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Rapid Predictions of Particle Deposition Using rCFD

Implementation and investigation of recurrence computational fluid dynamics in an
industrially relevant workflow for vehicle contamination

KATARINA ARVIDSSON

AINA SIGBJORNSSON

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

Computational Fluid Dynamics (CFD) is widely used within the automotive in-
dustry to evaluate designs during early development stages. However, simulations
involving turbulent flows and particle deposition are computationally expensive. Re-
currence Computational Fluid Dynamics (rCFD) is a method that aims to reduce
simulation time by utilizing recurring flow behaviour. The aim of this thesis is to
implement and investigate rCFD in Simcenter STAR-CCM+ within an industrially
relevant workflow. The method is first applied to a cylinder and then tested on a
more complex geometry; a Volvo EX40 mirror. A method for generating a recur-
rence path and performing particle tracking is developed using STAR-CCM+, Java
and Python.

Results show that rCFD can be successfully implemented in STAR-CCM+, reducing
computational time for particle simulations, while maintaining acceptable accuracy.
Furthermore, the accuracy of the method is influenced by Reynolds numbers. In con-
clusion, rCFD shows promising potential for reducing computational cost, enabling
more efficient contamination analysis in automotive applications.

Keywords: rCFD, CFD, fluid dynamics, STAR-CCM+, multiphase flow, periodicity,
simulation, similarity
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:

CFD
CSV
DDES
DES
DNS
HPC
LES
LPT
PISO
RANS
rCFD
RMS
SIM
simh
SIMPLE
URANS

Computational Fluid Dynamics
Comma-Separated Values

Delayed Detached Eddy Simulation
Detached Eddy Simulation

Direct Numerical Simulation

High Performance Computing

Large Eddy Simulation

Lagrangian Particle Tracking
Pressure-Implicit with Splitting of Operators
Reynolds Averaged Navier Stokes
Recurrence Computational Fluid Dynamics
Root Mean Square

Simulation File

Solution History File

Semi-Implicit Method for Pressure Linked Equations
Unsteady Reynolds Averaged Navier Stokes
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Nomenclature

Below is the nomenclature of indices and variables that have been used throughout

this thesis.

Indices

i,J
xT,Y,z
¢t
P

Variables

S Uy < <

&

CL.rvs

Re

Indices for distribution of snapshots
Indices for direction
Indices for time

Index for particle

Time

Volume

Surface of volume
Velocity

Force

Pressure

Drag coefficient
Drag force

Free stream velocity
Frontal area

Lift coefficient

Lift force

Root mean square of lift coefficient
Time period

Reynolds number

X1



Pstatic

xii

Characteristic length
Dynamic viscosity
Kinematic viscosity
Fluid density

Strouhal number

Vortex shedding frequency
Diameter

Surface forces

Body forces

Pressure gradient force
Gravity force

Slip velocity

Static pressure

Gravity vector

Distance norm measure
Normalization factor
Position vector
Coordinates

Distance norm measure over a jump
Number of jumps

Radial size of a cell
User-Defined Body Force

Time step
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1

Introduction

Simulations in the vehicle industry are essential for visualizing how different designs
perform during the early stages of development. Due to the complexity of real world
flow systems and particle deposition, computational costs are generally high when
using existing simulation methods. These simulation methods depend on turbulence
models as well as solution algorithms to optimize the calculations for the specific
problem. One of the most commonly used turbulence models is Detached Eddy
Simulation (DES) [20]. DES is a model that offers a lower computational cost
compared to other frequently used turbulence modelling approaches [§].

Optimization of simulation methods is extensively investigated in fluid dynamics,
with researchers exploring new or complementary approaches to predict turbulence.
All of these efforts share the common goal of reducing computational cost. By
reducing simulation time, the design iteration process can become more efficient
and thereby enable the possibility of discovering improved design solutions.

One recent approach aimed at reducing computational cost is Recurrence Computa-
tional Fluid Dynamics (rCFD). This method relies on a framework, generating long
term approximations of the flow field by exploiting periodicity in time [8]. Although
promising results have been reported, the method has not yet been widely investi-
gated. Its implementation within vehicle design workflows could further demonstrate
its applicability to industrial Computational Fluid Dynamics (CFD) problems and
contribute to reducing computational cost. This could reduce the computational
cost of both flow and particle simulations. The method shows considerable poten-
tial and several factors motivate further investigation for industrial applications.

