh and resulting 

flow field is presented below.  

6.3.1 Mesh 

A grid with total of 79 590 914 elements was used in the simulation. From Table 19 it is found that the 

rotational region and annulus contains element with skewness above 0.95. From the meshing software 

a total of 817 elements are found that has a skewness greater than 0.95. In Figure 43 the high skewness 

elements in the rotating region and annulus are highlighted. As the elements are located along the wall 

some distance away from the flow is of interest these elements should not affect the result 

significantly.   

Table 19. Details of mesh in total and for the various parts, generated from following methodology developed for flow 

field 

 Elements Skewness 

Total mesh 79 590 914 0.9999966 

Inlet tube 125 100 0.56 

Rotational region 11 511 447 0.9999966 

Gap 21 883 446 0.94 

Stator hole 5 988 564 0.61 

Annulus 39 993 269 0.97 

Outlet tube 89 088 0.54 

 

 

Figure 43. Elements with skewness greater than 0.95 highlighted 

6.3.2 Simulation 

The settings such as turbulence model and boundary conditions are described in chapter 6.5.1.4. 

In determining if the simulation had reached steady state point monitors was set up, seen in Figure 44. 

At those points the velocity was monitored and the velocities at the points closest and furthest away 

from the rotation region are seen in Figure 45. From it the simulation was determined to be at periodic 

steady-state after ~300 time steps inside the stator hole and ~1300 time steps at the end of the jet. The 

difference in between the two red lines is less than 3 %. 
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Figure 44. Suggested locations of monitor points inside the stator and jet 

 

 

Figure 45. Velocity over ~2 revolutions during simulation at flow rate 70 m3/h at point located inside stator hole(left) 

and at the end of jet(right). Local maximum illustrated by red lines. 

6.3.3 Flow field from simulation 

The turbulent flow field from the simulation are reviewed in this subchapter. Analogies are drawn with 

the expected flow field from the literature study in chapter 2.1. 

Rotor region 

The tangential velocity is expected to be in the magnitude 

           (6.1) 

 

Contour plot of tangential velocity normalized with equation (6.1) is clipped between 0.8 and 1.2 is 

given in Figure 46. The tangential velocity is within ±20% of the local rotor tip velocity except for 

isolated regions on the leading side and downstream of the rotor blades with shorter length. The 
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rotational direction is clockwise.  The alternating rotor length is believed to be the reason for these 

local low velocity regions where the normalized tangential velocity stretches down to 0.6.  

Expected radial velocity is given by  

     
 

 
 

The local mantle area is set to be the local cylinder area      where the height,  ,  is height of the 

rotor region. In contrast to what Sparks (1996) reported there are relatively large domains in the rotor 

region where back flow occurs; the blue areas in Figure 46. The reason for this could be the alternating 

rotor length.  

 

Figure 46. Tangential velocity normalized with the local rotor speed (left) and radial velocity normalized with velocity 

given by continuity (right) 

Rotor-stator gap:  

Along the stator wall the flow field in the gap is primarily in the tangential direction. Over the stator 

hole a portion of the flow bends into the stator hole as seen in Figure 49. 

The strain rate in Figure 47 is normalized with the nominal shear rate 

                   
    

    
 

High shear rate are primarily located along the inner stator wall and rotor tip. Additionally locations of 

high shear rates are leading rotor tip and along the corner which surrounds the stator inlet. 
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Figure 47. Normalized shear rate in the gap 

High turbulent dissipation rates coincide with the high shear region. The turbulent dissipation rate in 

Figure 48 is normalized with     .  

 

Figure 48. Normalized turbulent dissipation rate in gap 

 

Stator holes 

The flow coming from the gap impinges the leading stator wall, develops into a jet and continues 

along the stator wall. The jet covers a part of the stator hole and on the opposite side flow from 

annulus re enters through the outlet (Figure 49). The maximum jet velocity in Figure 50 varies from 

0.7 to 1 depending on if the rotor tip is far away from or very close to the stator hole. The same plot 

shows a negative radial velocity which is from the re circulation of the flow into the stator hole 

previous mentioned. The magnitudes of the jet velocity are more closely observed by Yang (2011) 

with magnitudes close to 1 than compared to findings by Mortensen (2010) where it stretches up to 

1.3.  
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Figure 49. Velocity magnitude over gap and stator normalized with rotor tip speed, 27.2 m/s 

 

 

Figure 50. Maximum jet inside a stator for a rotor period – 1/6th revolutions 

The highest absolute values of shear rate and turbulence dissipation rate are found along the wall and 

on the jets free boundary layer. Utomo, Baker and Pacek (2009) reported uniform turbulent dissipation 

rate in the jet which is opposite from what is found here. An explanation to the uniform turbulent 

dissipation rate can be the number of cells across the stator hole. The grid used by Utomo, Baker and 

Pacek (2009) had only 8 elements across the stator hole resulting in a smeared solution. Mortensen 

(2010) found similarly to Figure 51 distinct high shear rates along the wall and jets boundary layers.  
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Figure 51. Normalized shear rate (left) and turbulent dissipation rate (right) 

Jet 

The jets emerging from the stator hole bend in the opposite direction of the impellers rotation due to 

circulation zone located behind the jet (Figure 52). This flow topology is also what is predicted by 

Utomo, Baker and Pacek (2009) and Yang (2011).  

