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1. Introduction and Theory  

1.1 Motivation and Purpose of this Work  

The turbulent flow behavior in nuclear fuel bundles has been an ongoing  research topic for the last 

decades. Still, some important aspects of fluid flow and heat-transfer, especially in the case of two-phase 

flows, are still open questions that remain to be fully resolved. It is very desirable from a safety, but also 

from an economic, point of view to understand the flow structures in fuel rod bundles better in order to 

optimize the the design of these and to reduce too conservative estimates of safety limits.

Even though the single-phase, isothermal flow in fuel rod bundles is understood by far the best, it is this 

case that the current study is focusing on. In the calculations shown in this thesis the scale-resolving 

method of Large Eddy Simulation (LES) was used to model/simulate the turbulence of the fluid flow. It 

could be shown in previous studies [1][2] that LES is suitable to reproduce the flow structures in fuel rod 

bundles  very well.  In  this  work,  however,  a  rather  original  approach for  solving the Navier-Stokes 

equations in the flow domain is used, called the Immersed-Boundary Method (IBM - see chapter 1.4). 

This method is implemented in the in-house code PSI-BOIL and was further developed in the course of 

this work. As a test case the single-phase mixing of salt in PWR subchannels was studied using results 

obtained from the experimental facility  SUBFLOW, recently constructed at the Paul Scherrer Institute by 

Yloenen et al. [3] (see 1.3).

It is the purpose of this work to show the capabilities of the in-house code PSI-BOIL to perform full-scale 

CFD simulations of real life problems and to further develop and validate the IBM implemented in PSI-

BOIL. Furthermore, the results obtained in this study also are an indicator if the experimental results 

obtained using SUBFLOW are suitable to be further used for CFD code validations.

1.2 Fluid Flow in Fuel Rod Bundles  

In nuclear fuel rod bundles water flows along the main flow axis from the inlet to the outlet. In the 

laminar case this would be the only flow direction. However, in real-life applications of fuel rod bundles 

the fluid flow is far from being laminar and turbulent structures play and important role in the physical 

processes occurring in these. One important aspect of the turbulent nature of the flow in fuel rod bundles 

1



is the cross mixing of fluid. Not only the main flow direction is important for the flow behavior, but fluid 

also flows in the directions orthogonal to it. This leads to a strongly enhanced mixing and enhances the 

heat transfer from the rods to the water. 

Figure 1.1: AGORATM PWR fuel assembly by AREVA [4]

1.2.1 Modeling of Fluid Flow [5]  

The  fluid  flow  is  accurately  described  using  the  Navier-Stokes  equations.  In  all  the  simulations 

mentioned in the later parts of this thesis only the incompressible Navier-Stokes equations are considered 

that read as follows:

∂ ui

∂ x i

=0

∂u i

∂ t
u j⋅

∂ui

∂ x j

=−1

⋅∂ p
∂ xi

⋅
∂2u i

∂ x j∂ x j

The first equation is the continuity equation and is a mass conservation equation for a control volume, 

basically stating that the sum of all volume fluxes across the boundary of a control volume sum up to 

zero (in the incompressible case!).

The second equation is the momentum balance over a control volume and is the one that is of the main 
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concern when solving fluid dynamics problems. This equation has in general (at least as known so far) no 

analytical solution and has to be solved numerically in order to describe the flow behavior.

The first term on the left hand side is the so-called inertial term and models the evolution of the flow in 

time. The second one is the convective/advective term that describes the advection of velocity. The first 

term on the right hand side is the pressure term, whereas the second term on the right hand side is called 

diffusive term and models the dissipation of momentum due to viscosity. In some special case these 

diffusive fluxes are neglected and the resulting set of equations is called “Euler Equations”.

Taking the partial derivative of the second equation with respect to xj and using the first equation, one 

ends up with the pressure Poisson equation:

∂2 p
∂ x j∂ x j

=−
∂u j

∂ x i

⋅
∂u i

∂ x j

This set of equations is sufficient to describe any flow field, no matter if laminar or turbulent. Simulating 

a  turbulent  flow without  any  modeling  involved  by  just  solving  the  original  set  of  Navier-Stokes 

equations, is known as Direct Numerical Simulation (DNS). However, turbulent flow exhibits a wide 

range of scales of motions, so called turbulent eddies. These range from very large structures in the order 

of magnitude of the geometry to very small scale, microscopic structures. The energy contained in a 

turbulent flow (turbulent kinetic energy) is transferred from the large eddies down to the small ones, at 

which the viscous forces dominate, and is dissipated there. To describe a turbulent flow accurately, it 

would be necessary to resolve all scales of turbulent motion in an adequate way, leading to a very fine 

spatial (and through the CFL criterion also temporal) resolution that is only feasible in very simple cases 

and at low Reynolds numbers (since the computational expenses in DNS scale with a factor of Re3).

In most engineering applications it is not the standard Navier-Stokes equations that are solved, but the so-

called Reynolds Averaged Navier-Stokes (RANS) equations. These result from splitting the velocity u in 

a time-average part u and a fluctuating part u' and then by then averaging the Navier-Stokes equations. 

This set of equations reads as follows:

∂ ui

∂ x i

=0
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∂ u i

∂ t
 u j⋅∂

ui

∂ x j

=−1

⋅∂ p
∂ x i

⋅
∂2 ui

∂ x j∂ x j

−
∂ u ' i u ' j

∂ x j

Through Reynolds-averaging the (non-linear) convective term of the original Navier-Stokes equations, a 

new term is formed. This term contains the Reynolds stress tensor, which has to be modeled in some way. 

Over the last decades several approaches have evolved which try to model the Reynolds stresses in some 

way (Eddy Viscosity Models and Reynolds Stress Models represent two frequently used approaches).

Using the RANS equations for simulating turbulent flows allows to use much coarser grids and therefore 

is  much  more  suitable  for  engineering  applications  and  is  nowadays  very  widespread  in  a  lot  of 

applications. However, the accuracy of the results depends very much on the modeling the Reynolds 

stress tensor in an accurate way. The turbulence models perform very differently in different cases and it 

is therefore necessary to have a lot  of experience in the field to correctly chose the accurate model 

depending on the flow situation that has to be modeled.

In the last decades another approach has increasingly gained attention in the CFD community called 

Large Eddy Simulation (LES). The basic idea of LES is to accurately calculate the large scale motions of 

turbulence, whereas the small scale motions are modeled in some way. Because only the small scale 

motions of turbulence (that anyhow are said to be self-similar according to Kolmogorov [6]) are modeled 

the results depend much less on the used turbulence model. Since the large-scale turbulent motions (and 

connected  with  that  also  the  computational  costs  needed  for  the  simulation)  are  only  very  slightly 

depended on the Reynolds number (contrary to the modeled dissipative scales), this approach is also 

suitable for high Reynolds number engineering applications. The process off “smearing” the small scale 

motions over the domain is known as filtering. 

The process of filtering the velocity field is defined in the following way:

u ix , t =∫


G r , x ⋅ui x−r , t dr

G(r,x) is the filter function that is used. Several options exist for filter functions (box, Gaussian, sharp 

spectral). In our case the process of filtering is done implicitly by just saying that the filtered velocity in a 

cell is equal to the spacial average of u in a cell. This corresponds to a box filter in which the filter width 
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Δ corresponds to the mesh spacing h. In theory, however, it is sometimes claimed that Δ should be at least 

2h (because of the Nyquist theorem).

The velocity is thus split in a resolved part û and an unresolved part u' (defined as u-û). By filtering the 

Navier-Stokes equations, one arrives at the filtered Navier-Stokes equations, that read as follows:

∂ u i

∂ t
 u j⋅∂

ui

∂ x j

=−1

⋅∂ p
∂ x i

⋅
∂2 ui

∂ x j∂ x j

−
∂ u' i u ' j

∂ x j

The last term on the right hand side is called subgrid scale (SGS) tensor and contains the unresolved, 

small scale turbulent motions. It is often modeled in a similar way as the Reynolds stress tensor in case of 

the  RANS equations.  The  simplest  (but  still  most  popular)  approach  for  modeling  this  tensor  was 

proposed by Smagorinsky [7]:

u i ' u j '=−2r⋅ S ij
2
3

k ri , j with r=C s⋅
2⋅ S ij

S ij  , S ij=
1
2

∂ ui

∂ x j


∂ u j

∂ x i

 and k r=
1
2

ui ' u i '

Here Cs is the Smagorinsky constant (normally set to 0.065) and Ŝij is the rate of strain tensor. Another 

very popular approach is a model called WALE (Wall adapting local eddy-viscosity) [8] and is also used 

in the course of this study. 

The difference between those approaches to cope with turbulent flows can be seen in figure 1.2. There the 

signal (a velocity component recorded at a specific spacial position) of the turbulent flow is plotted as a 

function of time. DNS corresponds to the signal that would be observed in an experiment. The LES signal 

is  a  filtered  version  of  it,  but  still  follows  the whole movement  of  the flow.  SAS (Scale-Adaptive 

Simulation: a hybrid method between RANS and LES, but the plot would look similar for URANS 

calculations as well) just follows the large scale fluctuations of the flow and with RANS the solution is 

steady in time.
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Figure 1.2: Signal of a turbulent flow for different approaches of turbulence modeling 

1.2.2 Turbulence Modeling in Fuel Rod Bundles  

As outlined in [9] linear eddy viscosity models are by far the most popular in engineering applications, 

first attempts in research were made using these models. However, it was soon realized that these models 

aren't suitable for describing the secondary motions of the fluid flow (Hazi [10]). The reason for that lies 

in the intrinsic assumption of isotropic turbulence that is in the Boussinesq ansatz, that all of these models 

share. Another reason is that these models are too dissipative. Better results can be achieved using non-

linear eddy viscosity models and even better ones with Reynolds Stress models [11]. However, these 

models often show difficulties in terms of convergence.

To better capture the unsteady nature of the flow also unsteady calculations were performed in the RANS 

context [12]. However, even though reasonably good results could be found using these approaches, the 

fluid flow isn't described well in the entire fluid domain. To achieve this it showed to be necessary to use 

scale resolving methods like Detached Eddy Simulation (DES) or even LES. Using LES, very good 

agreement between calculations and experimental results could be achieved [1][2].
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1.3 The Experimental Facility – SUBFLOW  

Recently an experimental facility called SUBFLOW was constructed at Paul Scherrer Institute in Villigen 

by Yloenen et al. [3]. The facility consists of a 4x4 fuel rod bundle fabricated from plexiglass and is 

suitable for experiments with isothermal single- and multiphase flows (air-water mixtures) at atmospheric 

pressure. The rod bundle in SUBFLOW is an upscaled version of an EPR fuel rod bundle where the pitch 

to diameter ratio was kept as close as possible to the original. The upscaling was necessary since the 

critical bubble diameter (diameter at which the Tomiyama lift coefficient changes sign) for air-water 

mixtures  at  atmospheric  pressure  is  much  higher  than  for  water-steam mixtures  at  PWR operating 

conditions.  In  SUBFLOW the rod diameter  is  25 mm and the pitch is  34 mm, giving a pitch over 

diameter ratio of 1.36 (EPR fuel assembly: 1.33). The hydraulic diameter of the experimental facility is 

30.3 mm. A picture of the cross section of SUBFLOW can be seen in figure 1.3.

The test facility has a test section with a height of approximately 2 m. Below the test section there is an 

inlet vessel and at the start of the test section honey combs are used as a flow straightener. On top of the 

test section there is a wire mesh sensor (WMS). The wire mesh sensor is a measurement technique for 

single and multiphase flows (see Prasser et al. [13]). It consists of two layers of wires that are separated 

by approximately 2mm. Each layer has 64 parallel, straight wires, that span the whole flow cross section 

(see subchannel D4 of figure 1.3). The layers are twisted by 90 degrees, forming a Cartesian mesh. A 

voltage is applied to one layer (one wire at a time!), so the wire has the role of a transmitter, whereas 

another wire of the second layer is the receiver electrode. The device then measures the electrical current 

between these two wires at the closest distance between them (point i,j). This current depends on the 

conductivity of the fluid between these. This procedure is repeated for each transmitter and receiver wire, 

at each measurement time step. 

In the experiments considered for this thesis, the single phase mixing in SUBFLOW is studied. Therefore 

salt water is injected as a tracer liquid into the surrounding bulk fluid that consists of demineralized 

water. The tracer is injected as a point source in a single subchannel of the test facility at a certain axial 

distance from the wire mesh sensor. For the injection small metal hoses are used that stretch from the 

central rod to the center of subchannel B2, B3, C2 or C3.  Different subchannels are chosen in order to 

make the method as little intrusive as possible. However, in [3] it could be shown that the metal hoses 

still have an influence on the flow behavior. A list of different axial positions for tracer injection are 

summarized in table 1.1 (distance from wire mesh sensor).
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Figure 1.3: Cross section of the SUBFLOW experimental facility [3]

Injection Point Distance from the wire mesh sensor [mm] Subchannel

1 35 B2

2 70 C2

3 140 C3

4 245 B3

5 385 B2

6 560 C2

7 770 C3

8 1015 B3

9 1295 B2

10 1610 C2
Table 1.1: Distance from the wire mesh sensor for different injection points for the tracer
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Figure 1.4: Working principle of the wire mesh sensor [14]

After the salt water is injected in a point it spreads through the subchannel (and possibly even other 

subchannels). The wire mesh sensor can then be used to measure the current through the water (which is 

a function of the salt concentration – the conductivity of salt water is much higher than the conductivity 

of demineralized water) and by that one knows the degree of mixing. As a measure for the degree of 

mixing the so called dimensionless mixing scalars are used. These are calculated from the measured 

current:

i , j ,t=
I i , j ,t− I DMW , i , j

I T , i , j−I DMW ,i , j

Θi,j,t is the mixing scalar at point i,j and time t, Ii,j,t is the current measured at this point i,j at time t, IDMW,i,j 

is the current that would be measured in case of pure, demineralized water and  IT,i,j is the one that would 

be measured for pure tracer liquid. However, measuring the current in case of pure tracer liquid would be 

cumbersome because of saturation effects of the signal of the wire mesh sensor. Therefore one measures 

the signal for a reference solution with a salt concentration somewhere between the tracer liquid and 
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demineralized water,  IR i,j, and uses the knowledge about the conductivity of the tracer liquid  σT and the 

conductivity  of  the  mixture  at  the  reference  point  σR to  extrapolate  IT,i,j,  the  current  that  would  be 

measured in case of pure tracer liquid: 

i , j ,t=
I i , j ,t−I DMW ,i , j

I R , i , j

T

R

−I DMW ,i , j

These  mixing  scalars  obtained  from  the  WMS  measurements  were  used  to  compare  with  the 

computational results obtained in this study. Experiments were performed with different bulk velocities 

(0.3, 0.8, 1.2 and 1.6 m/s). For the computations, however, just one single bulk velocity (0.3 m/s) was 

studied and the results compared with the experimental findings.