1.1 Background

When developing new products, design iterations are essential to achieve an optimal
solution. Simulations are performed on new designs before the prototyping phase in
order to evaluate their performance and avoid unnecessary expenditures associated
with suboptimal concepts. When setting up these simulations, it is crucial that they
represent real world conditions as accurately as possible. Achieving such accuracy
requires a well defined simulation strategy. This strategy may include suitable fluid
properties, selection of a turbulence model and optimal solution algorithm for the
case as well as generating an appropriate computational mesh. All of these aspects
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interact with each other and significantly influence the reliability of the simulation
results.

The importance of performing simulations varies depending on the vehicle attributes
and physical phenomena under investigation. Contamination analysis is particularly
relevant in automotive applications from a safety perspective and a user experience
point of view. There are different types of contaminants, such as snow and dirt.
Long distance driving in snowy conditions may lead to the headlight being partially
or fully covered by snow due to its design. Snow accumulation can block cameras and
other driver assistance systems. By conducting simulations for particle deposition,
engineers can evaluate a larger variety of designs and identify more suitable solutions.
Similar to snow, dirt deposition is also significant as it directly affects customer
experience and the longevity of the car.

Fluid simulations require significant computational resources. The computational
cost is often high due to the high resolution needed to capture flow gradients. Ve-
hicle geometries are fundamentally complex and resolving turbulent regions under
varying operating conditions may require simulations to run for extended periods
of time. In collaboration with Johannes Hansson, a PhD student at Chalmers Uni-
versity of Technology, Volvo Cars is investigating the application of rCFD to enable
faster predictions of the flow field. Since the study by Hansson et al. [8] was car-
ried out using the CFD software OpenFOAM, the method is adapted to Simcenter
STAR-CCM+ to be useful for Volvo Cars. If successfully implemented in indus-
trial applications, computational time could be significantly reduced. Recurrence
CFD may therefore contribute to a more efficient design iteration process, enabling
improved solutions in early design stages.

1.2 Aim and objectives

The purpose of this thesis is to investigate the potential of reducing simulation time
by implementing rCFD, based on earlier research within the field. To initiate the
thesis, the rCFD method is applied to a simple geometry, before progressing to a
more complex geometry. This thesis is divided into two main scopes; flow over a
cylinder and flow over an EX40 mirror. Listed below are objectives to reach desired
results and satisfy the aim.

e Domain setup. Generate appropriate mesh in the software STAR-CCM+,
based on the cylinder case done by Hansson et al. [8]. The model is validated
through a convergence study.

o Implementation of rCFD in STAR-CCM+. Create a database by ex-
tracting needed data from the simulated cylinder case. The database is used
to create a distance matrix and recurrence path. When the desired path is
obtained, modifications are done to suit the simulation programs framework.
Particle simulations are subsequently performed and the results analysed.

o Investigate industrially relevant Reynolds numbers. Update the cylin-
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der case for higher Reynolds numbers to investigate the usability of rCFD
within the automotive industry.

» Investigate different extraction frequencies. Change the extraction fre-
quency for the database to investigate possibilities and limitations regarding
time, storage and accuracy.

o Apply rCFD in STAR-CCM+ on a small complex geometry. Create
a new database for flow over an EX40 mirror and use it to get a new recurrence
path. The implementation is done similarly as before.

1.3 Limitations

To remain within the time frame of 19th of January to 11th of June, 2026, cer-
tain limitations are defined. The implementation of rCFD is conducted exclusively
in STAR-CCM+, with no generalization towards other fluid simulation software.
Another limitation is the restriction of modifications in STAR-CCM+. The rCFD
generated fluid field has limited integration into the software and no further modi-
fications to the software itself are done.

Only drag force is considered to influence the particles in the cylinder case, hence,
gravity among other forces are neglected. These limitations differ for the complex
geometry, whereas forces such as drag, gravity and pressure gradient are included.
Furthermore, all particles are assumed to be sufficiently small for the selected mod-
elling approach to remain valid.