 

 

Figure 52. Velocity magnitude over multiple jets normalized with rotor tip speed, 27.2 m/s 

The simulation shows high shear rate and dissipation rates in large regions of the flow with maximum 

at the jets boundary layers. Same as for the jet inside the stator holes Utomo, Baker and Pacek (2009) 

does not resolve high values of turbulent dissipation rates and shear rates in the jets boundary layers. 

Yang (2011) does however, as in Figure 53, resolve distinct regions of high values on the jets 

boundary layer. 
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Figure 53. Strain rate and turbulent dissipation rate over multiple jets 

6.4 LES feasibility-study 
The result presented here is the result from the feasibility study for LES simulation of the periodic 

reviewed in chapter 5 slice made on the batch-mixer. In determining if the feasibility the following 

things are investigated. 

 The mass flow through the stator holes and angular faces in LES simulation compared to the 

mass flows at respective faces in the full scale RANS simulation.  

 Operation using conformal periodic boundary conditions 

 Operation using periodic repeats mesh interface 

 The inlet profile during the simulation 

6.4.1 Mass flow 

The mass flow through the boundaries is compared between the LES simulation of the periodic slice 

and full scale RANS simulation. This is to estimate how large the flow approximations are from the 

full-scale simulation. The net mass flow through the inlet and outlet boundaries in Table 20 is not zero 

due to rounding off of the values. 

Stator hole:  

The mass flow through the stator holes varies as depending on the rotor blade position relative to the 

stator hole. The mass flow through the stator holes is 0.05 kg/s higher in the LES than in the RANS.  

Inlet: 

The mass flow through from the inlet is the same in both the RANS and LES simulation. This 

confirms that the mass flow is preserved from using the profile from RANS simulation.  

Angular faces: 

As the conformal periodic boundary conditions is used in the LES simulation the mass flow through 

the angular sides are equal. The magnitudes differ from the mass flow given by the RANS simulation.  

Outlet:  

The mass flow through the axial outlet is greater in the LES simulation. Through the gap it is the 

opposite.  
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Table 20. Mass flow through respective boundaries at LES and RANS simulation 

Face Mass flow LES simulation 

[kg/s] 

Mass flow RANS simulation 

[kg/s] 

Stator hole 0.15-0.75 0.1-0.7 

Inlet 2.0 2.0 

Leading angular face 0.11 0.58 

Trailing angular face 0.11 0.32 

Outlet axial 1.8 1.5 

Outlet gap 0.13 0.21 

 

6.4.2 Conformal periodic boundary conditions 

The fact that the mass flows through the angular faces are equal verifies that the periodic boundary 

condition works. Notice that there is a net mass flow through the angular faces in the full scale 

simulation which are not something that periodic boundary manages to model.  

6.4.3 Periodic repeats mesh interface 

When starting the simulation the rotor region starts to propagate away from the stator region. After 

some time steps a contour plot on a horizontal plane shows that the interfaces of the cell zones are not 

aligned. By using rotational repeats the contours can be visually repeated. In Figure 54 contour plots 

with and without using rotational repeats are shown. In Figure 55 the view is of a zoomed portion 

when the interfaces are not aligned. But in the figure circular repeats are used making the interfaces 

aligned visually even though the solution domains are not. It is clear from the contour plot that the two 

interfaces that are not aligned are connected. This confirms that the functions of using periodic repeats 

mesh interface works. 

 

Figure 54. Velocity contour with (left) and without (right) circular repeats 
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Figure 55. Velocity contour across the interface where cell zone are not aligned 

 

6.4.4 Inlet profile 

Previously it was determined with importing the profile from RANS simulation the mass flow was 

conserved in the transition. When observing the inlet contour plot the profile changes with each time 

step. In Figure 56 the inlet contour plots are shown at five different time steps during the simulation. 

The original velocity profile from the RANS simulation is shown in Figure 57. Comparing the profiles 

the same structure is partly found in both simulations. The profiles are supposed to be fixed during the 

calculations which are clearly not the case for the resulting transient profiles used in the LES 

simulation. The color map show that the velocity for the profile is increased when transferred. It is 

therefore concluded that applying the profile as described in 5.5 do not result in a correct inlet profile.   

 

Figure 56. Inlet contour plot during the simulation at various time steps, indicated by the number below the plot 
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Figure 57. The velocity profile during 

6.5 Workflow for simulation of pump curve and flow field 
From the above studies of grid convergence and modelling method in combination with the RANS 

simulations two workflows has been developed, see sections 6.1-6.3. The verified workflows include a 

guide covering the steps from a CAD model to the result of RANS –simulation. The two workflows 

varies depending on it is used to obtain the mixers pump curve or local flow field. Each workflow has 

a separate methodology in which is reviewed below. The steps in the workflows are illustrated in 

Figure 58. 

 

Figure 58. The two workflows 

Illustrations of the guide’s steps below are of when they are employed on the in-line mixer in 6.1.1. 

6.5.1 Step-by-step guides 

The regions of interest inside the mixer are the rotor-stator gap, stator holes and annulus regardless if 

the result should be a pump curve of full flow field. This because the main pressure loss, which should 

be captured for pump curve, and the high break up forces is expected in those regions. There are some 

differences in the presented guides depending if the pump curve or full flow field is the wanted result. 

The guide handles the steps of geometry handling, mesh generation and settings used in simulation. 

The steps are described on a level assuming that the reader has basic knowledge of CFD. 