Figure 1.5 & 1.6: SUBFLOW experimental facility seen from the side [3]
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1.4 The Numerical Method  

1.4.1 PSI-BOIL  

For the calculations  of  this  work the in-house code PSI-BOIL [15]  (Parallel  SImulator  of  BOILing 

Phenomena) was used. It is designed to solve three-dimensional, single- and multiphase flow problems 

using  the  finite  volume  method.  It  solves  the  Navier-Stokes  equations  with  a  staggered  velocity 

discretization on orthogonal grids. It uses linear solvers from the Kyrilov's subspace family and also 

includes the option to use multigrid methods. PSI-BOIL is suitable for simulating turbulent flow by 

means of DNS and LES.

PSI-BOIL was developed in C++ and uses Message Passing Interface (MPI) for parallel computations. 

Since it is designed for calculations on orthogonal grids the program runs very fast when compared to 

other  CFD codes  that  are designed for unstructured grids.  One special  property of  PSI-BOIL when 

compared to commercial CFD codes is that in PSI-BOIL every problem that is calculated corresponds to 

a program by itself. Whenever the problem input is altered, the code has to be recompiled. 

As  mentioned  before,  PSI-BOIL uses  the  finite  volume method  and  thus  solves  the  Navier-Stokes 

equations in  an integral form. For an arbitrary cell with volume V these look as follows:

∫
V


∂ u
∂ t

dV=∫
V

 ∇ uudV=∫
V

 ∇ 2u dV−∫
V

 ∇ pdVF  with source term F

Using the Gauss theorem this can be transformed to the following equation:

∫
V


∂ u
∂ t

dV∫
S

uudS=∫
S

 ∇ udS−∫
S

 pdSF

 

It is this equation that is solved for every fluid cell. The integral over V of the cells corresponds to 

multiplying the mean value inside the cell with the cell volume, whereas the integral over S corresponds 

to adding up all fluxes of the quantity over the cell faces.

To solve this equation in time, the so-called fractional step method is employed. In this method the 
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pressure term is set to zero at first, so the equation that it solves looks like:

∫
V

∂
u
∂ t

dV∫
S

uudS=∫
S

 ∇ udSF

For a discretization in time (as the default option in PSI-BOIL) the Crank-Nicolson scheme is used for 

the diffusive term (D), whereas for the convective term (C) the Adam-Bashforth scheme is used. The 

Crank Nicolson scheme is chosen because of it's  accuracy, whereas Adam-Bashforth was chosen for 

reasons  of  simplicity.  It  is  this  scheme that  restricts  the  maximum Courant-Friedrichs-Lewy (CFL) 

number in a calculation to around 0.4. Using the superscript n-1 and n-2 to refer to the old timesteps and 

* to refer  to the tentative solution at the new time step, the discretized equation looks as follows (I stands 

for the inertial term):

I ✳−I n−13
2

Cn−1−1
2

Cn−2=1
2

D✳1
2

Dn−1F n−1

Having solved for  the tentative velocity,  one can now use this  result  to  solve the pressure Poisson 

equation in order to calculate the pressure at the new time step:

∫
S


∇ p


dS=− 1
 t
∫
S

 u✳dS

The pressure at the new time step can then be used to correct the velocities using the projection method. 

This method leads to a divergence free velocity field:

un= u✳1

∇ p⋅ t

For the discretization in space, it is the central scheme that is invariantly used for the diffusive term, as 

well as when solving the pressure Poisson equation. For the convective term the discretization in space 

very  much  depends  on  the  purpose  of  the  computations.  The  default  option  in  PSI-BOIL for  the 

convection set is the SUPERBEE scheme. This scheme is very stable, but it is not suitable for CFD 

simulations involving LES since it is too diffusive. In this case one uses the  central scheme (less stable).
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1.4.2 The Immersed Boundary Method (IBM)  

The term “Immersed Boundary Methods” refers to  methods that  solve fluid dynamical  problems in 

domains containing solid  bodies  on a  (normally Cartesian)  grid  that  doesn't  conform with  the solid 

bodies' boundaries [16]. The fact that the shape of the solid bodies' boundaries  don't coincide with the 

mesh lines makes the treatment of cells around the immersed body cumbersome and several methods 

have been developed in the last decades in order to cope with this problem. The big advantage over 

solving problems on unstructured, body fitted meshes (as it is done in modern CFD codes), lies in the 

very  efficient  and  highly  parallelizable  numerical  methods  that  exist  for  solving CFD problems  on 

Cartesian grids. In addition, the IBM rids the CFD analyst from the usually tedious grid-generation step.

In general one distinguishes two different approaches for how to cope with the problems arising from the 

fact that immersed body and computational grid don't coincide: the continuous and the discrete forcing 

approach (see [16]). These two approaches differ in the way they impose the boundary conditions at the 

immersed body. Considering again the case of the incompressible Navier-Stokes equations:

∂ ui

∂ x i

=0

∂u i

∂ t
u j⋅

∂ui

∂ x j

1

⋅∂ p
∂ x i

−⋅
∂2 ui

∂ x j∂ x j

=0

For simplicity the (discretized) system of equations is abbreviated in the following manner:

LU =0

In the continuous forcing approach a continuous function is added to the system of equations to represent 

the body. This function describes the force acting on the fluid because of the presence of the boundary 

and is discretized together with the original equations. The new system of equations is then:

LU = f b

Note  that  the  original  discretization  of  the  Navier-Stokes  equations  remains  identical  as  to  before 
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introducing the immersed body! In the discretized system of equations fb represents the force acting on 

the fluid. This force, however, doesn't just act at the boundary itself, but is smeared over several cells, 

hence the name “continuous forcing approach”. This method has proven to be especially suitable for 

moving boundaries and is used mainly in biological applications of CFD (see Peskin [17]).

Another way of dealing with the boundary cells is made in the discrete forcing approach.  Here the 

Navier-Stokes equations are first discretized leading to the system L(U)=0, but then the discretization in 

the cells  next to the immersed body is  changed in order to represent the boundary there.  The IBM 

implemented in PSI-BOIL is an example of such an approach and is discussed more in detail in chapter 

1.4.3.

Figure 1.7: IBM – immersed body (red) with a Cartesian mesh

1.4.3 The IBM in PSI-BOIL  

As mentioned before the IBM implemented in PSI-BOIL [18] belongs to the subgroup of methods using 

the  discrete  forcing  approach.  More  specifically,  it  is  a  method  using  the  “cut-cell  finite  volume 

approach”. In these methods the boundary in a cutting a cell is represented exactly by a surface splitting 

the cell in a fluid and a solid part. This method was first used by Clarke et. al [19] and was further 

developed by several other authors. One big advantage of this kind of methods is that the underlying 
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conservation laws are also fulfilled close to the walls (not necessarily the case for other approaches), and 

the preservation of the accuracy.

In PSI-BOIL the boundary inside a cut cell is represented by a plane dividing the cell into two parts. 

Because PSI-BOIL uses staggered grids, this cutting procedure has to be performed for all grids (u, v, w 

velocity component, pressure). Several changes have to be made in order to treat a cut cell accurately. It 

has to be pointed out that cells are only  treated as cut cells if the center of the cell is in the fluid part of 

the domain. Otherwise the whole cell is treated as a solid cell and there are no fluxes across its surfaces. 

Considering again the equation that has to be solved in order to get  an estimate of the velocity at the new 

time step:

I ✳−I n−13
2

Cn−1−1
2

Cn−2=1
2

D✳1
2

Dn−1F n−1

For the inertial terms I ( ∫
V

∂
u
∂ t

dV ) one has to modify the volume of the cell. It is just the fluid part 

of the cell that has to be integrated over.  For the convective terms C ( ∫
S

uudS ), the cell faces are 

changed when they are cut by the boundary (see figure 1.8). To accurately predict the flux across the 

surface Si+δ,j,k of cut cell i,j,k from figure 1.9 (of this surface only the fraction Ŝi+δ,j,k is in the fluid part of 

the domain), this flux is corrected by the following factor:

f S
i , j ,k= SS 

i , j , k

Figure 1.8: Correcting the surface area available for transport of cut cells [18]
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For the diffusive fluxes it is also the size of the faces that has to be changed if only part of the cell surface 

lies in the fluid part of the domain. Another change has to be performed in order to describe the wall 

shear stress. If a cell is next to a cell that has the center in the solid part of the domain the distance 

between these two centers is reduced to the distance from the cell center  (of the cell with the center in 

the fluid)  to  the point  where line connecting the two cell  centers  cuts  the immersed body.  For  the 

diffusive fluxes across the walls of the immersed body, the body's surface is approximated by a flat wall 

surface orthogonal to the connection line between the two centers located exactly at the point where the 

line cuts the immersed body. The velocity at the wall is then set to zero (no slip BC).

For correcting the matrix entries in the system matrix that describes the diffusive fluxes the following 

changes have to be made for cut cells to adjust distance and surface fraction available for transport:

∀i , j , k ∈ fluid :
Di , j ,k=Di , j , k⋅f S

i , j ,k if i2 , j , k ∈ fluid
Di , j , k=Di , j ,k / f d

i , j , k if i2 , j , k ∈ solid

with: f d
i , j ,k= dd 

i , j , k

In this formula d  is the reduced distance due to the presence of the immersed body (see figure 1.9 to 

the right).

Figure 1.9: Corrections necessary for adjusting the diffusive fluxes of cut cells [18]
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Changes have to be made for the pressure Poisson equation as well:

∫
S

 ∇ p


dS=− 1
 t
∫
S

u✳dS

To calculate the right hand side of the equation it's again the surfaces that have to be corrected for cut 

cells to account for the presence of the immersed body. The same holds for the discretization of the left 

hand side. Similar to the wall shear stress, also for the pressure Poisson equation boundary conditions 

have to be implemented at the immersed boundary. This is done using the Neumann boundary conditions:

∂ p
∂n

=0

This means that the derivative of the pressure normal to the wall boundary is equal to zero. This condition 

is incorporated in the system matrix for this equation by setting neighboring coefficients in the matrix 

describing the pressure Poisson equation to zero if the center of the neighboring cell is located in the 

solid. For cut cells with the center in the fluid part of the domain the surface are is corrected in the same 

way as it is done for the convective and diffusive fluxes: Only the part of the surface of the cell that is in 

the fluid part of the domain is applicable for transport from one cell to another, so the fluxes are corrected 

by the factor fS.

1.4.4 Pseudo-Turbulence  

In contrast to calculations in the RANS context, LES and DNS intend to explicitly calculate the structures 

of a turbulent motion in a time resolved manner. This, however, is linked to some problems. Normally, 

turbulent structures take quite some time to evolve. For a turbulent pipe flow, for example, when starting 

with a flat inlet profile it  takes a length of approximately  4.4*Re1/6*D [20] (with D being the pipe 

diameter) to get a fully developed, turbulent flow. When now starting a LES computation with such a flat 

inlet profile, it would be necessary to expand the domain to achieve fully developed inlet conditions at 

the start of the region of interest. This creates a large computational overhead. Also when performing 

calculations with periodic boundary conditions, starting with an unperturbed flow profile results in a very 

long computational time (depending on the case, of course). It is thus strongly recommended by CFD 
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practitioners (Ničeno et al.) to use perturbed initial/inlet conditions in order to decrease the time needed 

by the flow to become fully developed.

Creating these perturbations in a manner that the flow has a similar behavior and structure as turbulent 

flows is far from being straight-forward, and represents a field of research by itself. The perturbations 

should fulfill several requirements in order to be suitable for scale resolving CFD computations. These 

are:

– The flow field should look random

– The flow field has to be divergence free (as much as possible at least)

– The energy spectrum should be as close as possible to real turbulent energy spectra

PSI-BOIL used the method developed by Kraichnan [21] and further refined by Smirnov et al. [22] to 

generate a random-looking,  isotropic,  homogenous,  pseudo-turbulent velocity field.  This is  produced 

using a random number generator and some information on the mean turbulent flow field (turbulent 

length and time scale).

After it is generated the whole field is scaled to a specified intensity of turbulent kinetic energy and 

(possibly) added up with some mean flow field. As an input parameter (for creating an isotropic pseudo-

turbulent flow field) the method just needs the turbulent length and time scale, that can be obtained from 

preliminary RANS calculations (plus some integer N for the size of the random vector, see [21] and [22]). 

The flow field generated in this way  fulfills all the requirements specified above.

When performing calculations with periodic boundary conditions, the initial flow field isn't as important, 

since the final flow field won't depend on the initial conditions. However, by having an initial flow field 

that is fully developed (or close to the fully developed flow field) it is possible to save computational 

costs. The method described above has some limitations when it comes to periodic boundary conditions. 

Since  the  method  cannot  produce  a  periodic  pseudo-turbulent  flow  field,  this  would  lead  to  a 

discontinuity at the periodic boundary. Therefore it was chosen to place the perturbations just up to a 

certain distance of about five cells from the periodic boundary. This way, two smaller discontinuities are 

present in the flow field. From experience it is known, however, that these discontinuities don't hinder the 

convergence.
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2. Validation of PSI-BOIL Against Turbulent Channel Flow  

As a first step in this thesis PSI-BOIL and the Immersed Boundary Method (IBM) implemented in it were 

validated  against  turbulent,  periodic  3D channel  flow  at  two  different  friction  Reynolds  numbers: 

Reτ=180 and Reτ=1000. The friction Reynolds number is defined in the following way:

R e=
u⋅H⋅



with the friction velocity uτ, the kinematic viscosity μ, the density ρ and one half of the channel height H. 

The friction velocity is defined using the wall shear stress and the density:

u=wall



For the channel flow with the well known definition of the wall shear stress and relating this to the 

pressure drop in main flow direction, one arrives at:

wall=−⋅ ∂ u
∂ y y=0

=∂ p
∂ x

Thus, it is by specifying the pressure drop that one can can specify the the friction Reynolds number of 

the channel flow. This is done using the so-called “body force approach”. Thereby the specified pressure 

drop is applied as a momentum source in each cell at each time step and after some time an equilibrium is 

achieved between this  applied force and the pressure drop in  the channel.  The geometry of the 3D 

channel can be seen in figure 2.1.