1.4 Societal, ethical and ecological aspects

Utilizing rCFD for rapid CFD predictions may result in less computational power
being needed for future simulations. A lower computational cost has an impact on
both societal and environmental aspects. By reducing the computational cost, less
electrical power is needed to run the simulations, which is beneficial from an envi-
ronmental perspective. A reduced computational cost also results in more efficient
workflows, making it possible to find more sustainable and safer design solutions
earlier. A consequence of lowered computational power may be a reduction in the
workforce, since fewer people might be needed when the computational cost is re-
duced. On the other hand, rCFD may also create more job opportunities, as it
creates a new field for development.
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Theory

This chapter introduces the fundamental principles of fluid dynamics relevant to
this thesis, displaying an overview of turbulence modelling and an introduction
to multiphase flows. Particular attention is paid to Lagrangian particle tracking.
Furthermore, Recurrence CFD is explained with its different methodologies; fluid
based and transport based.

2.1 Fluid dynamics

Fluid dynamics is the study of fluids in motion and is a topic within the subject
of fluid mechanics. Flow can either be laminar or turbulent. Several fluid prop-
erties are used to describe the physical behaviour of the fluid, including density,
viscosity, temperature and pressure. Engineering problems that are related to fluid
dynamics contain a fluid of varying fluid properties. Such fluid is called continuum
[28]. Fluid dynamics is often described through several equations, such as Navier-
Stokes. Knowledge of these equations is needed to understand the fundamentals
and behaviour of fluids. A fluid can develop into turbulent flow, characterized by
fluctuations in velocity and pressure, resulting in a chaotic nature and high Reynolds
number, still following the Navier-Stokes equations [29].

The irregularity of turbulent flows is rather complex to solve directly and the gov-
erning equations must therefore be modelled [10]. In practice, turbulent flows are
predicted using Computational Fluid Dynamics. A CFD software can be utilized
for computation, combining turbulence models with solution algorithms. When cal-
culating gradients of a fluid, different coordinate systems can be used depending on
the problem. These coordinate systems are defined as Cartesian, Cylindrical and
Spherical [9].

2.1.1 Governing equations

The Navier-Stokes equations are based on two of the three physical laws of conser-
vation; mass and momentum [10].

When working with fluids, the most common approach is to deal with a region as a
control volume. This allows the observer to acknowledge changes within a specific
boundary of the fluid rather than following parcels. The conservation of mass is
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obtained directly from the control volume as following

0 ap
il . = - . =0. 2.1
at/vpczl‘/+/spu ndS =0 = oy +V.-(pu)=0 (2.1)

Where it can be simplified by using Gauss’ divergence theorem [7]. In Eq. (2.1),
the velocity vector of the fluid is defined as u, the fluid density p and the time ¢.
For an incompressible fluid (i.e. constant density), the following simplification can
be used [26],

V-u=0. (2.2)

Further, the conservation of momentum can be written in numerous of ways. By
using the control volume method as for the mass conservation, the conservation of
momentum is obtained as

;/‘/pud‘/—l—/spuu~nd5 =Y F, (2.3)

where > F represent the summation of forces acting on the control volume; surface-
and body forces [7]. The body force is acting on the volume, denoted V' and the
surface force is working on the surface of the volume, denoted S [27]. This can
be further simplified, leading to the Navier-Stokes equation. The Navier-Stokes
equation for incompressible flow can be defined as

?;tl +u-Vu= —vlf + vV, (2.4)

where v is the kinematic viscosity and p the pressure [10] [7]. External forces can
be appended by adding the term > F on the right hand side [5].

2.1.2 Force coefficients

A body surrounded by a fluid is subjected to aerodynamic forces developed from the
pressure and shear stress distributions over the surface. For bluff bodies that are
characterized by significant flow separations, the aerodynamic forces are prominent.
These forces acting on the body are drag and lift. The magnitude depends on
parameters such as velocity, fluid properties, and the shape of the body. Passenger
vehicles are examples of bluff bodies.

To determine how aerodynamically efficient a certain shape is, the drag coefficient
Cp is used. The drag coefficient is defined as

2Fp

Cp=——,
b pu? A

(2.5)
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where Fp is the drag force acting on the body, u., the free stream velocity and A
the frontal area [14]. Drag on a streamlined body includes both pressure drag and
skin friction drag, where the latter is dominant. For a bluff body, most of the drag
comes from pressure drag [9].

The lift coefficient C';, quantifies a body’s ability to produce lift and is calculated as

2F7,

Cp=—L

(2.6)

where FJ, is the lift force [14].

Fluctuations may appear for the lift coefficient. These fluctuations of the lift coef-
ficient can be averaged by using the Root Mean Square (RMS) equation. It can be
calculated as

]_ T
Crrais = \/ - /0 Oy ()2, (2.7)

where T is the time period [4] [26].