6.5.1.1 Focus and limitations of workflow 

When developing the workflows the main focuses have been on how the different meshes and ways to 

model the impellers rotation affect the result. For the mesh it is found that to simulate the global 

variables at the models inlet and outlet a much more coarser grid can be used compared to if the local 

flow variables is modelled. The required grid resolution is investigated through grid convergence 

studies reviewed in chapters 6.1.2 and 6.1.3. To model the impeller rotation the singular or combined 

use of the two methods are investigated; Multiple Reference Frame (MRF) and Sliding Mesh (SM). 

The motivations for choice of method(s) are presented in chapter 6.1.4.  

With the thesis time restriction how the use of different settings and models affects the result are 

limited. The major limitations made are: 
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Simulation 
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 Mesh in inlet and outlet tube – How the grid resolution over the inlet and outlet tube influence 

the result from the simulation has not been examined. 

 Choosing turbulence models – Only one turbulence model is used and a turbulence model-

study has not been performed for this workflow to investigate how the choice of turbulence 

models affects the result.  

 Choice of fluid – Water with constant density and constant viscosity is used in the simulation. 

Using different fluid types should not be an issue but the outcome of that has not been 

investigated here.  

 Choice of solvers – Solvers used in the simulation is all of second order to keep the 

discretization errors to a minimum. Alternative solvers than those presented has not been used.  

 Time step size and number of iterations per time step – A singular time steps has been used 

size yielding a fixed number of time steps it takes for a point on the rotor to pass a stator hole. 

No investigation is done in how the number of iterations per time step affects the result.  

6.5.1.2 Geometry cleanup 

Translation of a CAD geometry may return corrupted and unnecessary details that may be a hinder 

that affect the mesh generation. Therefore it is usually necessary to prepare the geometry prior the 

meshing. This refers to the processes to fix corrupted geometries, remove unnecessary details and 

decompose geometry into meshable sections. It is impossible to predict where cleanup will be required 

because the quality of the CAD will probably vary from case to case. Examples to fix corrupted 

geometries and removing unnecessary details will be given but it is important that new geometries are 

reviewed in detail. Regarding decomposing the geometry into meshable sections there are certain steps 

that are needed to use the recommended mesh and simulation methods. In addition to geometry 

cleanup, truncated cones emanating downstream from stator outlets are created which should enclose 

the jets. These cones are to be used as a tool in the meshing process as specifying where a finer grid is 

applied. Lastly how the bodies are grouped into parts is revised. The steps of the geometry handling 

are conducted in Ansys® DesignModeler
TM

. 

1) Decompose geometry into meshable sections: When the CAD-model is imported the entire region 

is generated as a single body. By decomposing the region into multiple parts different mesh 

methods can be used for the different parts.  

a) Decomposing the rotational region from stator wall and downstream region: This is done by 

first sketching a circle concentric with the impeller with a dimension that places the sketch in 

between the stator and rotor tip. By extruding this sketch with a slice operation the rotating 

region is separated along this circle. The sketch and separated body are seen in Figure 59. 

Should there be multiple stators the separation is between rotor and the inner most stator. 

 

Figure 59. Decompose rotating region in between rotor and stator, sketch (left) and separated body (right) 
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b) Decompose the rotational region from inlet tube: That is done by using the slice-tool slicing 

along a plane which is recommended to be located some distance upstream of impeller. The 

reason for the extra separating distance is to prevent small gaps in the rotational region to 

occur after slice which may implicate troubles later in the meshing process. The plane and 

separated body are seen in Figure 60. 

 

Figure 60. Decompose rotating region from inlet tube, plane (left) and separated body (right) 

c) Decompose stator holes: To enable the of sweep mesh method on the stator holes they need to 

be sliced into separate geometries. By using the Slice-tool by the inner and outer surface of the 

stator separate stator holes is acquired. The slicing surfaces and separated stator holes is 

viewed in Figure 61. Should there be multiple stator walls upstream the annulus the stator 

holes on each wall are separated separately resulting in multiple rows of stator holes and gaps. 

 

Figure 61. Decompose stator holes, inner and outer stator wall (left) and separated stator hole (right) 

d) Decompose outlet tube: If separation of the outlet tube should yield the possibility to use a 

sweep mesh method it is recommended to do so. Same here as in 1)b) the separation should 

take place some distance down the tube to prevent any small gaps from occurring. Create first 

a plane and use then the slice-tool along it to separate the outlet tube. The plane and separated 

body are seen in Figure 62. This completes the geometry decomposition. 
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Figure 62. Decompose outlet tube, plane (left) and separated outlet tube (right) 

2) Remove unnecessary features: As mentioned above the steps for removing unnecessary details 

should be viewed as an example. Every geometry should be reviewed in details in locating 

unnecessary details. The example is as follows: When importing the CAD file there is the 

possibility that the line surrounding the stators inlet and outlet face is separated into several lines. 

Additionally it may also introduce a line running along the stator hole. The stator holes, inlet and 

outlet tube is, if possible, meshed with a sweep mesh method. The separation of lines and the line 

that runs along the stator hole may pose as a source for generation of low quality mesh elements. 

Therefore the bodies meshed with a sweep method should only contain two united lines, 

surrounding inlet and outlet face of the body. 

a) Merging of lines: By using the Merge tool for all lines on the bodies which are to be meshed 

with the sweep mesh method, the operation will automatically fuse the lines together. By 

setting Yes on the Merge Boundary Edges-option the vertices shown in Figure 63 also 

disappears. In Figure 63 a stator hole before and after the use of the Merge-tool are seen.  