As can be seen in figure 2.1 the geometry has an extension in all three spacial dimensions. In x direction, 

which is  the main flow direction,  periodic boundary conditions are used.  The same holds for the z 

direction,  which corresponds to  the symmetry plane.  In  y direction one uses  no-slip  wall  boundary 

conditions at y  = - H and y = H.
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Figure 2.1: Geometry of the Test Case – 2D Channel Flow

For laminar, steady-state 2D channel flow, the Navier-Stokes equations reduce to:

1

⋅∂ p
∂ x

=⋅∂
2u

∂ y2

With Dirichlet boundary conditions at y = H and y = -H and Neumann boundary conditions at y = 0 this 

yield the following equation for the velocity (assuming a constant pressure drop):

U  y= 1
2⋅

⋅∂ p
∂ x

⋅ y2−H 2  and U=− H 2

3⋅
⋅∂ p
∂ x

(bulk velocity)

However, the turbulent flows that are the result from the calculations performed in this chapter don't have 

analytical solutions and have much steeper gradients near the wall. 

For the calculations in this chapter the units of the constants and variables were omitted since  the whole 

benchmark computed in this chapter is based entirely on comparisons with (normalized) computational 

data (DNS calculations). It is expected that the only value that the final results depend upon is Reτ.
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For the initialization of the turbulent flow field the method by Smirnov et al. described in section 1.4.4 

was used [22]. The initial turbulent field was estimated to be homogenous and isotropic with a turbulent 

length scale equal to one tenth of H and a maximum magnitude of the velocity fluctuations of 0.5, which 

means that the mean fluctuating velocity is around 10% of the mean flow velocity. However, the choice 

of these parameters isn't very critical since the final solution doesn't depend on the initial conditions of 

the flow field. The only advantage of a good initial solution is a faster statistical convergence. 

2.1 Re  τ = 180

The first case that was chosen for validation is a simple turbulent flow in the geometry described in the 

previous section. The friction Reynolds number was chosen to be 180. For this Reynolds number DNS 

data is provided in the literature by Kim et al. [23][24]. This data is averaged in time and space and gives 

values for the mean Reynolds stresses as a function of y (orthogonal distance from the wall).

For this case the following parameters were chosen in accordance with prior experience with PSI-BOIL 

on this specific case by Ničeno [25]:

L = 12 NX = 64 (number of cells in x direction)

W = 4 NY = 64 (number of cells in y direction)

2*H = 2 NZ = 64 (number of cells in z direction)

ρ = 1.0 μ = 1.0/3000

Δt = 0.015 time steps:  40 000

∂p/∂x = -0.0036

For the calculations no subgrid model is used and also no wall functions. The spacial resolution is found 

to be fine enough to capture then main flow phenomena and to represent most of the turbulent energy 

spectrum (DNS).  For resolving the boundary layer  the mesh is  refined towards the walls.  The grid 

spacing starts with 1/128 and grows geometrically till reaching the biggest spacing located in the center 

of the channel.

The computations were performed in parallel on a local cluster (lclth) at Paul Scherrer Institute on one 

node  consisting  of  four  cores.  Because  of  the  efficient  design  of  PSI-BOIL (see  chapter  1.4)  the 
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computations could easily be performed over night.

The obtained results were then averaged in time and space to compare them with the DNS data from the 

literature. The averaging in space is done both in x and in z direction. For the averaging in time one uses 

data from outputs every 50 time steps and averages between time step 20001 and 40000. These values 

were empirically found to be appropriate.

Computational results were compared with the DNS data both for the diagonal elements and the off 

diagonal elements of the Reynolds stress tensor.  These were normalized with the square of the friction 

velocity uτ. The results of the comparisons can be seen in figures 2.2 and 2.3. 

As can be seen in figures 2.2 and 2.3, the results from PSI-BOIL and the DNS data by Kim et al. agree 

very well. This hold especially for the diagonal Reynolds stresses. From the off-diagonal elements only 

<uv> is of practical interest and also agrees very well with the data from Kim et al.

Figure 2.2: Normalized diagonal elements of the Reynolds stress tensor
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Figure 2.3: Normalized off-diagonal elements of the Reynolds stress tensor

2.2 Re  τ = 1000

After the simulation at the lower friction Reynolds number of 180, computations were performed for a 

higher Reynolds number of 1000 as well. The geometry was identical to the one described in 2.1, but this 

time the number of cells in y direction was reduced to only 32 and no refinement was made towards the 

walls. The list of used parameters is given below:

L = 12 NX = 64

W = 4 NY = 64

2*H = 2 NZ = 32

ρ = 1.0 μ = 6.0*10-5

Δt = 0.04 time steps:  40 000

∂p/∂x = -0.0036

To still be able to deal with all sizes of turbulent structures it is necessary to use a SGS model, because 
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otherwise the turbulent structures smaller then the mesh spacing would be neglected (LES). For this 

purpose the WALE model [8] was used (see section 1.2.1 for more details on LES and subgrid models). 

Also, since the grid spacing is too coarse to resolve the boundary layer, it becomes necessary to use a 

wall function. For this purpose the wall function by Werner and Wengle [26] was used. This wall function 

is very similar  to wall functions used in the RANS context. However, a log profile as it is normally used 

in RANS wall functions isn't possible for LES computations since it would lead to an iterative procedure 

that would slow down the whole computation. Instead, the following function is applied:

u
u
=
⋅u y


for

⋅u y


≤11.8  

u
u

=8.3⋅ ⋅u y

 
1/7

for
⋅u y


11.8

The computational results were again obtained on one node at a local cluster (lclth) at Paul Scherrer 

Institute consisting of four processors. The computations could be performed in approximately one day.

It turned out to be difficult to find DNS data in the literature for such high friction Reynold numbers. The 

only DNS results obtained from computations with a comparable setup that could be found were by 

Hoyas et al. [27] and are for a slightly lower friction Reynolds number (Reτ = 934). However, it has to be 

pointed out that (at sufficiently high Reynolds numbers)  changing the Reynolds number only affects the 

dissipative range of the energy spectrum [5]. Because this range anyway isn't simulated due to the coarse 

grid spacing but modeled by a subgrid model, this difference in friction Reynolds number shouldn't have 

much impact on the results.

Literature data is provided both for diagonal and off-diagonal elements of the Reynolds stress tensor as 

well as for the mean velocity. The diagonal elements of the Reynolds stress tensor are square rooted and 

normalized by the friction velocity  uτ. The same is done for the mean velocity in x direction. The off-

diagonal elements of the Reynolds stress tensor are normalized using the square of uτ. 

To compare the DNS data by Hoyas et al. with the LES results obtained with PSI-BOIL, again a spacial 

and temporal averaging was necessary. The spacial averaging was performed in x and in z direction and 

for the temporal averaging again results at every 50th time step were used. It can be seen in figures 2.4 
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and 2.5 that it is justified to start with the averaging after 20000 time steps.

In figures 2.6, 2.7 and 2.8 one can see the a comparison of DNS data from the literature and LES data 

obtained with PSI-BOIL. One again sees a good agreement for the diagonal elements of the Reynolds 

stress tensor and for <uv>.

 Figure 2.4: Evolution of the mean velocity for different temporal averaging intervals
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Figure 2.5: Evolution of the Reynolds stresses for different temporal averaging intervals

Figure 2.6: Normalized mean velocity in main flow direction
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Figure 2.7: Normalized diagonal elements of the Reynolds stress tensor

Figure 2.8: Normalized off-diagonal elements of the Reynolds stress tensor
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2.3 Re  τ = 1000 and Immersed Boundaries

For this chapter the same case as in 2.2 was recomputed, but with the IBM. For that purpose the geometry 

was enlarged in y direction. The domain parameters are the following (fluid parameters and time step 

remain identical to the ones in 2.2):

L = 12 NX = 64

W = 4 NY = 64

2*H = 2.2 NZ = 36

In AC3D (CAD tool) two planes were generated at y = -1.0 and y = 1.0 with normals pointing towards 

the fluid domain and then imported into the domain as an immersed body. Like this the old geometry is 

identical to the one in 2.2, but the grid spacing in y direction is slightly different. However, one expects 

that the results obtained like this should be very similar. The geometry can be seen in figure 2.9.

Figure 2.9: IBM - geometry using an immersed body to represent the channel walls

The used turbulence models are the same as in the previous section (WALE as a subgrid model, Werner 

and Wengle as a wall function) and the averaging in space and time were performed in the identical way. 
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Again, the computations took approximately one day at four processors (one node on the local cluster).

In figures 2.10 to 2.12 one sees the results of these computations compared with the calculations of 

chapter 2.2 and the DNS data by Hoyas et al. One can see that the results look almost identical, no matter 

if one uses the IBM or the not. However, one has to keep in mind that the case studied here (2D channel 

flow with cutting the cells parallel to the cell faces) is a rather easy case to compute using the IBM. The 

results look very satisfactory, though.

Figure 2.10: Normalized main velocity in mean flow direction
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Figure 2.11: Normalized diagonal elements of the Reynolds stress tensor

Figure 2.12: Normalized off-diagonal elements of the Reynolds stress tensor
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2.4 Conclusions  

In this chapter PSI-BOIL was successfully validated against periodic, turbulent 3D channel flow, both 

using LES and DNS. At the moderate friction Reynolds numbers of 180, the turbulent flow was simulated 

in a DNS and compared with the DNS results by Kim et al. showing a very good agreement with this 

data. At the higher Reynolds number of 1000 a LES with the Werner and Wengle wall function and the 

WALE model for the unresolved turbulent structures was performed with PSI-BOIL and compared again 

with DNS data from the literature (Hoyas et al.). The obtained results agree quite well with the literature 

data. The same case was recomputed with a representation of the channel walls using the Immersed 

Boundary method. These results look almost identical when  compared to the ones from calculations 

without the immersed boundary representation of the geometry and again agree well with the data from 

the literature, confirming that the implementation of the wall functions works for cases with and without 

immersed boundaries.
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3. Step by Step Verification of the IBM Implementation in PSI-BOIL  

Several  steps were taken to  further  improve the treatment  of  cut  cells  in  PSI-BOIL.  The following 

improvements are based on the work by  Kirkpatrick et al. [28] and Meyer et al. [29].  In both cases the 

IBM was used for in-house codes with a finite-volume discretization of the Navier-Stokes-equations on 

staggered grids, just like in PSI-BOIL.

The ideas from [28] and [29] considered for an implementation in PSI-BOIL are described in the sections 

3.1 to 3.3 of this chapter.  Before implementing these new features they were tested in a simple 2D case 

using a basic MATLAB code for solving the pressure Poisson equation and projecting the new pressure 

into a divergence free velocity field. In a next step a Poisson equation for the diffusive fluxes was solved 

for the same geometry.

The case of a simple 2D channel was chosen for demonstrating the advantages and disadvantages of the 

new features. Therefore a rectangular geometry containing NX times NY cells is cut by two parallel lines 

that separate the fluid from the solid domain. The user of the code has the possibility of easily change the 

inclination of these two lines, the height of the channel formed by them and the number of cells in x and 

y direction (NX and NY). An example of how the resulting problem looks like for some arbitrary values 

of these parameters can be seen in figure 3.1.
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Figure 3.1: Studied case - 2D channel flow (blue: solid, red: fluid, white lines: walls)

3.1 Imposing Condition ∂p/∂n = 0 at the Walls  

For obtaining the pressure at a new time step the Poisson equation  ∂2p/(∂xi
 ∂xi

 ) = -(ρ/∆t) ∂ui*/∂xi is 

solved.  As mentioned in section 1.5.3 the system of  equations is  only solved for the fluid domain, 

whereas for the solid domain all neighboring coefficients n,s,e and w as well as the right hand side are set 

to zero, as well as the right hand side of the equation, whereas the central coefficient is set to 1.0 (1.0E-12 

in PSI-BOIL). Like this it is assured that the pressure in the solid is set to zero, but also that the solid cells 

don't prevent the system of equations from converging. For a normal fluid cell the Poisson equation has 

the following form:

[ RnR s⋅ x

 y

RwRe⋅ y

 x ] pC−
Rn⋅ x

 y
pn−

R s⋅ x

 y
ps−

Rw⋅ y

 x
pw−

Re⋅ y

 x
pe= f

In the following formula the subscript c stands for central, whereas n, s, w and e refer to north, south, 

west and east side. Δx and Δy are the distances between one cell center and the next in x and y direction 

and Ri is the fraction of each side that is occupied by fluid (with i = n, ... e). 
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Figure 3.2: Basic explanation of the discretization in PSI-BOIL (note: in the standard procedure of PSI-

BOIL pE and pS aren't computed and the flux across the cell faces between those sells is set to 0 )

So far PSI-BOIL used the position of the cell center to determine whether a pressure cell should be part 

of the fluid or the solid domain (cells are only computed if their center is in the fluid part of the domain). 

If the center of a neighboring pressure cell is located in the solid and the pressure inside this cell is 

therefore not calculated, this also means that the corresponding coefficients  linking these two cells have 

to be set to zero as well. Looking at the Neumann boundary condition for the pressure, one can easily see 

that this treatment corresponds to assuming the existence of a wall between those two cells. So, for 

fulfilling this boundary condition the wall is approximated by a set of orthogonal areas at the cell faces 

forming a cascaded surface. 

Another way of solving the Pressure Poisson equation is mentioned in [28]. In [28] it is recommended to 

calculate the pressure for every pressure that has parts of its volume located in the fluid, no matter if the 

center of the cell is located in the fluid or the solid part of the domain. By then writing a general sum of 

all fluxes over the surfaces of a cell (with the flux being zero across the wall) the Neumann boundary 

condition for the pressure is automatically fulfilled by all cells that are cut by the immersed body. 

One can also let the centers of the pressure cells at their original position, even if the center already lies 

within the solid domain, because for the next step, the projection of the pressure into a divergence-free 

velocity field, it is not the absolute value of the pressure that matters, but its gradient. 
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For testing this new treatment, the case described in the beginning of this chapter (2D channel) was used, 

and the right hand side of the Pressure Poisson equation, f, was set to 1 in the first column of cells inside 

the channel (on the very left of figure 3.1) and to -1 int the last column of cells inside the channel (on the 

very right of figure 3.1), and equal to 0 everywhere else. It is expected that far away from the left and the 

right side end of the channel the pressure will be constant across the channel cross section and that it 

decreases linearly with the channel length:

∂ p
∂Y

=0 with Y ⊥Channel Walls

∂ p
∂ X

=const. with X∥Channel Walls

The resulting pressure field for an inclination of the channel of 30 degrees and a channel height of 0.101 

is plotted in figure 3.3  for an extension of the domain in x direction of 0.8 and an extension in y direction 

of 0.8 (NX=40, NY=50). One can see that the resulting pressure field really forms isolines normal to the 

channel walls and that the pressure decreases at a constant rate from left to right.