2.1.3 Reynolds number

To determine if a flow is laminar or turbulent, a dimensionless quantity known as
the Reynolds number (Re) is used. The Reynolds number represents the ratio of
inertial forces to viscous forces [11] and is defined as

ol
Re = 240 (2.8)

1

Here, [ denotes the characteristic length of the object. The dynamic viscosity p and
the density are defined for the operating fluid. For a passenger vehicle in motion,
the Reynolds number is typically in the order of 10°-107, based on a vehicle length
of approximately 4-5 m and velocities in the range of 30-100 km /h, using Eq. (2.8).

Flow with low Reynolds numbers are typically laminar, whereas high Reynolds num-
bers indicate turbulent flow. Transition between laminar and turbulent regimes de-
pends on the fluid configuration. Flow around a cylinder has different characteristics
depending on the Reynolds number. Higher Reynolds numbers result in increased
oscillations of eddies behind the cylinder [17]. Eddies are spatial structures that
appears in turbulent flows, where irregularities are present [17]. The development
of the wake behind a cylinder with increasing Reynolds number can be illustrated
in Figure 2.1.
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(c) Re ~10". (d) Re ~10°.

Figure 2.1: Illustration of theoretical flow around a cylinder for four different
Reynolds numbers [6].

2.1.4 Strouhal number

The periodic vortex shedding behind a cylinder can be expressed using the dimen-
sionless Strouhal number, S;,.. It describes the relationship between flow oscillations
and the characteristic flow velocity and is defined as

S =12 (2.9)

Uoo

where f is the vortex shedding frequency and D the diameter of the cylinder [10]
[7]. For a cylinder, the Strouhal number is approximately 0.2 over a wide range of
Reynolds numbers [10].

2.1.5 Turbulence models

Several modelling approaches exist to approximate turbulent flows. Approximation
of turbulence is rather intricate due to the appearance of eddies with different length
and time scales that interacts with high complexity [26]. These modelling approaches
are divided into three categories of turbulence methods; Models for Reynolds Aver-
aged Navier-Stokes (RANS), Large Eddy Simulation (LES) and Direct Numerical
Simulation (DNS) [26]. RANS is an early approach of turbulence modelling, with
focus on the mean flow. By time averaging the incompressible Navier-Stokes equa-
tions, Eq. (2.4), the RANS equations are obtained [3]. To capture unsteady flow
behaviour, Unsteady RANS (URANS) is evolved from the RANS model.

LES, apart from RANS, tracks the behaviour of the larger eddies in the flow [26].

8
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The model captures small turbulent structures that cannot be resolved by a numer-
ical scheme. One disadvantage of the model is the additional flow equations that
must be solved, resulting in a higher computational cost [3]. DES is developed to
reduce this cost, a method combining RANS and LES. Where RANS is used to
resolve the boundary layers, while LES is applied outside the near wall region to
capture detached eddies [3]. Delayed Detached Eddy Simulation (DDES) is an ex-
tended version of DES, in which the transition between RANS and LES is delayed,
improving model behaviour and reducing computational cost [15].

DNS, is a method similar to URANS since it solves the mean flow. It has the most
accurate approach to solve the Navier-Stokes without any approximations [7]. The
model is not industrially used since DNS has an extremely high computational cost.
This is due to the model solving all turbulent velocity fluctuations in the flow [26].

2.1.6 Solution algorithms

There are different solution algorithms available. Solution algorithms are used as
a complement to solve the governing equations for incompressible flows, which lack
independent equations for pressure [25] and velocity. There are different pressure-
velocity coupling schemes that can be used to solve these equations. Two commonly
used coupling algorithms are Semi-Implicit Method for Pressure Linked Equations
(SIMPLE) [26] and Pressure-Implicit with Splitting of Operators (PISO) [25]. The
main difference between them is the computational cost. SIMPLE is an iterative
method to solve the equations by guessing values of the pressure [25]. PISO is known
as an extension of SIMPLE but with an extra corrector step, increasing the accuracy
of the results. Small time steps are recommended when using PISO since it relies
on higher order temporal accuracy [26].

2.1.7 Parallel processing

When computing complex simulations, the importance of computer performance
increases. High Performance Computing (HPC) is a major part within the topic.
The definition of HPC is referred to the cooperation of technology, methodology and
application to achieve higher computing capacity [24]. To attain higher computing
capacity, the performance can be increased by computational parallelism [24]. Com-
putational parallelism enables the possibility to perform multiple tasks at the same
time, which in CFD translates to using multiple cores.