 

Figure 63. Remove unnecessary features, before (left) and after (right) the merging of lines 

3) Fix corrupted geometries: As in 2) Remove unnecessary the steps in this step of the guide should 

be viewed as an example showing the possible steps in the geometry cleaning. The example is: 

Even after cleaning the stator holes the meshing software may introduce new lines and vertices in 

the transition from the geometry handling program. Does this happen it may be a sign of that the 

geometry of stator holes are corrupted and should be redrawn. 

a) Redraw stator holes:  

i) Generate sketch planes: For every column of stator hole that is circularly periodic a plane 

is created normal to the inlet face of one of the stator holes in that column. The plane 

should be translated by an offset of the stator inlet into the rotating region to ensure later 

that the whole stator hole is connected to the rotation region.   
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ii) Project sketches: By right-clicking on the new plane one can insert Sketch Projection in 

which one select each line surrounding the stator inlet in the column. Note that the edges 

should be merged as in 2)a) so that only one line per inlet is projected. The uniquely 

periodic column and projected sketches is seen in Figure 64.  

iii) Extruding projected sketches: Next step is extruding the projected downstream in the 

normal direction to the plane. To ensure that the stator holes will also be connected with 

the downstream region of the stator it should be extruded with the setting To Surface, the 

surface being the outer stator wall.  

iv) Slice stator holes to correct length: The stator holes are then sliced along the inner stator 

wall. Since the stator holes before slice operation stretched inside of the stator wall, 

leftover parts will be generated.  

v) Delete/Suppress old geometries: The leftover parts and the old stator slot are either deleted 

by the using Boolean-tool or simply suppress then in the outline-tree 

vi) Circular pattern: Lastly a circular propagation of the new stator holes column so that the 

same number of stator holes as from the beginning covers the stator. The sliced column of 

extruded stator holes and the final stator hole-configuration are seen in Figure 65. 

 

Figure 64. Blue and yellow periodic columns of stator holes (left) and projected sketches (right) 

 

 

Figure 65. Extruded and sliced stator holes (left) and redrawn stator holes (right) 
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4) Generate tool bodies 

a) In the annulus the regions of interest are where the jets from the stator holes are located. Since 

the jets only cover a portion of the annulus it would be beneficial to refine the mesh locally 

where jet is expected instead of using a fine grid in the entire annulus. Therefore in 

DesignModelerTM bodies is created with the shape of truncated cones that stretches from the 

stator outlet into the annulus. These cones are during the mesh-generation used as tools to tell 

the software where in the annulus a finer grid is generated. To create the tool bodies follow the 

following steps: 

i) Generate planes: Two planes needs to be generated per periodic column oriented parallel 

to the outlet stator hole; one placed tangent on the outlet of stator hole outlet and the other 

located an offset downstream from the outlet of the stator hole. The offset is determined 

by the expected jet length which was determined empirically. For a stator hole with radius 

of 2 mm the jet length is found to be around 7 times the stator holes radius. As mentioned 

in chapter 2.1.4 Utomo, Baker and Pacek (2009) found the jets to dissipate in closer 

proximity of the stator outlet the smaller the smaller the holes are. Should the diameter 

stator hole be of greater or smaller size than 2 mm the expected jet length should then be 

adjusted accordingly.  

ii) Create sketches: For each of the stator hole two sketches are created. One sketch being of 

equal size and concentric of the stator outlet is drawn on the plane tangent to the stator 

outlet. The second sketch is a broader version of the first sketch also placed concentric to 

the stator outlet. The dimension of the second sketch is larger to compensate for expected 

spread of the jet spread as it leaves the stator hole and continues downstream. The extra 

length in each direction of the second sketch is determined from (Pope, 2000): 

 

            (6.2) 

 

where   is the expected jet length, estimated by above observation, and   is an empirical 

constant approximated to 0.1. Equation (6.2) is originally developed for a free jet that 

propagates into a region still region. For the jets in the mixer this is not the case but was 

found out to serve as a guideline in order to determine the larger radius of the truncated 

cone. The planes and sketches in Figure 66 are for cylindrical stator holes. As an example 

consider the stator hole being in the shape of a circle with radii of 2 mm. The expected 

length is for those dimensions 7 times the radii. Using equation (6.2) the extra length is 

1.4 mm resulting that the second circle has a radius of 3.4 mm. 

iii) Create truncated cones: Then a Skin-tool is used, one per stator hole, creating truncated 

cones using the sketches opposite to each other.  

iv) Circular pattern: Then lastly a circular pattern is inserted to generate truncated cones from 

all stator holes. One column of the truncated cones and the truncated cones from every 

stator hole are seen in Figure 67.  
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Figure 66. Parallel planes to stator outlet (left) and sketches for truncated cones (right) 

 

 

Figure 67. A column of truncated cones (left) and full revolution of truncated cones extending from stator hole (right) 

5) Grouping parts. When flow information passes a non-conformal mesh interface interpolation is 

used in determining to which element it is passed to. The interpolation is an error source which is 

why here the only interfaces where a non-conformal mesh is found is at the interfaces separating 

the rotating region. By default conformal mesh is created between parts that are grouped into a 

body and non-conformal mesh is established between bodies. The parts are grouped into four 

bodies: The rotating region is grouped into a single body to facilitate the rotation of that region. 