Figure 3.3: Pressure p in the fluid domain
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3.2 Projecting Velocities u  i
n   = u  i* + (  ∆  t/ρ  )   ∂p/∂x  i

The pressure field obtained by the method described in section 3.1 was used to calculate a divergence 

free velocity field at the new time step applying the projection method. For simplicity the velocity at the 

old time step was set to 0 and the factor  ∆t/ρ was assumed to be equal to 1. Therefore one gets the 

velocities at the new time step as:

u=∂ p
∂ x

=
pe− pw

 x
for pe , pw computed

v=∂ p
∂ y

=
pn− ps

 y
for pn , pscomputed

It is expected that far away from the left and right end of the channel the velocity is constant everywhere 

and parallel to the channel walls. In figures 3.4 and 3.5 one can see this velocity for an inclination of the 

channel of 30 degrees. One can see that in the central section of the channel, even close to the walls, the 

velocities are constant. The velocities just vary in the order of magnitude of 1.0E-5.

Figure 3.4: Velocity u in the fluid domain
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Figure 3.5: Velocity v in the fluid domain

3.3 Checking Incompressibility ∂u  i/∂xi  = 0

One very important condition that has to fulfilled is that the resulting velocity field is really divergence 

free. This means that the sum of all fluxes across the cell faces is equal to zero, so that the amount of 

fluid in the cell is constant. This criterion immediately follows from the assumption of incompressibility 

of the fluid. By the projection algorithm this should be fulfilled for every pressure cell, also for those cut 

by the immersed boundaries of the geometry. To check this condition, fluid accumulation terms (Acc) are 

calculated for each cell using the following formula:

Acc=∫
V

 ∇ u dV =∫
S

udS

These fluid accumulation terms are visualized in figure 3.6. It is easy to see that these accumulation terms 

are the biggest close to the ends of the channel and very close to zero in the center. It should be especially 

pointed out that the accumulation terms close to the wall (where cells are cut by the immersed body) are 

in the same order of magnitude (1.0E-14) as in the bulk of the fluid.
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Figure 3.6: Accumulation of fluid in the pressure cells (order of magnitude: 1.0E-14)

3.4 Correcting the viscous fluxes  

For studying the diffusive fluxes  the same case was considered as  in  the previous sections.  In  this 

geometry the following simple system of equations was solved:

∂2u i

∂ x j∂ x j

= f i

Two different ways of solving this system were studied and compared in terms of the error of the final 

results, as well as in terms of their simplicity (of implementation and use) and their applicability in PSI-

BOIL.

For all computations in this section a domain of size 0.8 in x direction and 1.0 in y direction was used and 

subdivided into 80 cells in x and 90 in y direction. The channel inclination is chosen to be 30 degrees and 

the channel height equal to 0.181.
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3.4.1 Old PSI-BOIL approach  

The first approach is the approach that is currently applied in PSI-BOIL [18]. This approach solves for a 

velocity cell only if the center of this cell is located in the fluid domain. If less than a half of a cell is 

located in the fluid domain, the system of equations isn't solved for this cell. The centers of the velocity 

cells  remain at  their  original  position,  no matter  how the cell  is  cut  by the geometry.  This has the 

advantage that the velocity gradients between two cells are always orthogonal to the faces of the velocity 

cells. The solved system of equations in discretized form (in 2D) then looks like:

[ RnR s⋅ x

 y

RwRe⋅ y

 x ]uC−
Rn⋅ x

 y
un−

R s⋅ x

 y
us−

Rw⋅ y

 x
uw−

Re⋅ y

 x
ue=V c⋅ f x

[ RnR s⋅ x

 y

RwRe⋅ y

 x ] vC−
Rn⋅ x

 y
vn−

Rs⋅ x

 y
v s−

Rw⋅ y

 x
v w−

R e⋅ y

 x
ve=V c⋅f y

It has to be mentioned that the constants in this system of equations describing the  area fraction occupied 

by fluid of the cell faces (Ri) are not identical for the u and v velocity cells because of the staggered 

formulation that is employed. The same holds for the volume of the cells (Vc).

In case a cell is next to a solid cell the coefficients of the system are changed in order to link them to the 

wall. Assuming that the wall has a specified velocity Uwall (equal to zero for a no-slip BC and non-moving 

walls), the equation for a u velocity cell that has a solid cell located to the north looks like (see figure 3.7 

for a further explanation):

[ R s⋅ x

 y

RwRe⋅ y

 x

 x

h ]uC−
 x

 h
U wall−

R s⋅ x

 y
us−

Rw⋅ y

 x
uw−

R e⋅ y

 x
ue=V c⋅ f x

 In this formulation Δh is the distance to the wall following the line connecting the cell centers of the 

north and the central cell. It is straightforward to alter this formulation for a cell side different from north 

located next to a solid cell. The described formulation corresponds to an implicit incorporation of the wall 

shear stress. The main advantage lies in the  simplicity of this approach.
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Figure 3.7: Old discretization of the diffusive fluxes in the method in PSI-BOIL

However, this treatment also has a mayor disadvantage that lies in the treatment of the wall shear stress. 

Following the formulation above means to treat the wall like a cascade of flat plates parallel to the cell 

faces and thus accepting a loss of accuracy. Another  disadvantage is that velocities aren't calculated if the 

center of a velocity cell isn't located in the fluid, even though parts of the cell are still located in the fluid 

part of the domain. This is cumbersome if this is the case for a velocity cell that lies in between two 

pressure cells that are computed in 3.1. For these cells some kind of interpolation has to be made in order 

to obtain the required velocities. This interpolation of velocities is described later in section 3.5.

 

3.4.2 Kirkpatrick at al.'s approach  

The velocity field computed from the system of equations presented in the beginning of this section is 

solved by Kirkpatrick et al. [28] in a very similar way as in the old method in PSI-BOIL presented in 

3.4.1, however, the system of equations is not only solved for velocity cells that have the center in the 

fluid, but for any velocity cell that has part of its volume in the fluid section of the domain. Also, the 

equations aren't solved anymore at the original centers of the velocity cells, but on the centers of the faces 

of  the  pressure  cells.  As  is  proven  later  in  section  3.4.4  this  leads  to  a  minimization  of   mass 

accumulations in the pressure cells in case of linear velocity profiles. The discretized system of equations 

has the following form (see figure 3.8 for more details):
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In this procedure Δk is the distance in x or in y direction between two places at which the equations are 

solved. However, it has to be pointed out that this gradient is not orthogonal to the cell faces, if the line 

connecting these two locations isn't orthogonal to the cell face either. This non-orthogonality is probably 

the worst drawback of this procedure. In the paper by Kirkpatrick et al. a procedure is presented how to 

correct  for this  non-orthogonality of the gradients,  but the presented procedure consists  of adding a 

correction term as an explicit source term, which leads to an iterative solution algorithm that slows down 

the whole solution process. An attempt to include this correction in the system of equations in an implicit 

way was made in this work, but proved not to be very fruitful.

In case a cell  is cut by the immersed body, there is a need to treat the wall shear stress. This wall shear 

stress is incorporated in the system of equations as an additional term for the central coefficient. In case 

the wall has a velocity unequal to zero, also an additional term at the right hand side has to be added. The 

wall shear stress written in a general from reads as:

=−⋅∂u
∂h

≈−⋅ u−U wall

 h
⋅i

v−V wall

h
⋅j 

Here Δh is the normal distance to the wall (integral value), as can be seen in figure 3.9, and i and j are x 

and y component of a vector normal to the wall with length 1. Thus, in a cell with the wall segment Asurf 

the force acting in this cell due to wall shear is then:

F≈−⋅A surf⋅ u−U wall

h
⋅i 

v−V wall

h
⋅j 

Decomposed in an x- and a y-component of the forces acting at the wall are (see figure 3.9):
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F x≈−⋅Asurf⋅
u−U wall

h

F y≈−⋅Asurf⋅
v−V wall

 h

Figure 3.8: Discretization of the diffusive fluxes in the method of Kirkpatrick et al.

Figure 3.9: Treatment of the wall shear stress in the method of Kirkpatrick et al.
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3.4.3 Parabolic Velocity Profile  

The system of equations to compute the diffusive fluxes was solved for two specific cases, for which also 

an analytical solutions exist. The first case deals with a right hand  side (f) that is constant. So:

f x=cos ⋅K

f y=sin ⋅K

Here K is an arbitrary, constant value and α is the inclination of the channel. For the walls a no-slip BC 

was implemented with a wall velocity equal to zero. At the left and the right side of the channel Neumann 

boundary conditions were used.

 

The analytical solution of this flow field has the following form:

U= K
2
⋅ y2− y top ybottom⋅y y top⋅ybottom for y∈[ y bottom , y top]

With u = cos(U) and v = sin(U) one can directly compare the obtained computational results with the 

analytical solution of the problem.

The results of the calculations, both for the procedure by Ničeno et al. and by Kirkpatrick et al. look very 

similar. In figure 3.10 one can see the u velocity profile calculated with the procedure of  Ničeno et al. It 

turned  out  that  both  solutions  have  errors  in  the  same  order  of  magnitude  when  compared  to  the 

analytical solution (1.0E-4 to 1.0E-5).

43



Figure 3.10: Parabolic u velocity obtained with the old method of PSI-BOIL 

3.4.4 Couette Flow  

In the next step one wanted to calculate a linear flow field. This was done by setting the right hand side 

equal to zero (fx = 0.0, fy = 0.0) and by specifying a constant wall velocity at the top wall of 1.0, whereas 

the  bottom wall  doesn't  move.  The  resulting  flow field  is  called  “Couette  flow”   and  is  a  linear 

interpolation between top and bottom wall velocity and has the following analytical solution:

U=
U top−U bottom

y top− ybottom

⋅ y− ybottom for y∈[ ybottom , y top ]

It is this kind of flow field that the interpolations mentioned in section 3.4.1 are based upon. If the flow 

field is given in the analytical form as above, one can create a staggered flow field without any mass 

accumulation in pressure cells  only if  the velocities  are calculated at  the center  of  the faces  of  the 

pressure cells.  For demonstration purposes the analytical solution was computed at these positions and it 

was tried to calculate the accumulation of mass in the pressure cells. The errors turned out to be in the 

order of 1.0E-16, which means that those are purely floating point errors (as expected). 
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It is this fact that also led to the insight that it might be advantageous to use the velocities at these 

positions in order to calculate the right hand side of the pressure Poisson equation. In the procedure of 

Kirkpatrick et al. the velocities are  anyway always calculated at these positions, so no changes have to be 

made. For the old procedure of PSI-BOIL the velocities are obtained that the centers of the original 

velocity cells. In order to obtain the velocities at the cell faces a linear interpolation scheme is used. This 

scheme is correct for linear velocity profiles and a rather good approximation for any other velocity 

profile close to a wall. It is also like this how one calculates velocities at pressure cell faces if their cell 

center lies in the solid part of the domain. Therefore the value of the next velocity cell is used and a linear 

interpolation is made using this value and the velocity at the wall. The procedure is further explained in 

chapter 3.5. This way good results could be obtained both with the method by Kirkpatrick et al. and the 

old  method  of  PSI-BOIL.  As  boundary  conditions  this  time  not  Neumann,  but  Dirichlet  boundary 

conditions were used. At the inlet and at the outlet the linear velocity profile is  specified as described by 

the analytical solution given above. The resulting flow field looks identical for both methods. In figure 

3.12 the u velocity field for the method by Kirkpatrick et al. is shown. In figure 3.13 and 3.14 one can see 

that the error (mass accumulation in pressure cells) in both methods is in the same order of magnitude 

(1.0E-5).

Figure 3.12: u velocity field for a “Couette flow” with BC's Utop = 1.0 and Ubottom=0.0 using the method 

of Kirkpatrick at al.
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Figure 3.13: Pressure source term (absolute value) for the method of Ničeno et al. (order of magnitude: 

1.0E-5, corresponds to dark red cells)

Figure 3.14: Pressure source term (absolute value) for the method of Kirkpatrick et al. (order of 

magnitude: 1.0E-5, corresponds to dark red cells)
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3.5 Velocity Interpolations  

As mentioned in chapter 3.4 the old procedure in PSI-BOIL just computes velocities if the cell center lies 

in the fluid part of the domain. Nevertheless,  the new pressure discretization always needs to know 

velocities if they connect two pressure cells, no matter if the center of those velocity cells are in the fluid 

or the solid part of the domain. Therefore it is necessary to obtain an estimate of these velocities based on 

knowledge of the surrounding velocities. For this purpose a linear interpolation scheme is used.

 

For all  cases  studied in  this  thesis  the geometry is  always cut just  in  a two-dimensional way. This 

simplifies the way velocities are obtained by interpolations a lot. Cuts are always performed in the x-y-

plane and “extruded” in z-direction. This way it is possible to use a rather easy scheme to obtain the u- 

and v-velocities. It is just the velocity of the next cell and the velocity at the wall (equal to zero normally) 

that are needed and the velocity profile in between these two known points is assumed to be linear. For 

obtaining a u-velocity one uses either the u-velocity to the north or the south (depending on which one 

was calculated) for interpolation, for v-velocities either the one in west or east-direction. The position the 

velocity is obtained is at the center of faces of pressure cells. Since the geometry is only cut in x- and y-

direction, the velocities all remain in the same z-plane. The interpolation scheme for these velocities can 

be seen in figures 3.15 and 3.16. 

Figure 3.15: Obtaining missing u-velocities by linear interpolations
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Figure 3.16: Obtaining missing v-velocities by linear interpolations

As an example for how the method is used to obtain missing velocities by interpolations the way US is 

obtained in figure 3.15 is explained. Therefore one uses UC and the velocity at the wall (0 m/s). Knowing 

the distance between UC and the wall, Δk, plus the distance between the wall and the desired position of 

US, Δh, one can then easily calculate US:

U S=
U C

k
⋅h

The same is done for example to obtain VE in figure 16 using VC (VE=(VC/Δk)*Δh).