Functions and algorithms may not run efficiently in a software when applying par-
allelization. If they are designed for serial processing, the parallelization may not
increase the speed of the process [7]. Additionally, since the processors exchange data
between each other, it is not always beneficial to select as many cores as possible.
Amdahl’s law is commonly used to describe the correlation between the segment
of the algorithm running serialized code versus the number of cores used for the
parallelized code. The law proves that adding more cores than needed results in
computational overheads. Where overheads refer to the system being over defined.
Number of cores may therefore be selected carefully depending on the model that is
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studied [16].

One solution to increase the efficiency of parallel processing is to divide the domain
into subdomains and assigning one subdomain per core [7]. This can in a CFD
software be done through a Partitioning Solver. A partitioning solver controls the
domain decomposition resulting in individual subdomains. The partitioning solver
ensures that the decomposition is updated throughout the simulation [21].

2.2 Multiphase flows

Multiphase flow is the presence of two or three phases in a domain. The definition
of a phase is when a fluid exists as a solid, liquid or gas [30]. To simulate multiphase
flows, there are several mathematical models. Due to the complexity related to
turbulence, the modelling of multiphase flows remains an advanced task.

When modelling multiphase flows, there are two main modelling approaches; Eulerian-
Lagrangian and Eulerian-Eulerian. The Eulerian-Eulerian approach considers the
particles to be a continuum passing through a fixed volume. The Lagrangian, on
other hand, studies the dynamics of individual particles [31].

2.2.1 Equations of motion for particles

The equations of motion for particles can be defined based on Newton’s second law,
F =m-a [13]. Where it can be combined with the Lagrangian approach, resulting
in the particle motion being calculated as

d
mp—r =3"F, (2.10)
di
dx
dTP = up. (2.11)

The mass of the particle is defined as mp and Y F the summation of forces acting
on the particle [23] [12]. A Lagrangian approach enables the possibility to calculate
the particle velocity up. Further, the particle position, xp, can be updated through
the calculated velocity.

2.2.2 Particle forces

There are two types of forces that acts on fluid particles; surface forces Fg and body
forces Fy [26]. Particle tracking calculations varies within different commercial
software. For STAR-CCM+ the surface forces consist of pressure gradient-, drag-
and virtual mass forces. In addition, the body forces contain gravity, user-defined
body force and Coulomb force [22].
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The relevant forces, based on the limitations in Chapter 1.3, are the drag force
Fp.p, pressure gradient force I, p and the gravity force Fy, p. The total summation
of forces acting on the particle resulting in

S F=Fs+Fy=Fpp+FE,p+ Fyp. (2.12)

Drag is the largest force affecting particles in a fluid domain [30]. The particle drag
force, Fip p for spherical particles are defined as

1
Fpp= §CD7PPAP|115|U3, (2-13)
where Cp p is the particle drag coefficient, p the density of the fluid and Ap the
particle cross-section area. Ap is for spherical particles defined as

D2
Ap = ZW, (2.14)

with Dp being the particles diameter [2]. In Eq. (2.13), the slip velocity uy is
defined as the difference between the particle velocity up and the fluid velocity
u, as ug = u — up. To calculate the drag coefficient of the particle, the Schiller
Naumann correlation is used [22] and defined as

Cp,p = { Ber

24 (1 4 0.15Re%%7) Rep < 10° (2.15)
0.44 Rep > 103, '

with Rep being the particle Reynolds number. The particle Reynolds number is
approximately calculated as

_ plus|Dp
1

Rep (2.16)

The dynamic viscosity is denoted as p for the fluid. Another force acting on the
particle is the pressure gradient force £}, p and is defined for spherical particles as

D}
Iypp=— e P Dstatics (2.17)

where Vpgasic is the static pressure gradient in the fluid [31]. In fluid domains where
gravity is taken into account, a particles gravity force F, p can be calculated as

Fop = mpg, (2.18)

with g as the gravity vector [22].
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2.3 Recurrence CFD

Recurrence CFD is a method dependent on recurrence statistics, which is composed
by pairwise similarity measurements in a database. Once pseudo-periodic conditions
are established, the database is created by saving the solved flow fields at converged
time steps. Pseudo-periodic flow is characterized by its irregular fluctuations around
a steady-state mean [19]. For the pairwise similarity measure for a flow based
method, the distance norm measure, D, is used on the database. It is defined by
Eq. (2.19), where the normalization factor N is defined by Eq. (2.20) [1] and r is
the position vector.