The flow regions before and after rotating region are grouped into separate regions. Lastly the tool 

bodies should be in a separate body as they are only to be used as tools. The grouped parts can be 

seen in Figure 68. 
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Figure 68. Grouping of bodies from top left; Inlet tube, rotating region, downstream region from rotating region and 

tool bodies 

6.5.1.3 Meshing 

The grid generation is performed Ansys® Meshing
TM

. It is chosen due to that it is highly automatic 

where grid generating can be performed with limited input. The mesh control in the software is 

divided into two types; Global mesh control and Local (or scoped) mesh controls. For parts in the 

geometry that has not been defined by local mesh controls the settings in global mesh control are used. 

In the global mesh control one also specifies what physics (CFD) and solver (Fluent) the mesh used 

created for. The guide presented local mesh control will be applied for all parts. However the Global 

mesh control offers a sizing feature called “Advanced Size Function On: Proximity”. That sizing 

feature is used to define the minimum number of elements is fitted in small gaps found in the 

geometry. This is suitable for the mesh in rotor-stator gap.  

Depending on the wanted result different recommendations of the element sizes is presented. This is 

since a fewer number of elements in the grid is required in order to obtain the global variables, e.g. the 

pressure at inlet and outlet. The given element sizes in the guide is based on grid convergence studies 

in chapter 6.1.2. 

Earlier in the workflow the geometry is decomposed into multiple parts. The mesh methods and size 

settings are reviewed here parts wise. The element size in the regions that surround the stator is based 

on the element size applied in the stator hole. Therefore the guide begins with the mesh in the stator 

hole. But first of all the settings in the global mesh control should defined.  

6) Global mesh control. The physics and solver preference is defined here. Also the minimum 

number of cells across gaps in the geometry is set by using the “Advanced Size Function On: 

Proximity” 
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Table 21. Settings in the Global mesh control 

 Pump curve Full flow field 

Physics preference CFD CFD 

Solver preference Fluent Fluent 

Advanced size function On: Proximity On: Proximity 

Num Cells Across Gap 1 2 

 

7) Stator hole: A sweep mesh method yields hexahedral and wedge elements which usually results in 

a lower number of elements without compromising the solution accuracy (Ansys® Help, 2013). 

The settings in applying the sweep mesh method over the stator are summarized in Table 22. The 

mesh over the stator using the settings in Table 22 are seen in Figure 69 

Table 22. Mesh method and sizing for stator hole. 

 Pump curve Full flow field 

Method Sweep mesh Sweep mesh 

Element size along stator In the same magnitude as the 

face sizing 

In the same magnitude as the 

face sizing 

Inflation layers 3 5 

Face sizing 

Type: Element size 

On inlet face. Element size that 

yield 10 elements across stator 

inlet, including the inflation 

layers 

On inlet face. Element size that 

yield 35 elements across stator 

inlet including the inflation 

layers 

 

 

Figure 69. Mesh over a single stator hole when Pump curve (left) and full flow field (right) is wanted result 

 

8) Inlet and outlet tube: The same as for the stator holes a sweep mesh is used for inlet and outlet 

tube, the regions shown in Figure 70. The mesh settings for the inlet and outlet tube are outlined in 

Table 23. As an example the resulting meshes of an inlet tube for both cases are shown in Figure 

71. It should be noted that the effect of alternating the element size on the inlet and outlet tube has 

not been investigated.  
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Table 23. Mesh method and sizing for inlet and outlet tube. 

 Pump curve Full flow field 

Method Sweep mesh Sweep mesh 

Element size along stator In the same magnitude as the 

face sizing 

In the same magnitude as the 

face sizing 

Inflation layers 5 5 

Face sizing 

Type: Element size 

On inlet face. Element size that 

yield 35 elements across stator 

inlet, including the inflation 

layers 

On inlet face. Element size that 

yield 45 elements across stator 

inlet including the inflation 

layers 

 

 

Figure 70. The inlet and outlet tube highlighted in green color 

 

 

Figure 71. Inlet tube when Pump curve (left) and flow field (right) is wanted result 

9) Gap: The separation of the rotating region was performed in the gap midway between the rotor 

and stator. This slice resulted in that the programs finds two small gaps;  first between the inner 

stator wall and the slice and second between interface and rotor tip as seen in Figure 72.This step 

of the guide is for the gap between interface and inner stator wall. In the 6) global mesh control the 

minimum number elements across the gap was defined. This number for the elements across the 

gap is apart from the inflation layers. The inflation layers are applied on the inner stator wall. The 

mesh settings are listed in Table 24. An example of mesh applied in the rotor stator gap is shown 

in Figure 72 where the mesh left of the interface is generated from the settings here.  
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Table 24. Mesh method and sizing for the gap between interface and inner stator wall. 

 Pump curve Full flow field 

Method Patch-conforming Patch-conforming 

Element across gap (from 

global mesh settings) 

1 2 

Inflation layers 3 5 

Face sizing 

Type: Element size 

On inner stator wall. Element 

size in the same magnitude as 

used in stator hole 

On inner stator wall. Element 

size in the same magnitude as 

used in stator hole 

 

 

Figure 72. Mesh across the gap when Pump curve (left) and full flow field (right) is wanted result 

 

10) Annulus: In the annulus, shown in Figure 73, the mesh consists of tetrahedral mesh elements. A 

smaller element size is recommended in the region where the jets are located compared to the rest 

of the annulus. The element size in the jet region is recommended to be in the same magnitude as 

inside the stator. To prevent applying the same element size in the entire annulus, which would 

result a grid with more elements necessary, a different size is used where the annulus and the tool 

bodies intersect. The settings in applying the mesh in the annulus are summarized in Table 25. A 

mesh where tool bodies are used to refine the jet region is shown in Figure 74. 