For the w-velocities the interpolations aren't as straightforward. Again, missing w-velocities are obtained 

from the surrounding velocities by linear interpolation and calculated at the center of the faces of pressure 

cells (center of gravity). To do so all surrounding velocities in the same x-y-plane that are available (in 

principle up to  8)  are used to  perform the interpolation step.  The interpolation is  done in  1D.  The 

velocities are said to be a (linear) function of the distance from the wall. However, if there is more than 

one point available, the system of equations defining the line is overdetermined. In this case a linear 

regression with a fixed value for the case of zero wall distance (w=0m/s) is used to obtain the inclination 

of the line. The method used to get slope γ from the knowledge on the surrounding velocities, Wi, and 
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their distance from the wall, Δki, is called “Total Least Square Method” [30]:

=∑
i=1

N  k i⋅W i

k i
2  using Δki  (distance from the wall) and velocity Wi for all points i available

With the slope S and knowing the distance between the point where w is intended to be calculated (point 

WC in figure 3.17) and the wall, Δh, one can easily calculate this velocity:

W C=⋅h

An additional approach that was tested is to use velocity extrapolations for cut cells. Thereby the velocity 

gradient of a cut cell (with the center in the fluid part of the domain) with respect to the wall was used to 

calculate the velocity at the center of the cell faces of the pressure cells by extrapolation. This procedure 

was used together with the interpolations described above, but showed to be a much less stable procedure 

in real-world applications since the velocity isn't bound in this procedure (in contrast to the velocity 

interpolations). The procedure is outlined in figure 3.19. For example, to calculate the  u velocity for the 

case of a cut cell with a solid cell to the south and a distance of  Δh to the wall in that direction the 

velocity is corrected using the following formula:

UC , new=
U C

 h
⋅ k

One can clearly see that this procedure is very closely related to the interpolations of u and v velocities as 

described above. Even though the procedure looked very promising in the beginning (good results for 

tests with the inclined 2D channel) it was decided not to further use this method due to problems with 

stability.
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Figure 3.17: Obtaining missing w-velocities by linear interpolations (part 1)

Figure 3.18: Obtaining missing w-velocities by linear interpolations (part 2)
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Figure 3.19: Correcting the u velocity by extrapolation (not further used in PSI-BOIL)

3.6 Conclusions  

The new procedure for calculating the pressure that is presented in section 3.1 has proven to be very 

promising and was chosen for the implementation in PSI-BOIL. For the viscous forces no significant 

benefits could be achieved using the procedure by Kirkpatrick et al. and since this procedure is connected 

to some further, severe complications (non-orthogonality of gradients), it was decided to stick to the old 

model as it is implemented in PSI-BOIL right now. However, the new procedure for the computation of 

pressure made it necessary to use an interpolation scheme to calculate velocities at faces between two 

pressure cells, for which the center lies in the solid part of the domain. This new velocity field is then 

used to calculate the right hand side of the pressure Poisson equation. A similar approach was tested to 

change the position of velocities of cut cells (that with the center inside the fluid part of the domain) to 

have the velocities at the center of the faces of pressure cells. However, for stability reasons this part of 

the approach was not further investigated.

51



4. Implementation of the Changes in PSI-BOIL and Validation  

The changes mentioned in part 3 were implemented in PSI-BOIL to improve the existing method in PSI-

BOIL (new pressure discretization plus velocity interpolations). As the first step of validation, the tests of 

part 2 were repeated to check the applicability of the new procedure in PSI-BOIL.

The new procedure of PSI-BOIL was then used to compute a simple laminar case. The flow around a 

confined cylinder was chosen as a benchmark since this case was already excessively studied by Ničeno 

et al.  (see section 4.2). For further validation the more complex,  highly turbulent case of fluid flow 

through staggered tube bundles was computed in 4.3.

4.1Implementation and Testing  

4.1.1 New Pressure Discretization  

As mentioned in chapter 3 the old pressure discretization in PSI-BOIL just calculated the pressure in cut 

cells if the center of those cells are part of the fluid domain. With the new pressure discretization the 

pressure is also computed for cut cells with a center that lies in the solid part of the domain (as long as 

part of the cell is in the fluid part of the domain).

As a test again a 2D channel was considered and the equation ∂2p/(∂xi
 ∂xi

 ) = f was solved where f is set to 

zero everywhere in the domain but in the first and last row of cells. There it is set to 1.0E-5 and -1.0E-5 

times the volume of the cell (if the cell center is located inside the channel). Geometry and grid of the 

case are identical to the one from section 3.1. The resulting pressure field for the old and the new pressure 

discretization are shown (for comparison) in figures 4.1 and 4.2.
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Figure 4.1: Pressure field computed in PSI-BOIL using the old pressure discretization

Figure 4.2: Pressure field computed in PSI-BOIL using the new pressure discretization
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One can see hardly any difference in the resulting pressure field. Both pressure fields look as expected. 

The pressure decreases linearly from the right to the left end of the domain forming isolines that are 

orthogonal  to  the  channel  walls.  However,  the  velocity  fields  resulting  from the  projection  of  the 

computed pressure fields show quite some difference. One would expect that the resulting velocities are 

constant at every point of the domain. The new discretization seems to yield considerably better results 

(especially close to the immersed body) and therefore appears promising for future calculations. The 

results for the velocity fields are shown in the figures 4.3 to 4.6.

Figure 4.3: u velocity  field computed in PSI-BOIL using the old pressure discretization
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Figure 4.4: u velocity  field computed in PSI-BOIL using the new pressure discretization

Figure 4.5: v velocity  field computed in PSI-BOIL using the old pressure discretization

55



Figure 4.6: v velocity  field computed in PSI-BOIL using the new pressure discretization

4.1.2 Velocity Interpolations  

As shown in 3.4 an improvement of the results couldn't be achieved by changing the discretization of the 

diffusive  fluxes.  Therefore  it  was  decided  just  to  implement  the  interpolations  (and extrapolations) 

described in section 3.5.

To study the improvements in the computation of the diffusive fluxes achieved by extrapolating velocities 

of cut cells to the center of the faces of the pressure cells the case of channel flow with a parabolic 

velocity profile was studied as in 3.4.3. In the whole domain the source terms for the Navier Stokes 

equations (reduced to the Poisson equations for the viscous fluxes) were set to:

f x=cos⋅K⋅dV for the u velocity (dV: fluid volume of the cell)

f y=sin⋅K⋅dV for the v velocity
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The resulting parabolic velocity fields (looking as shown in figure 3.10) were then used to calculate the 

right hand side of the pressure Poisson equation. At this stage the old discretization for pressure as 

implemented in PSI-BOIL was used, once without and once with extrapolating the velocities to the center 

of the faces of the pressure cells. The resulting pressure fields can't be distinguished with the bare eye, 

qualitatively they look the same as in figure 4.1. However, by using the obtained pressure field to project 

the velocities one could see slight differences in the results.  The resulting velocity fields were more 

homogenous in  case the extrapolation of  velocities  were used.  This is  shown in an exemplary way 

comparing the u velocity fields in figures 4.7 and 4.8.

However, this change wasn't used for further calculations with PSI-BOIL, since extrapolations proved to 

be highly unstable in certain realistic applications, since the velocities aren't bound. The part that was 

used for the further calculations are the velocity interpolations described in chapter 3.5 and tested in 

4.1.3.

Figure 4.7: u velocity  field computed in PSI-BOIL without any velocity interpolations
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Figure 4.8: u velocity  field computed in PSI-BOIL using velocity interpolations

4.1.3 Combined Procedure  

The same test  from 4.1.2  was  repeated,  but  this  time using the  new discretization  for  pressure  as 

described in  3.1.  In  this  case additional  velocity  interpolations  are  necessary in  order  to  obtain  the 

velocities on all the faces of small pressure cut cells (remember: velocities are only solved for if the 

center  of   the cell  is  in  the fluid part  of  the domain,  whereas  the pressure in  a cut  cell  is  always 

computed). Like this the new procedure can be compared directly with the existing implementation of the 

IBM in PSI-BOIL. 

The same procedure is performed as in 4.1.2: The Poisson equations for the diffusive fluxes were solved 

for a constant right hand side resulting in a parabolic velocity profile. This velocity profile is used to 

calculate the right hand side of the pressure Poisson equation (after interpolating the velocities of the cut 

cells in case of the new pressure discretization). After solving the pressure Poisson equation the pressure 

field is used to project the velocities. These are then compared in order to judge the performance of the 

different versions of the IBM. The results of this test are shown in the figures 4.9 to 4.11 (the result of the 

58



u velocity using the old procedure implemented in PSI-BOIL is shown in figure 4.7).

Figure 4.9: u velocity  field computed in PSI-BOIL using the new procedure

Figure 4.10: v velocity  field computed in PSI-BOIL using the old procedure
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Figure 4.11: v velocity  field computed in PSI-BOIL using the new procedure

One can see clearly in this case that the new procedure is superior to the state-of-the-art implementation 

in PSI-BOIL and therefore a promising candidate for further study.

4.2 Validation of the New Procedure Against a Simple Laminar Case  

For  a  further  validation  of  the  new procedure  the flow over  a  circular  cylinder  is  computed.  This 

benchmark is proposed in [31] and was already studied with the original implementation of the IBM in 

PSI-BOIL [18]. The case is two dimensional, isothermal and features a low Reynolds number (Re=100). 

The geometry of the case is depicted in figure 4.12. It consists of a 2D channel with an inlet and an outlet 

and has wall boundary conditions in y direction. In z direction periodic boundary conditions are used. As 

in the benchmark on 2D channel flow (see section 2) all constants and variables are again given without 

any units. The geometrical parameters depicted in figure 4.12 are chosen to have the following values (in 

accordance with [31]):
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L= 2.2

W= H/2

H= 0.41

h= 0.2

D= 0.1 (diameter of the cylinder)

Figure 4.12: Geometry of the laminar test case (flow around cylinder) [15]

At the inlet a parabolic velocity profile is specified. It is described by the equation:

u=4⋅U m⋅y⋅H− y /H 2 with U m=1.5

The cylinder isn't located in the very center of the channel, but is shifted slightly towards the lower wall. 

This leads to a flow instability and results in oscillations of the flow. The resulting Strouhal number can 

then  be  compared  with  benchmark  data  in  order  to  check  the  accuracy  of  the  numerical  method 

employed. The Strouhal number is a dimensionless number that describes the periodicity of the flow 

oscillations. It is defined in the following way:

St= f⋅D
u

with u=
2
3
⋅U m

In this formula f stands for the frequency of the flow oscillation, D is the diameter of the cylinder and u is 

the mean flow velocity in the channel. With these parameters, and a dynamic viscosity μ of 0.001, source 
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[31] predicts the Strouhal number to be between 0.295 and 0.305.

The simulation in PSI-BOIL was performed on a rather coarse mesh consisting of 65536 cells (128 x 64 x 

8). In y and in z direction equidistant meshing was used. In x direction (the main flow direction) the mesh 

consists of two parts. The first part around the cylinder is equidistant and has the same resolution as in y 

direction. Mesh two starts with the same mesh resolution as mesh one but gets coarser in positive x 

direction. The mesh is shown in figure 4.13.

Figure 4.13: Mesh used of the computation of the laminar test case (flow over cylinder) [15]

The calculations were performed for 10000 time steps with a time step size of 8.0*10E-4 (meaning a 

maximum CFL number  of  around  0.27).  Results  were  obtained  using  both,  the  old  and  the  new 

implementation of the immersed boundary method in PSI-BOIL to better judge the performance of the 

modifications.

For computing the frequency of the oscillations a monitoring point was placed in a cell in a moderate 

distance  behind  the  cylinder.  By recording the  v  velocity  in  this  point  one  can  easily  observe  the 

oscillatory behavior of the flow. In figure 4.14 one can see the oscillations of the v velocity in the 

monitoring point as a function of time. Results are shown both with the old and with the new version of 

the IBM implemented in PSI-BOIL.
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Figure 4.14: Flow oscillations (blue: old implementation, red: new implementation)

One can see in figure 4.14 that the flow oscillations have a slightly higher frequency when using the new 

implementation of the IBM. For obtaining the frequency of the flow the results of the monitoring point 

starting from 4000 time steps are used. The difference is rather small though. The values of the obtained 

Strouhal numbers are presented in table 4.1 and compared with the benchmark results.

Benchmark [31] PSI-BOIL (old IBM) PSI-BOIL (new IBM)

Strouhal number 0.295 – 0.305 0.2311 0.2341
Table 4.1: Results of the flow past a circular cylinder (@ Re = 100)

One can see that the Strouhal number is significantly lower than the one obtained in the benchmark. This, 

however, doesn't necessarily mean that the IBM methods implemented in PSI-BOIL is unsatisfactory. The 

correct  prediction  of  the  Strouhal  number  is  rather  cumbersome and  depends  on  a  lot  of  different 

parameters. Especially, the numerical methods employed are deciding for the Strouhal number of the 

results (spacial and time discretization). It could be shown in [18] that even the old implementation of the 

IBM in PSI-BOIL could predict the Strouhal number reasonably well. Also the flow profiles presented in 
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figure 4.15 and  4.16 look reasonable. These depict the u velocity after 10000 time steps using the old 

(figure 4.15) and the new (figure 4.16) implementation of the IBM in PSI-BOIL (only the part using 

equidistant meshing is shown). One has to bear in mind that these figures depict different stages of the 

flow cycle, so they're not directly comparable. However, in none of the two pictures unphysical flow 

structures can be identified. 

Figure 4.15: u velocity for the flow around a cylinder using the old version of the IBM

64



Figure 4.16: u velocity for the flow around a cylinder using the new version of the IBM

4.3Validation of the New Procedure Against a Turbulent Test Case  

As a further test case the turbulent flow trough staggered tube bundles was chosen. It consists of several 

layers of tube bundles that are in a staggered configuration. Fluid flows cross these layers of tubes. The 

fluid flow is isothermal and highly turbulent with Reynolds numbers (based on tube diameter) of around 

18000. Experimental data for this case was recorded by Simonin and Barcouda [32] and is available 

online in the ERCOFTAC database [33]. This case was studied extensively by Rollet-Miet et al. [34][35] 

using  the  finite  element  method  with  LES  on  unstructured  grids  and  rather  good  agreement  with 

experimental data could be achieved. 

The experimental setup is shown in figure 4.17. The average velocity V0 in figure 4.17 is equal to 1.06 

m/s. The experimental setup is rather big, however, it is sufficient to calculate the flow only in a small, 

representative subsection. The chosen subsection is the same as in the study [34] and consists of a central 

tube and four quarter tubes in the corners of the computational domain. In z direction a thickness of the 
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domain of D was chosen in accordance with [34].  This is  said to be sufficient to capture the three 

dimensional, turbulent flow structures.  The computational domain is shown in figure 4.18. As a spacial 

resolution 192 cells in x and y and 96 in z direction were chosen.

Figure 4.17: Experimental setup of the turbulent test case [34]
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Figure 4.18: Computational domain of the turbulent test case [34]

For this turbulent test case a scale resolving simulation employing LES was performed using the WALE 

model to account for the sub-grid scale motions with the standard value for the WALE constant (0.1). The 

whole simulation is slightly under-resolved in the near-wall region (y+
max ≈ 5). Nevertheless it was chosen 

not to further refine the grid (too high computational costs) and the Werner and Wengle wall function 

wasn't used either (not suitable for flows with detachment from round edges).

To ensure a constant mass flux through the domain that is equal to the one given by the initial velocity 

V0, the body force approach is used. This is necessary because of the use of periodic boundary conditions 

in all directions, so there is no inlet and no outlet. The mass flux is calculated across a certain y-z-plane 

of the domain and depending on the achieved flux a volumetric momentum source is applied to the fluid 

in order to maintain the desired mass flux. This body force is determined using the following formula:

∂ p
∂ x

=
Qref−Qn−1

 t
with Qref =1060 kg

m2⋅s

Here Qn-1 is the mass flux at the old time step, Qref is the desired mass flux corresponding to the average 

velocity V0 of 1.06 m/s and Δt is the time step (1.0E-5 s). In order to achieve the desired Reynolds 

number the density is set to 1000 kg/m3 and the dynamic viscosity is 0.0012779 Pa s. In order to get 

better  convergence and to  prevent  numerical  errors  the  Reynolds  number  is  gradually  increased  by 

starting from a much higher viscosity and slowly approaching the real value.

Nevertheless, even with this cautious approach, above a certain Reynolds number numerical instabilities 

can be observed, that get more and more pronounced the higher the Reynolds numbers get. In the laminar 

region with a Reynolds number of about 180 no instabilities at all are present. In figure 4.19 one sees the 

profile of the v velocity at this Reynolds number. At higher Reynolds numbers these instabilities evolve 

and can be seen even with bare eyes. In figure 4.20 one sees the numerical instabilities in the v velocity 

profile after some 1000 time steps at a Reynolds number of 12000.

It was found that the numerical instabilities could be suppressed by using the SUPERBEE convection 

scheme instead  of  the  central  scheme.  Unfortunately  it  was  shown by Ferziger  and  others  that  all 

convection schemes but the central scheme are too diffusive to be used in LES computations (numerical 

diffusivity  is  bigger  than  subgrid-scale  diffusivity).  Therefore  SUPERBEE isn't  an  option  for  LES 

computations.
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Figure 4.19: Steady-state v velocity profile for Re = 18

Figure 4.20: Numerical instabilities in the v velocity profile for Re = 12000
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As a  compromise a  calculation  was  performed using the SUPERBEE scheme in  the layer  of  cells 

adjacent to the immersed body and the central scheme in the rest of the domain. To guarantee additional 

stability the Reynolds number was decreased to 12500. This can be done without any problems because it 

was  shown by Rollet-Miet  et  al.  that  the  flow field  is  not  very  sensitive  to  the  Reynolds  number 

(calculations presented in [34] and [35] were performed at Re=7200). This combination proved to be 

stable and computations were launched with it for 120000 time steps and later averaged between 20000 

and 120000 time steps. 

The resulting averaged flow fields are shown in figures 4.21 and 4.22. In the figures 4.23 and 4.24 the 

mean Reynolds stresses u'u' and v'v' are depicted. All quantities are averaged using the mean velocity in 

X direction, V0 (=1.06 m/s).

Figure 4.21: Normalized mean flow field – U velocity component
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Figure 4.22: Normalized mean flow field – V velocity component

Figure 4.23: Normalized mean Reynolds stresses – u'u' component
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Figure 4.24: Normalized mean Reynolds stresses – v'v' component

Experimental data by Simonin and Barcouda [33] are available for several mean flow quantities (mean 

velocity and mean Reynolds stresses). These flow quantities were  always measured along a specific line 

in the flow geometry, which makes it easier to compare the computational results with the experimental 

findings. The lines of the different measurement series are marked in figure 4.25.

The quadrant depicted in 4.25 is the smallest subsection to which the geometry could be reduced. The 

other quadrants in the computational domain are expected to have an identical mean flow field (after 

appropriate mirroring operations). The way the data is given it corresponds to the upper right or lower left 

quadrant of the computational flow domain. 
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Figure 4.25: Lines for the measurements in the experiment of Simonin and Barcouda [34] 

In figures 4.26 to 4.50 the mean flow quantities are plotted along the lines of the experiments to compare 

experimental with computational results. After normalization of the results it was found in the plots that 

the the computational values are too low by some factor. For this fact no reasonable explanation could be 

found, but the same problem is also reported in [34]. Therefore it seems possible and likely that the 

experimental results were normalized in a wrong way. To still  be able to compare experimental and 

computational results all computational results were multiplied by a factor to have them matching the 

experimental values as close as possible. To determine this ideal factor the CFD results presented in 

figure 4.33 (mean U velocity @ X=11mm) were chosen for optimization and the factor was manipulated 

in order to generate the best fitting curve. This factor was then used to correct all other results as well.
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It was found that the experimental and computational results match reasonably well. Especially for the 

mean velocities the discrepancies are minor and probably in the range of the measurement error bars of 

the experimental values (note e.g. the large fluctuations of the v-velocity component in figure 4.29). The 

difference between CFD and experimental results are bigger for the mean stresses, but still they match 

pretty well with the measurement data. In all cases the general trends of the profiles could be captured 

and when comparing the results with the findings of Rollet-Miet et al. in [34] and [35] one sees that the 

computational  results  obtained  with  PSI-BOIL are  almost  identical  with  the  ones  reported  in  the 

literature.  Since the near-wall resolution significantly higher in [34] and [35] and still the results are 

almost  identical  with  the  ones  obtained  with  PSI-BOIL,  it  is  therefore  expected  that  even  further 

refinement of the grid wouldn't change the results significantly. In 4.28 one can see the instantaneous u 

velocity field in the tube bundle (red: 2.5 m/s, blue: -0.5 m/s). One can clearly see how the turbulent 

structures are produced in the wake of the tubes and how fine-grained these structures are.

Figure 4.26: Instantaneous u velocity field – visualization of turbulent structures 
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Figures 4.27 - 4.31: Profiles of mean flow quantities @ X = 0 mm
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Figures 4.32 - 4.36: Profiles of mean flow quantities @ X = 11 mm
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Figures 4.37 - 4.41: Profiles of mean flow quantities @ X = 16.5 mm
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Figures 4.42 – 4.46: Profiles of mean flow quantities @ Y= 0 mm
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Figure 4.47 - 4.51: Profiles of mean flow quantities @ Y = 22.5 mm
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4.4 Conclusions  

– The new discretization presented in chapter 3 was successfully implemented in PSI-BOIL and 

tested on the same test case (inclined 2D channel).

– The results  obtained  for  this  test  case with  PSI-BOIL are  identical  to  the findings  with  the 

MATLAB program discussed in chapter 3.

– The new scheme was then used for a more complex, but still laminar test case. The flow over a 

cylinder was chosen for this purpose because it was already studied with the old version of the 

IBM in PSI-BOIL.

– Comparing the results of this case obtained with the old and the new version of PSI-BOIL, it was 

found that  the results  are almost identical  for this  case.  The results  produced using the new 

discretization are slightly closer to the benchmark data.

– For  further  validation  a  challenging,  highly  turbulent  test  case  (transverse  flow  through  a 

staggered rod bundle), was performed using the new implementation of the IBM in PSI-BOIL.

– It was found that in this case it is very hard to prevent that numerical instabilities develop and 

spread in the flow domain. It was found that these instabilities could be avoided by using the 

more diffusive SUPERBEE scheme for the convective fluxes instead of the central scheme.

– However, only the central scheme is suitable for performing LES computations. The numerical 

diffusivity of the SUPERBEE scheme would be bigger than the SGS turbulent viscosity.

– It was decided to use the SUPERBEE scheme in the first layers of cells close to the wall and the 

central scheme in the bulk of the fluid. Such a strategy gave stable results.

– Comparing the time-averaged results using this combination with experimental findings, it could 

be shown that CFD and experimental results agree reasonably well.

– It  was  decided  that  the  new  IBM  method  should  be  used  for  further  calculations  of  the 

SUBFLOW case.
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5. Computation of Single-Phase Mixing in the SUBFLOW Facility  

As a final step in this thesis PSI-BOIL (with the altered IBM presented in section 3 and 4) is used to 

calculate the single-phase mixing of salt tracer in fuel rod-bundles. Therefore experimental data from the 

SUBFLOW test facility is used for comparison. More details on SUBLOW can be found in chapter 1.4.

As mentioned in 1.4 the tests for single-phase mixing at SUBFLOW were performed with different bulk 

velocities. For the comparison with experimental results only the case with a bulk velocity of 0.3 m/s is 

considered (because of a lack of time to conduct more computations). Some basic ideas of the CFD 

calculations of the SUBFLOW case are presented in chapter 5.1. As a first step a study was made to 

determine the influence of the aspect ratio of the cells in the CFD calculations on the flow structures in 

the results. This study is shown in chapter 5.2. Using the results of this study a CFD calculation was 

launched  to  observe  the  mixing  and  the  results  were  compared  with  the  data  obtained  from  the 

experiments at SUBLOW. The results of this comparison can be seen in chapter 5.3. 

5.1Basic Considerations to the Computation of the SUBFLOW Case  

5.1.1 Solving the Species Conservation Equation in PSI-BOIL  

For being able to predict the spreading of a tracer in a fluid flow it is necessary to solve (additionally to 

the Navier-Stokes equations) the species conservation equation. The spreading of the tracer in the fluid is 

due to two mechanisms:

– Advection: The flow carries the tracer with it and therefore spreads it. This mechanism is by far 

the most important one (especially in turbulent flows).

– Diffusion: Concentration differences are the driving force for the diffusive transport of tracer. 

This mechanism, however, is negligible in turbulent flows.

If one uses LES instead of DNS an additional mechanism has to be considered. Because a part of the flow 

is unresolved. Therefore also part of the convective spreading of the tracer is not resolved. To still be able 

to describe this spreading due to the unresolved velocity fluctuations on the subgrid scale an additional 
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diffusive term is introduced and the mechanism is called “turbulent diffusion”. 

The final equation (in case of LES computations) thus has the following form:

∂
∂ t

 ∇⋅u=De
∇ 2  with De=DDt  and Dt=

t


1

Sct

In this equation Φ is the species concentration. This concentration could be in any unit, it also doesn't 

matter if this unit is dimensional or dimensionless. De is the effective diffusion coefficient (unit: [ m2 s-1]). 

This  effective  diffusion  coefficient  has  two  contributions.  The  first  one,  D,  is  the  mass  diffusion 

coefficient. It is a material property and depends on both, the tracer that is used and the carrier fluid. It is 

in the order of magnitude of 1.0E-10 m2 s-1 and thus negligible. The second contribution is the turbulent 

diffusion coefficient that is calculated using the turbulent viscosity μt (that is calculate by a SGS model) 

and the turbulent Schmidt number Sct. The turbulent Schmidt number is a dimensionless figure defined as 

Sct = μt/(ρ*Dt). It is assumed to be constant over the whole flow domain having a value of 0.7.

In the computations in this chapter, PSI-BOIL solves the species conservation equation at every time step 

after  the  projection  step.  Solving  the  species  conservation  equation  using  the  velocity  profiles 

corresponds to a pure one-way coupling. The influence of the diffusion of the tracer on the fluid flow isn't 

modeled.  For  turbulent  flow this  is  also  justified  since  the  effect  of  diffusion  on  the fluid  flow is 

negligible. It wouldn't be negligible, however, in case of diffusion with high concentration gradients in 

stagnant fluid.

An additional difficulty arises when the species conservation equation is solved using the IBM. It was 

chosen to just solve the species conservation equation for cells that have the center located in the fluid 

part of the domain. This assumption slightly reduces the accuracy of the results, but has the big advantage 

that problems with the concentration gradients not being normal to the cell surfaces can the avoided. As 

for the Navier-Stokes equations, PSI-BOIL solves the species conservation equation using the Crank-

Nichelson scheme for the diffusive term and the Adam-Bashforth scheme for the convective term. For the 

spatial discretization the SUPERBEE scheme is used for the convective term (Navier-Stokes equations: 

central scheme for LES) and the central set for the diffusive term.
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5.1.2 Solving the SUBFLOW Case in PSI-BOIL  

As the first step towards the computation of mixing in the SUBFLOW facility, the flow structures in 

SUBFLOW were studied. For this purpose a much shorter version of the SUBFLOW geometry was 

created to study the flow with periodic boundary conditions. A domain was created that is as long in z-

direction (main flow direction) as it is in x- and y-direction. This domain can be seen in figure 5.1. 

Figure 5.1: SUBFLOW geometry as imported for CFD calculations in PSI-BOIL

To asses whether a DNS is feasible for the case the Reynolds number dependence of the ratio between 

integral length scale of turbulence L (in the order of magnitude of the geometry) and the Kolmogorov 

length scale η (smallest scale of turbulent motion) [25] is taken into consideration:

L

=Re3 /4

For the case considered for our CFD calculations (bulk velocity: 0.3 m/s) the Reynolds number is around 

8800 (based on the hydraulic diameter of SUBFLOW). Assuming that the integral turbulent length scale 

is in the order of magnitude of a fuel rod diameter (D = 25 mm), one expects the Kolmogorov length 

scale to be in the order of magnitude of 0.03 mm. Having an extension of the domain of 0.136 m in every 

direction and stating that the spacing should be approximately the size of the smallest eddies for a DNS 

this means that the grid spacing should be not bigger than 0.03 mm corresponding to more than 4500 
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cells in each direction and a total of around 9*1010 cells.

This number clearly is unfeasibly high and therefore the case can't be calculated in a DNS. Instead, it was 

again a LES that was chosen as the way to calculate the turbulent flow structures. Like in the case of 

Simonin and Barcouda [32][33] the WALE model with the standard value of the WALE constant (0.1) 

was used. The results of this first calculations are presented in chapter 5.2.

The resulting fully developed, turbulent flow field was thought to be used for initialization and as an inlet 

boundary conditions  for  the  single-phase,  mixing case.  However,  calculating the whole SUBFLOW 

geometry is linked to some problems:

– The inlet boundary conditions of SUBFLOW aren't known. Because only a very short segment is 

provided  upstream  of  the  lowest  injection  point  (~200  mm  upstream  of  point  10),  it  is 

questionable if the flow is already fully developed by there. The higher the injection point the 

higher also the probability that the flow is fully developed at that point. For pipe flow it is found 

that  the length  that  has  to  be provided to  obtain  a  fully  developed flow is  calculated  using 

4.4*Re1/6*D [20]. Applying this formula to SUBFLOW (using the hydraulic diameter for D – 30.3 

mm) this  would mean that a segment with a length of at  least  600 mm should be provided 

upstream of the first injection point. Such a segment is provided for injection points 1 to 8.