 

Table 25. Mesh method and sizing for the annulus region.  

 Pump curve Full flow field 

Method Patch-conforming Patch-conforming 

Inflation layers 3 5 

Body sizing 

Type: Element size 

In annulus. Element size in the 

same magnitude as used in the 

outlet tube 

In annulus. Element size in the 

same magnitude as used in the 

inlet and outlet tube 

Body sizing 

Type: Body of influence 

Intersection of annulus and tool 

bodies. Element size in the same 

magnitude as used in stator hole 

Intersection of annulus and tool 

bodies. Element size in the same 

magnitude as used in stator hole 
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Figure 73. The annulus highlighted in yellow 

 

 

Figure 74. Geometry of a single tool body (left) and resulting mesh when used in body of influence-sizing (right) 

11) Rotating region: The mesh will be disconnected (non-conformal) at the interfaces separating the 

rotational region from the inlet and stator wall. When flow information crosses boundaries where 

the mesh are non-conformal, interpolation is used to determine which elements on one side of the 

boundary communicate with which elements on the other side. The interpolation introduces a 

numerical error which is generally kept to minimum when one element communicates with as few 

elements as possible. To keep the interpolation error to a minimum the same element size used in 

the inlet tube is applied at the interface on the rotating region separating the two. Similarly the 

element size on the face that separates the rotating region from the stator is set to be in the same 

magnitude that is applied in the stator hole. Between the interface in the rotor-stator gap and the 

rotor tip the Automatic Size Function: On gap is used to ensure that there are a user-defined 

number of elements in that part of the grid. For the rest of the rotating region the element size is 

set to be in the same magnitudes as the one used in inlet and outlet tube. Inflation layers are used 

on all faces that are defined as walls. 
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Table 26. Mesh method and sizing for rotating region. 

 Pump curve Full flow field 

Method Patch-conforming Patch-conforming 

Inflation layers 3 5 

Body sizing: 

Type: Element size 

Element size in the same 

magnitude as used in the outlet 

tube 

Element size in the same 

magnitude as used in the outlet 

tube 

Face sizing 

Type: Element size 

Interface towards inlet face. 

Element size in the same 

magnitude as used in the inlet 

tube 

Interface towards inlet face. 

Element size in the same 

magnitude as used in the inlet 

tube 

Face sizing 

Type: Element size 

Interface in rotor-stator gap. 

Element size in the same 

magnitude as used in stator hole 

Interface in rotor-stator gap. 

Element size in the same 

magnitude as used in stator hole 

 

 

Figure 75. Mesh inside rotation region 

 

 

Figure 76. Transition of mesh in inlet to rotation region (left) and transition from rotation region to gap (right) 

 

12) Named selections: Named selection is used in defining names and grouping of cell zones and 

boundaries. There are some named selections that are necessary subsequently in Fluent. The body 

that contains the impeller needs to be defined as a single cell zone in order to model the rotation. 

The inlet and outlet faces should be defined as individual named selection.  
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Table 27. Named selection 

 Named selection Bodies/Faces 

Bodies Rotor Rotating region 

 Stator holes Stator holes 

 Inlet tube Inlet tube 

 Annulus Annulus 

 Outlet tube Outlet tube 

Boundaries Inlet Inlet face of inlet tube 

 Outlet Outlet face of outlet tube 

 

6.5.1.4 Simulation 

The simulation is developed to be performed in Ansys® Fluent
TM

 14.5.0. 

13) Model setup: The choice of turbulence model is based on another case at Tetra Pak where 

simulation of a different type of high-shear mixers was performed. In that case a turbulence 

model-study where performed comparing the use of k-ϵ- and Shear Stress-turbulence (SST) 

model. Comparing the result from the simulations with Particle Image Velocimetry (PIV) 

measurements it was showed that there was no significant difference in the accuracy between the 

two turbulence models. Since the use of SST involves longer calculation time compared to using 

k-ϵ-turbulence model the latter is recommended.  

 

The fluid used in simulation is liquid water with constant density and viscosity. If a different fluid 

wants to be used the guide post no limitations doing so.  

 

The model setup settings in the guide is listed in Table 28 

Table 28. Settings in the model setup 

 Pump curve/Full flow field 

General Pressure-based solver type; Absolute velocity 

formation 

Turbulence model k-ϵ, realizable 

Near wall treatment Enhanced Wall Treatment 

Materials Water, constant density and viscosity 

 

14) Cell Zone, Mesh interfaces and Boundary conditions  

a) Cell zones: In all the cell zones the material should be changed to the one defined in step 13). 

In the cell zones one also defines the in what way the impeller rotation is modelled but are 

reviewed later in step 20). 

b) Mesh interfaces: To allow flow to cross non-conformal boundaries separating the rotation 

region a mesh interface needs to be defined. To create a mesh interface the boundary type 

needs first be changed to interface. Next the mesh interfaces are created, one per boundary. 

c) Boundary conditions: A constant mass flow rate defines the inlet boundary conditions. The 

turbulence from the inlet is determined by two parameters; Turbulent intensity and Hydraulic 

diameter. As the turbulent intensity was unknown when developing the workflow the default 

value of 5 % was used. The hydraulic diameter,   , is determined by 
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 (6.3) 

 

Equation (6.3) for a circular cross section becomes 

 

   
             

                     
  

   

 
  

   
 

 

gives that the hydraulic diameter is the same as the real diameter of the inlet pipe. For the outlet 

the backflow conditions – when flow enters from the outlet boundary – are used. The settings for 

cell zones and boundary conditions are summarized in Table 29.  

 

Table 29. Cell Zone and Boundary conditions 

 Boundary name Boundary type 

Cell zones All cell zones Set Material type to as defined 

in 13) 

Boundaries Inlet momentum Mass flow 

 Inlet turbulence Intensity 5 % 

Hydraulic Diameter defined by 

equation (6.3) 

 Outlet Static pressure 

 Outlet backflow turbulence Intensity 5 % 

Turbulent viscosity ratio 10 

 Faces separating inlet tube and 

rotating region 

Interface 

 Faces in gap separating the 

stator holes and rotating region 

Interface 

 

15) Solution methods: The choice of solutions method in the workflow is based on previous 

experiences at Tetra Pak. The discretizations are all, except for the transient formulation, of 

second order accuracy to keep the discretization error to a minimum. The solution methods for  

step of the guide are listed Table 30. 

 

Table 30. Settings for the solution methods 

 Pump curve/Full flow field 

Pressure-Velocity Simple 

Gradient Least Squares Cell Based 

Pressure Second Order 

Momentum Second Order Upwind 

Turbulent Kinetic Energy Second Order Upwind 

Turbulent Dissipation Rate Second Order Upwind 

Transient formulation First Order Implicit 

 



68 

 

16) Solution Controls: The default values in Table 31 are used for the Under-Relaxation Factors under 

Solution Controls. Should divergent behaviour be observed during the simulation the parameters 

the under-relaxation factor should be decreased.  

Table 31. Under-Relaxation Factors in Solution Controls 

 Pump curve/Full flow field 

Pressure 0.3 

Density 1 

Body Forces 1 

Momentum 0.7 

Turbulent Kinetic Energy 0.8 

Turbulent Dissipation rate 0.8 

Turbulent Viscosity 1 

 

17) Monitors: The monitors presented in the workflow are mainly to monitor when steady-state is 

reached. As the geometry features may vary a great deal between different mixers a fixed 

definition of when steady-state is reached cannot be given. However recommendation of what 

monitors to use in determining steady-state is given. 

 

When the guide is used to get produce the mixers pump curve the pressure head is the variable 

monitored to determine when steady-state is reached. The outlet boundary condition defined in 14) 

gives us the pressure at the outlet. By creating a monitor of the average static pressure on the inlet 

face the pressure head is given. 

 

For the full flow field monitors that reports the velocity at points located inside the stator and the 

jet is used in determining when steady-state is reached. Suggestion for locations of points where 

velocity is monitored is illustrated in Figure 77.  

 

 

 

Figure 77. Suggested locations of monitor points inside the stator and jet 
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18) Initial values: Before starting the simulation the first time the flow field needs to be initialized, i.e. 

assign flow variables to the cells of the grid. Stationary flow field is used in the initialization.  

Table 32. Values of flow variables used in the initialization process 

 Pump curve/Full flow field 

Initialization Method Standard 

Gauge Pressure 0 

X velocity 0 

Y velocity 0 

Z velocity 0 

Turbulent Kinetic Energy 1 

Turbulent Dissipation Rate 1 

 

19) Choosing time step and number of iterations in sliding mesh simulation: Is the simulation 

transient, as it is when sliding mesh method is used, the time step size and the number of iterations 

are defined. The time step selected is selected so that a point on the rotor takes 5 time steps to 

cross the stator. Knowing the span in degrees a stator holes covers the stator,  , and angular 

velocity in degrees per second,  , the time step is determined by 

 
    

   

 
  (6.4) 

 

The number of iterations per time step is recommended to be set to 20. Other number of time steps 

it takes for a point to pass the stator or number of iterations per time step has not been tried during 

developing the workflow.  

Table 33. Time step and number of iterations per time step when the simulation is transient 

 Pump curve/Full flow field 

Time step Set according to (6.4) 

Iterations per time step 20 

 

20) Calculation steps: As explained in 3.3.4 there are two ways of modelling the movement of the 

impeller used here. For the pump curve MRF or MRF in combination with SM are suggested. For 

the full flow field MRF combined with SM is recommended. For motivations see chapter 6.1.4. 

The steps in which the calculation are performed is outlined below. 

a) Pump curve - MRF 

i) Enable Mesh motion and specify the rotational velocity in the rotating regions cell zone 

conditions. 

ii) Start calculations and stop when steady-state is reached. 

 

b) Pump curve MRF and SM 

i) Enable Frame Motion to use MRF and specify the rotational velocity in the rotating 

regions cell zone conditions. 

ii) Start calculations and stop when steady-state is reached. 

iii) Change from MRF to SM by disable the Frame Motion and enable the Mesh Motion. 

Specify the same rotational velocity as used in the MRF. Set the time step size according 

to equation (6.4). 
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iv) Start calculation and stop when periodic steady-state is reached. 

 

c) Full flow field 

i) Enable Frame Motion to use MRF and specify the rotational velocity in the rotating 

regions cell zone conditions. 

ii) Start calculations and stop when steady-state is reached. 

iii) Change from MRF to SM by disable the Frame Motion and enable the Mesh Motion. 