– There are additional parts in the geometry that might have a considerable influence on the flow 

behavior. This is first of all a support spacer that is in the center of the geometry 0.9 m below the 

wire mesh sensor (see figure 1.6). It was also shown in [3] that the metal hoses that supply the 

tracer liquid have an influence on the mixing in the subchannel.

These facts (probably different velocity profiles for different injection points, plus additional parts in the 

geometry with influence on the flow behavior) indicate that it would be probably necessary to calculate 

the full geometry with all additional geometry parts to obtain a good agreement between experimental 

and CFD results. This, however, also means that it would be necessary to start a new simulation for every 

injection point. This would lead to an explosion in the need for computational resources that is unfeasible 

for the time-frame we had at our disposal. Therefore some ideas were considered to reduce the costs as 

much as possible.
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A first decision that was taken was to neglect the influence of the additional geometry parts. So, the metal 

hoses and the support spacer were not taken into consideration. Also, it was assumed that for all injection 

points  the flow is  already fully  developed.  This  (most  probably)  is  not  the case,  but  simplifies  the 

calculations a lot. It is also seems like the smartest assumption since no information is available for the 

velocity profiles at the injection points. These two simplifications already reduce the computational costs 

by one order of magnitude, because it allows to perform only one run for one single injection point and to 

analyze the flow field and the concentration profiles at different planes to compare with experimental 

results from different injection points.

The second decision that was taken in order to reduce the computational time is based on the fact that 

solving the species conservation equation is very cheap when compared to solving the pressure Poisson 

equation. Therefore it was thought that it might be a smart decision to compute the velocity field on a 

much  shorter,  periodic  domain  and  then  use  this  velocity  profile  on  the  big  domain  in  a  periodic 

sequence. E.g.,  let's assume that the SUBFLOW domain is three times as long as the periodic, short 

domain on which the the Navier-Stokes equation was solved. Then the velocity profile is used three 

times, always starting over again at the end of one velocity profile.

Since this procedure would imply calculating on two domains simultaneously it was chosen to instead 

use the short, periodic domain for all computations. However, solving the species conservation equation 

on a periodic domain carries one big problem with it: as soon as the tracer leaves the domain and enters it 

again, it also mixes with the tracer from the original source, which would destroy the whole information 

on  the  mixing  process.  Therefore  a  rather  original  approach  was  chosen:  Instead  of  one  species 

conservation equation a whole lot of them are solved. Only the first equation has a source term from the 

injection (point source). The tracer is then transported by the velocity profile through the domain, leaves 

it at the top and reenters from the bottom. Then it has to be assured that no tracer enters the zone of the 

injection point. Five cells below the injection point the concentration of species conservation equation 1 

is set to zero. At the same level, a source is introduced in species conservation equation 2, and all tracer 

that  arrives  from equation  1  is  added  there  as  a  source  term  to  equation  2.  Like  this  13  species 

concentration equations are solved at every time step. The distance of five cells is chosen in order to 

assure that no tracer arrives from the top through diffusion against the main flow direction. This number 

is more than sufficient, because convection only occurs in positive z direction and diffusion is several 

orders of magnitude less important in turbulent flow than convection. Each layer of a concentration 

conservation equation is thus 130.7 mm thick compared to 136 mm height of the domain (with 128 cells 
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in z-direction, see chapter 5.2). In total 13 species conservation equations are solved, giving a total height 

of 1.7 m for which the spreading of the tracer is calculated.

The whole strategy for solving the SUBFLOW case is outlined in figure 5.2. Instead of solving the 

Navier-Stokes equations plus the species conservation equation on the full domain (as in 1) one wants to 

just solve the Navier-Stokes equation on a short domain with periodic BC's and reuse is several times for 

solving the species conservation equation (as in 2). Therefore one just uses the short domain for the 

whole computation and also solves the species conservation equation in this short domain. But not one, 

but several species conservation equations are solved. As soon as the tracer crosses the whole domain 

once it is transferred from one species conservation equation to the next (as can be seen in 3). So, the 

whole mixing process along the full height of the big domain (1.7 m) is computed in every time step on 

the much shorter domain (see 4).

Figure 5.2: Solving the SUBFLOW case on a short domain with periodic BC's

Using this strategy the computational costs can be further reduced by an additional order of magnitude. 

So, in total, by employing these simplifications and strategies the costs of the CFD calculations can be 

reduced by two orders of magnitude. It is only like this that it became feasible to solve the SUBFLOW 

case in the short time we had available.
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5.2 Resolving the flow structures in SUBFLOW  

As mentioned in 5.1, as a first step a cubic domain was created measuring 13.6 mm in each direction. In z 

direction periodic boundary conditions are used, plus once more the body force approach to maintain a 

bulk velocity of 0.3 m/s in axial direction. It could be shown in 5.1.2 that it is not feasible to perform a 

DNS of the flow in this geometry. Therefore it was decided to make a LES using the WALE model to 

compute the unresolved velocity fluctuationd. Based on  expert knowledge 256 cells were chosen both in 

x and in y direction. 

The chosen resolution in the x-y-plane, however, is not sufficient to resolve the whole boundary layer. 

Nevertheless  it  was  chosen  not  to  use  the  Werner  and  Wengle  wall  function  because  there  is  no 

experience with using it in a comparable case in PSI-BOIL with the IBM. The values of y+  are in an 

order of magnitude where this approach is still justifiable (~ 4).The mesh in the x-y-plane is shown for a 

single subchannel in figure 5.3. 

Figure 5.3: Mesh of one single subchannel of SUBFLOW in the x-y-plane

A first question that arose concerned the spacial resolution in z direction. It wasn't clear if it is necessary 

to use cubic cells, or if it possible to stretch cells in z direction without losing much accuracy.
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Therefore, as a first step a study was performed checking the sensitivity of the results on the aspect ratio 

of the cells. For this purpose calculations were launched with 32, 64, 128 and 256 cells in axial direction, 

corresponding to aspect ratios of 8, 4, 2 and 1. A time step of 0.1 ms was used for all computations, 

corresponding to a maximum CFL number of 0.2 on the finest grid.

Figure 5.4: Analyzing mean flow quantities in the x-y-plane of SUBFLOW

The results were averaged in time and z direction, and profiles of mean flow quantities were analyzed 

along the red line in figure 5.4. It was chosen to normalize the coordinate along this line: y=0 corresponds 

to a spot at the outer wall, whereas y=1 is in the center of the domain. In SUBFLOW there are in total 

seven more lines that are (from a symmetry point of view) equivalent to the red one. These are depicted 

in green in figure 5.4. For plotting the mean quantities an average of all eight lines was used.

In figure 5.5 one can see the evolution of the mean axial  velocity for different averaging intervals. 

Averaging in time was always performed for 5000 time steps (which proved to be sufficient) starting 

from step 20000. The same is done for the square root of the diagonal elements for the mean Reynolds 

stress tensor in figure 5.6. The results presented are for an aspect ratio of 1. The results are always 

normalized using the mean bulk velocity (0.3 m/s). 
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5.5: Evolution of the mean axial velocity along the red line as function of time

5.6: Evolution of the mean Reynolds stresses (diagonal elements) along the red line as function of time
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One can see that after 20000 time steps the flow is already fully developed. Therefore all cases (256, 128, 

64  and 32  cells  in  axial  direction)  were  averaged from step  20000 to  step  40000 and additionally 

averaged in z-direction.  The (normalized) profiles of the mean velocity in z-direction and the mean 

Reynolds stresses were then again compared along the red line of figure 5.4 and the results of this 

comparison are plotted in figures 5.7  and 5.8.

It can be seen that results are almost identical for aspect ratios of 1 and 2. For larger aspect ratios results 

start to differ significantly. This is especially visible when using only 32 cells in axial direction. Based on 

the results of this study it was chosen to use 128 cells in axial direction for calculating the mixing in the 

SUBFLOW facility.

Surprisingly a slight asymmetry can be observed in the mean flow profile. It was expected to find the 

same degree of symmetry in the mean flow field as in the geometry. This asymmetry in the mean flow 

field could be due to a too short physical time for averaging, but it could also be that these asymmetries 

are physical. In figure 5.9 one sees the velocity vectors in the x-y-plane together with a contour plot of 

the axial velocity component.

Figure 5.7: Normalized mean axial velocity for different resolutions in z direction
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Figure 5.8: Normalized mean (diagonal) Reynolds stresses for different resolutions in z direction

Figure 5.9: Asymmetries in the mean flow field of subchannel B3 (contour: W velocity) 
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5.3 Concentration Profiles in SUBFLOW  

5.3.1 Setup of the Simulation  

As described in 5.1.2 the the whole case is just performed on the short domain measuring 0.136m in each 

direction and with periodic boundary conditions in z direction. In x and in y direction 256 cells are used 

and in z direction 128, meaning the cells have an aspect ratio of 2. As mentioned before only the case 

with  a  bulk velocity  of  0.3  m/s  was  calculated  with  PSI-BOIL.  On this  domain  the Navier-Stokes 

equations are solved and (using the obtained velocities) 13 species conservation equations are solved as 

well. From these 13 species conservation equations only the first one has a direct, volumetric source term 

(injection of tracer as a point source).

The tracer was injected into the domain as a volumetric source term in the first species conservation 

equation in four cells in the center of subchannel B3 (see figure 5.10: IP = injection point). It wasn't 

bothered about the actual size of this source term because it was anyway planned to in the end compare 

normalized values (see 5.3.2). The injection of the tracer was started using a fully developed flow profile 

obtained from the calculations in section 5.2. The starting time step of the CFD calculations is 85000 and 

from this starting point a run is performed for another 80000 time steps. The time step was chosen to be 

0.2 ms for this calculation corresponding to a maximum CFL number of about 0.2.

After time step 110000 it was started with writing out concentration files every 100 steps for subsequent 

gathering of statistics. It was found that it is necessary to gather statistic for at least 15000 time steps to 

be able to judge whether the concentration profiles are fully developed or not. This check was performed 

at a height of 1.5 meters and along lines going from subchannel B4 to B1 and from subchannel A3 to D3 

(see figure 5.10). The mean value and the standard deviation of the tracer concentration at that height 

were plotted along the line to perform this check. The coordinate along this lines is normalized having a 

value of 0 at the wall in channel B4/A3 and reaching a value of 1 at the opposite wall of subchannel 

B1/D3. Because (proximate) symmetry is expected in the concentration profiles the average of the values 

of both lines is plotted. It has to be kept in mind that the values of the mean concentration and the 

standard deviation are plotted in a non-normalized form (not directly comparable with the experiments). 

The evolution of these quantities is depicted in figures 5.11 and 5.12.
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Figure 5.10: Nomenclature of the relevant rods and subchannels in SUBFLOW

 Figure 5.11: Evolution of the mean concentration profile 1.5m above the injection point (IP)
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 Figure 5.12: Evolution of the standard deviation of the concentration 1.5m above the injection point (IP)

It can be seen in figures 5.11 and 5.12 that the green and the black line are almost identical. Therefore it 

is assumed that after 120000 time steps that concentration profiles in the whole relevant domain are fully 

developed. The final averaging of the results was thus performed between time step 120000 and 155000, 

corresponding to an averaging over a physical time of 7 seconds (using results from every 100th time 

steps). 

5.3.2 Experimental vs. Computational Results for the SUBFLOW case  

As mentioned in 5.3.1 the results of the CFD calculations were averaged for 35000 time steps (using 

every 100th step).  Like this  standard deviation and mean value of the tracer concentration could be 

obtained for a height of up to 1.7 m above the injection point. The profiles of the mixing scalars (see 

section 1.3 for more details) were obtained by analyzing measurements obtained within a time frame of 

30 seconds (measurement frequency: 2.5 kHz) and using an averaging window of 10 measurements 
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(smooths out the profiles of the standard deviation). However, these results cannot be compared directly 

with  the  mixing  scalars  obtained  from  measurements  in  the  SUBFLOW  facility.  Comparison  is 

nevertheless quite straightforward since the mixing scalars from the SUBFLOW experiments and the 

concentration profiles from the CFD simulations basically contain the same information. For this purpose 

values were normalized in each measuring plane in a way that integrating the values over the plane would 

give the value 1. For a measuring plane at a specified axial position kref this is done in the following way:

K norm=∫
A

 dA≈∑
i=1

N

∑
j=1

M

i , j , k ref
⋅Ai , j  

and in a next step: =/K norm

In this formula Φ is either the mixing scalar from the experiments of the concentration from the CFD 

calculations and Ai,j is the area of a cell in the x-y-plane. For the CFD results the actual cell sizes are 

taken and for the measurements with the wire mesh sensors it is assumed that each measuring point 

corresponds to the value in the cell center of a cell that is as big as the wire pitch in x- and y-direction. 

Using these, a normalization constant Knorm is calculated and Φ is divided by this constant in order to 

achieve that the integral over Φ in the x-y-plane at a height of kref is equal to 1 for the experimental and 

the CFD results. 

However, it was found that the normalization of the mixing scalars (from experimental data) gave some 

unfeasible values of the normalization constants (too high values). This is due to the fact that some 

electrical background noise is always present. The mixing scalars calculated from the current due to 

electrical noise have to be distinguished from those that are obtained due to an increase in conductivity 

caused by the presence of tracer salt. Therefore a threshold value was introduced. Above this value all 

mixing scalars are said to be  due to the presence of tracer, below it the mixing scalars are attributed to 

electrical noise. A threshold of 1.0E-5 for the mixing scalars proved to be a sound choice. 

In the figure 5.15 to 5.74 one can see the obtained profiles of (normalized) mean concentration and 

standard deviation for the different measurement planes (see table 1.1). Results are presented both as 

contour plots and as line plots. Since for the experiments it is not always the same subchannel that is used 

for injection,  the fuel rods are also named in order to facilitate comparison (see figure 5.10 for the 

nomenclature). The line plots always span three subchannels and go through the centers of these channels 
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(the channels are referred to in the legends of the plots). The normalized quantities were plotted against 

the coordinate of the line that was normalized as well.  It  was normalized so that the injection point 

(center of the central subchannel) corresponds to zero and the centers of the neighboring subchannels are 

at -1.0 and 1.0 (the center of the subchannel next to a wall is always at -1.0).