Specify the same rotational velocity as used in the MRF. Set the time step size according 

to equation (6.4). 

iv) Start calculation and stop when periodic steady-state is reached. 

6.5.1.5 CPU and man time for following pump-curve workflow 

The times presented in this subchapter are from following the workflow by the in-line mixer presented 

in section 6.1.1. Should the workflow be followed for a different geometry the resulting time with 

most certainty differ. Recall that there are two ways to model the impellers rotation; steady-state MRF 

or transient SM starting from a MRF. As seen in Table 34 where the expected time it takes for the 

steps in the workflow the MRF takes half the computational time but about the same active man time. 

The man time is defined as when the user is active while CPU time is the sum of man time and the 

computations that are run in the background. The shorter time in using only MRF has its downside 

with the consequence that the resulting pump curve is less accurate than when SM is used, for details 

see section 6.2.3. The CPU time that represent the simulation time is when periodic steady state is 

reached. For MRF steady state was confirmed between 1000-2000 iterations depending on the flow 

rate; more iterations for higher flow rate. Periodic steady state was for the SM simulations identified 

after around 800 time steps, 20 iterations each time step, regardless of flow rate. 

Table 34. CPU time and Man time for each step in workflow 

 CPU time Man time 

Geometry handling ½  day ½ day 

Meshing 1 day 1 day 

First time setting up case and 

monitors 

½ day ½ day 

MRF Simulation
5
 2 h 1 h 

SM Simulation
6
 1 day 1 h 

MRF Total
7
 3 days 2 days 3 h 

MRF & SM Total
8
 6 days 2 days 6 h 

6.5.1.6 CPU and man time for following flow field workflow 

As above, the times presented in this subchapter are from following the workflow for the in-line mixer 

in 6.1.1. Table 35 shows the resulting CPU and man time for flow field workflow.  

Note the long CPU time for both the meshing and SM simulation. The long meshing time is because 

Ansys Meshing is not very efficient for models with large elements, ~80 million in this case. The long 

calculation time in Fluent is expected due to the large number of elements in the grid. 

                                                      

5
 Simulation for 1 point in pump curve, 72 number of computational nodes with clock speed of 3.1 GHz and 48 

GB ram/node. 
6
Simulation for 1 point in pump curve, 72 number of computational nodes with clock speed of 3.1 GHz and 48 

GB ram/node. 
7
Geometry handling, mesh generation and simulation of 3 flow rates. 

8
Geometry handling, mesh generation and simulation of 3 flow rates. 
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Table 35. CPU time and Man time for each step in workflow 

 CPU time Man time 

Geometry handling ½ day ½ day 

Meshing 4 days 1 day 

First time setting up case and 

monitors 

½ day ½ day 

MRF simulation
9
 1 day 1 h 

SM simulation
10

 6 days 1 h 

MRF & SM total 12 days 2 days 2 hours 

 

 

  

                                                      

9
 Simulation for 1 point in pump curve, 96 number of computational nodes with clock speed of 3.1 GHz and 48 

GB ram/node. 
10

 Simulation for 1 point in pump curve, 96 number of computational nodes with clock speed of 3.1 GHz and 48 

GB ram/node. 
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7 Conclusions 
Thesis is divided into two different parts and the conclusions and future work will be presented 

individually. 

7.1 RANS simulation 
Grid convergence studies performed shows that a mesh with 10 elements across the stator is enough 

for the global variables at inlet and outlet. Other studies showed that grid convergence for local flow 

variables inside the mixer is obtained at 35 elements across the stator hole.  

For obtaining the mixers pump curve of the two presented ways to model the impellers rotation sliding 

mesh proved to be the more accurate. When using sliding mesh fully developed flow field is achieved 

faster if it is started from a multiple reference frame-simulation. 

Comparing the in-line mixers pump curve from simulation and experiments the pump curve was 

captured with accuracy such that the maximum error is below 8 % 

7.2 LES feasibility-study 
The combination of difficulty applying the inlet boundary condition and that the thesis primary focus 

has been on developing the above workflow rendered the feasibility study incomplete. Still 

conclusions can be drawn for the work so far. 

By using conformal periodic boundary conditions and periodic repeats mesh interface a periodic slice 

of a mixer that has a stationary and rotating part – a rotor and stator. Last step before the feasibility can 

be concluded is mending the inlets boundary conditions. 

When performing a simulation for the periodic slice one automatically makes the assumption that the 

net mass flow in the tangential direction is zero. This is not the case when comparing with the full 

scale RANS simulation. Whether or not it is an acceptable approximation cannot be determined until a 

simulation with a working inlet profile can be completed. 

7.3 Workflow and guide 
Based on the RANS simulations two workflows have been developed. The workflows consist of 

guides that present the steps from a CAD file to the results of CFD simulations. By following the 

guide the in-line mixers pump curve or its local flow field is obtained.  

7.4 Future work 
In developing the methodology time step size and number of iterations per time step remained fixed.  

Investigating of how choosing above settings affects the result the time for following the methodology 

can be reduced. 

The first step in completing the LES feasibility-study is finding a way to apply the inlet boundary 

conditions correctly. After the inlet boundary condition is working a simulation can be completed. To 

complete the study the result from LES simulation is compared with existing PIV simulation rendering 

if it is feasible to use a slice instead of the full scale model in the simulation.  
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