In figure 5.13 the degree of mixing is plotted as a function of distance from the injection point. As an 

indicator for the degree of mixing the fraction of tracer in the subchannel that it was injected into is used 

(high values close to 1.0 indicate a low degree of mixing, and vice versa). In the case of the experimental 

results, however, these values were found to be very depended on  the chosen threshold. In figure 5.13 

two different values for the threshold (TH) are used: 1.0e-5 (blue line) and 5.0e-5 (red line) and compared 

with the results from the CFD calculations (green line). The fraction of tracer in the central subchannel in 

which it was injected is plotted as solid line, the fraction of tracer in the other subchannels in plotted as 

dashed line (reminder: WMS = wire mesh sensor).

Figure 5.13: Fraction of tracer in the central subchannel where the injection took place (solid line) and 

the surrounding subchannels (dashed line) as function of distance form the injection point
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As a reminder the SUBFLOW facility is plotted together with the axial positions of the different injection 

points for the tracer in figure 5.14. One can also see in this figure into which subchannel the tracer is 

injected in the experiments conducted at SUBFLOW.

Figure 5.14: The different injection points and their position in the SUBFLOW facility
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Injection Point 1: Measurement 0.035 m above the injection point

Figure 5.15: Injection Point 1 – Experimental Results – Mean Concentration

Figure 5.16: Injection Point 1 – Computational Results – Mean Concentration
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Injection Point 1: Measurement 0.035 m above the injection point

Figure 5.17: Injection Point 1 – Experimental Results – Standard Deviation

Figure 5.18: Injection Point 1 – Computational Results – Standard Deviation
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Injection Point 1: Measurement 0.035 m above the injection point

Figure 5.19: Injection Point 1 – Mean Concentration – Experimental vs. Computational Results

Figure 5.20: Injection Point 1 – Standard Deviation – Experimental vs. Computational Results
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Injection Point 2: Measurement 0.070 m above the injection point

Figure 5.21: Injection Point 2 – Experimental Results – Mean Concentration

Figure 5.22: Injection Point 2 – Computational Results – Mean Concentration
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Injection Point 2: Measurement 0.070 m above the injection point

Figure 5.23: Injection Point 2 – Experimental Results – Standard Deviation

Figure 5.24: Injection Point 2 – Computational Results – Standard Deviation
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Injection Point 2: Measurement 0.070 m above the injection point

Figure 5.25: Injection Point 2 – Mean Concentration – Experimental vs. Computational Results

Figure 5.26: Injection Point 2 – Standard Deviation – Experimental vs. Computational Results
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Injection Point 3: Measurement 0.140 m above the injection point

Figure 5.27: Injection Point 3 – Experimental Results – Mean Concentration

Figure 5.28: Injection Point 3 – Computational Results – Mean Concentration
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Injection Point 3: Measurement 0.140 m above the injection point

Figure 5.29: Injection Point 3 – Experimental Results – Standard Deviation

Figure 5.30: Injection Point 3 – Experimental Results – Standard Deviation
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Injection Point 3: Measurement 0.140 m above the injection point

Figure 5.31: Injection Point 3 – Mean Concentration – Experimental vs. Computational Results

Figure 5.32: Injection Point 3 – Standard Deviation – Experimental vs. Computational Results
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Injection Point 4: Measurement 0.245 m above the injection point

Figure 5.33: Injection Point 4 – Experimental Results – Mean Concentration

Figure 5.34: Injection Point 4 – Computational Results – Mean Concentration
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Injection Point 4: Measurement 0.245 m above the injection point

Figure 5.35: Injection Point 4 – Experimental Results – Standard Deviation

Figure 5.36: Injection Point 4 – Computational Results – Standard Deviation
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Injection Point 4: Measurement 0.245 m above the injection point

Figure 5.37: Injection Point 4 – Mean Concentration – Experimental vs. Computational Results

Figure 5.38: Injection Point 4 – Standard Deviation – Experimental vs. Computational Results
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Injection Point 5: Measurement 0.385 m above the injection point

Figure 5.39: Injection Point 5 – Experimental Results – Mean Concentration

Figure 5.40: Injection Point 5 – Computational Results – Mean Concentration
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Injection Point 5: Measurement 0.385 m above the injection point

Figure 5.41: Injection Point 5 – Experimental Results – Standard Deviation

Figure 5.42: Injection Point 5 – Computational Results – Standard Deviation
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Injection Point 5: Measurement 0.385 m above the injection point

Figure 5.43: Injection Point 5 – Mean Concentration – Experimental vs. Computational Results

Figure 5.44: Injection Point 5 – Standard Deviation – Experimental vs. Computational Results
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Injection Point 6: Measurement 0.560 m above the injection point

Figure 5.45: Injection Point 6 – Experimental Results – Mean Concentration

Figure 5.46: Injection Point 6 – Computational Results – Mean Concentration
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Injection Point 6: Measurement 0.560 m above the injection point

Figure 5.47: Injection Point 6 – Experimental Results – Standard Deviation

Figure 5.48: Injection Point 6 – Computational Results – Standard Deviation
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Injection Point 6: Measurement 0.560 m above the injection point

Figure 5.49: Injection Point 6 – Mean Concentration – Experimental vs. Computational Results

Figure 5.50: Injection Point 6 – Mean Concentration – Experimental vs. Computational Results
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Injection Point 7: Measurement 0.770 m above the injection point

Figure 5.51: Injection Point 7 – Experimental Results – Mean Concentration

Figure 5.52: Injection Point 7 – Computational Results – Mean Concentration
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Injection Point 7: Measurement 0.770 m above the injection point

Figure 5.53: Injection Point 7 – Experimental Results – Standard Deviation

Figure 5.54: Injection Point 7 – Computational Results – Standard Deviation
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Injection Point 7: Measurement 0.770 m above the injection point

Figure 5.55: Injection Point 7 – Mean Concentration – Experimental vs. Computational Results

Figure 5.56: Injection Point 7 – Mean Concentration – Experimental vs. Computational Results
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Injection Point 8: Measurement 1.015 m above the injection point

Figure 5.57: Injection Point 8 – Experimental Results – Mean Concentration

Figure 5.58: Injection Point 8 – Computational Results – Mean Concentration
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Injection Point 8: Measurement 1.015 m above the injection point

Figure 5.59: Injection Point 8 – Experimental Results – Standard Deviation

Figure 5.60: Injection Point 8 – Computational Results – Standard Deviation
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Injection Point 8: Measurement 1.015 m above the injection point

Figure 5.61: Injection Point 8 – Mean Concentration – Experimental vs. Computational Results

Figure 5.62: Injection Point 8 – Standard Deviation – Experimental vs. Computational Results
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Injection Point 9: Measurement 1.295 m above the injection point

Figure 5.63: Injection Point 9 – Experimental Results – Mean Concentration

Figure 5.64: Injection Point 9 – Computational Results – Mean Concentration
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Injection Point 9: Measurement 1.295 m above the injection point

Figure 5.65: Injection Point 9 – Experimental Results – Standard Deviation

Figure 5.66: Injection Point 9 – Computational Results – Standard Deviation

122



Injection Point 9: Measurement 1.295 m above the injection point

Figure 5.67: Injection Point 9 – Mean Concentration – Experimental vs. Computational Results

Figure 5.68: Injection Point 9 – Standard Deviation – Experimental vs. Computational Results
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Injection Point 10: Measurement 1.610 m above the injection point

Figure 5.69: Injection Point 10 – Experimental Results – Mean Concentration

Figure 5.70: Injection Point 10 – Computational Results – Mean Concentration
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Injection Point 10: Measurement 1.610 m above the injection point

Figure 5.71: Injection Point 10 – Experimental Results – Standard Deviation

Figure 5.72: Injection Point 10 – Computational Results – Standard Deviation
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Injection Point 10: Measurement 1.610 m above the injection point

Figure 5.73: Injection Point 10 – Mean Concentration – Experimental vs. Computational Results

Figure 5.74: Injection Point 10 – Standard Deviation – Experimental vs. Computational Results
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5.3.3 Comparison of Results  

In general one can state that the agreement between experimental and computational results is rather 

good. Very good qualitative and quantitative agreement is achieved in the cases with IP 9 and 10. This is 

rather surprising since it is these points for which the assumption of a fully developed turbulent flow 

probably is the least appropriate. Also, in these points the tracer fluid passes the most obstacles (2 inlet 

hoses plus the support spacer) on the way to the WMS. Nevertheless it seems like the effect of those 

obstacles is not as significant for the mixing behavior as was expected before.

For the IP's 5 to 8 it is rather hard to compare them quantitatively since the experimental results are rather 

asymmetric. Some asymmetries can also be seen in the CFD results, but in all cases the asymmetries are 

more pronounced in  the experimental  results.  Most  probably these asymmetries  in  the experimental 

results are due to an undesirable inclination of the metal hose so that the tracer isn't fed exactly in axial 

direction, but probably slightly shifted. Another reason for these asymmetries could be the fact that the 

tracer passes another metal hose on its way to the WMS. It is possible that in case of runs starting from IP 

5 to 8 these metal hoses have a larger impact on the mixing of the tracer as in case of starting further 

below. This could be because the fluid that passes the hose still has a much higher concentration than in 

the cases with IP 9 and 10. Nevertheless, qualitatively the degree of mixing and the profiles look quite 

similar.

For the results obtained with IP 1 to 4 one sees very similar profiles, but all profiles are by some factor 

smaller  and  slightly  broader  in  the  experimental  results.  This  means  that  the  CFD  calculations 

underpredict the mixing in SUBFLOW. This additional mixing can most probably be traced back to the 

influence of the additional geometry parts in SUBFLOW that aren't modeled with PSI-BOIL. The mixing 

is most probably enhanced in the wake of the metal hoses. It is also possible that the wires of the WMS 

itself are responsible for an enhancement of the mixing process. Nevertheless, qualitatively all profiles 

look very  similar  to  the experimental  profiles.  Also,  one fact  that  has  to  be kept  in  mind that  the 

normalization of the experimental results is a critical step. By increasing the threshold value one also 

increases the amplitude of the experimental results after normalization. By choosing a higher threshold a 

better agreement between experimental and computational profiles could be achieved. However, it has to 

be discussed if such a higher threshold is justified for for the first injection points.

Also when studying figure 5.13 one can see that it makes a huge difference which level is chosen as a 
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threshold. Depending on this threshold level one gets a different degree of agreement. When choosing the 

threshold to be 1.0e-5, the fraction of tracer in the channel in which it was injected is always significantly 

lower for the experimental results than it is for the CFD results, meaning that the degree of mixing is 

higher  in  the  experiment.  However,  when  choosing  5.0e-5  as  a  threshold  the  agreement  between 

experiment and CFD calculation is quite good. One interesting fact in this figure is that for the CFD 

results (after a certain height till which the factor has a constant value of 1.0) the fraction of tracer in the 

subchannel in which it was injected decreases linearly with the height.   

5.4 Conclusions  

In chapter 5 the single-phase mixing in a fuel rod-bundle was simulated and compared with experimental 

data from the SUBFLOW facility. In order to solve the SUBFLOW case in the short time of a master 

thesis project, some approximations were made in order to save computational costs. The geometry of the 

SUBFLOW facility was slightly simplified and it was assumed that the flow is fully developed at every 

point within the test facility. Like this only one run has to be performed in order to simulate all ten 

experiments. Also for saving computational costs, the Navier-Stokes equations were only solved on a 

smaller,  periodic  domain  and  then  used  in  the  whole  SUBFLOW facility.  Still,  when  comparing 

experimental  results   with  the results  from the CFD calculations a  rather  good agreement  could be 

achieved. Therefore one can state that PSI-BOIL (with the altered IBM) is suitable for simulating single-

phase mixing in  rather  complex  geometries.  Also,  by these calculations  it  could be shown that  the 

SUBFLOW facility is a viable source of experimental data for code validation.
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6. Concluding Remarks and Outlook  

In the course of this thesis PSI-BOIL with the Immersed Boundary Method (IBM) implemented in it has 

proven to be a reliable tool for computing turbulent and laminar flow fields even for rather challenging 

test case conditions. Through some modifications in the pressure discretization of the IBM implemented 

in  PSI-BOIL it  was  possible  to  improve  the  pressure  profiles  in  the  vicinity  of  immersed  bodies 

significantly. By using the new pressure discretization also the necessity arose to change the way that the 

right hand side of the pressure Poisson equation is calculated. This issue was resolved by employing a 

simple linear interpolation scheme for velocities.

The changes in the IBM of PSI-BOIL were successfully validated against  a laminar (flow around a 

confined cylinder) and a turbulent (cross flow through a staggered rod-bundle) test case. In a last step 

PSI-BOIL (with the new IBM) was used to simulate the single-phase mixing of tracer liquid (injected as a 

point source) in the SUBFLOW facility. Even though rather strong assumptions and simplifications were 

used (fully developed flow, geometry simplifications) the CFD results match considerably well with the 

experimental data from SUBFLOW. In all cases at least qualitatively a rather good agreement could be 

achieved. However, it appeared that the normalization of the experimental data is  a critical point. For the 

normalization it proved to be necessary to introduce a threshold value to distinguish between tracer salt 

from the injection and background noise (electronic noise). 

About the experiments at the SUBFLOW facility one can say these experiments are in principle suitable 

for CFD code validation even though some difficulties arise from the layout of the facility (unknown 

velocity profiles at the inlet, additional geometry parts that influence the fluid flow – metal hoses, support 

spacer). Nevertheless it could be shown that even when neglecting these difficulties in the setup of the 

CFD calculations it is possible to (more or less) predict the mixing behavior in the SUBFLOW facility.

As a further step it would be interesting to see how well the concentration profiles in SUBFLOW could 

be predicted for a different bulk velocity. So far only the case with the lowest Reynolds number was 

studied (Re = 8800). For the cases with a higher Reynolds number it might be necessary to either increase 

the number of cells in the geometry to better resolve the near-wall region or to use the Werner and 

Wengle wall function in order to avoid this increase in computational costs.

To use the wall  functions  by Werner  and Wengle in  PSI-BOIL together  with  the (altered)  IBM for 
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computations on arbitrary geometries it might be necessary to overcome some difficulties in order to 

make the IBM and the use of a wall function compatible. This is most probably a challenging task, but 

also highly desirable to be resolved.

As a continuation of this thesis also a new Ph.D. student will continue the work on simulating the flow 

behavior in the SUBFLOW facility using PSI-BOIL and the Immersed Boundary Method. During this 

Ph.D. study it is planned to extend the IBM in PSI-BOIL to also make it suitable for two-phase flows.
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