D(t, ) = (1 [ aet) - u(r,t/))zdr3)1/2 (2.19)

N = max (/ (u(r,t) —u(r, ) dr3) (2.20)

t,t

Solving Eqns. (2.19) and (2.20) over the whole database results in a distance matrix
Dj;. The distance matrix is composed of snapshots, which here are defined as the
solved velocity fields dependent of the times ¢ and #. In the matrix the values
varies from 0 to 1. A value of Dj;; = 0 symbolizes that the snapshots j and ¢ are
identical. Hence, if ¢ = j it implies that D;; always equals zero. This will in practice
always result in a main diagonal line with zeroes. Furthermore, the distance matrix
is symmetrical over the main diagonal since D;; = D;;. The light blue off diagonal
bands that are illustrated in Figure 2.2 represents a recurring pattern, in this case
indicating that two whole oscillations are occurring in the database.
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t, 1

Figure 2.2: Creating the recurrence path from Dj;.

From the computed distance matrix, a recurrence path is constructed and applied
to extend the simulation. Firstly, an empty recurrence path is created where the
starting point is the first element of the CFD database. Snapshots that are within
a randomized segment length are then added to the recurrence path, where a maxi-
mum segment is the total length of the database. To increase the length of the path
and thereby the simulation time, a snapshot similar to the one ending the current
segment is selected from the opposite side of the database. This desired snapshot
is found by moving horizontally in the distance matrix and minimizing D;;, then
moving longitudinal back to the centreline, see Figure 2.2. The snapshot acts as the
new starting point for the new segment from where the process continues until the
path is of a desired length. In Figure 2.2, the black lines represent the snapshots
added to the recurrence path from the Dj; and the white dashed lines the jumps.

2.3.1 Methods of rCFD

Two different types of rCFD methods exist; flow based and transport based. The
flow based version is based on an Eulerian flow field approach, meaning that it
uses snapshots of the flow field for the rCFD. Snapshots are added to a recurrence
path and operate in a new order [19]. Appropriate fields to study are velocities
in z, y, z directions. By reusing the already calculated flow field, the simulation is
extended without performing further iterations. Hence, predicting the flow based on
pseudo-periodicity. The predicted flow is used to evaluate particles positions using
Lagrangian particle tracking, as if calculated alongside the flow field [8].
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Transport based rCFD employs a Lagrangian framework by tracking inertialess fluid
tracers. Instead of predicting the flow, this version focuses on finding recurring
transportation of particles between the cells and storing them [19]. This means that
a particle is observed as moving with information between cells without having to
distinguish the path it takes within the time step. The particles are then mapped
onto an Eulerian grid with their respective fields [18].
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Methods

To implement the rCFD method in STAR-CCM+, a Java macro was developed. Be-
fore the macro was executed, a domain was defined and validated for convergence.
The procedure of the macro is illustrated in Figure 3.1 as a flowchart, where red
boxes denote processes executed in Java and blue boxes denote processes executed
in Python. Initially, the process begun with creating the Database Solution History,
by exporting data to a Solution History file, referred to as a simh file. The macro
launched a Python code that imported the database. From the database a Distance
Matriz was calculated to further create the Recurrence Path. Subsequently, the Re-
currence Path was transferred to an rCFD Solution History file and imported during
the Import rCFD step. The process continued with defining the Freld Functions and
freezing the solvers, Freeze Solvers. Then the Mapping step proceeded until the end
of the macro.

START

v

DATABASE SOLUTION Running Python

HISTORY > DISTANCE MATRIX
v
RECURRENCE PATH
v
IMPORT rCFD < rCFD SOLUTION HISTORY
v Python finished
FIELD FUNCTIONS
v
FREEZE SOLVERS
v
MAPPING
v
END

Figure 3.1: Flowchart of the codes used to implement the rCFD method.

The macro ran for the different geometries, including a cylinder and a mirror of an
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EX40. Where the cases denoted as baseline, were simulated using conventional CFD
for both of the geometries.

3.1 Create database

Creating a database containing fluid fields from a simulation was necessary to ini-
tialize the rCFD method. When the database was obtained, the distance norm
measure, Eq. (2.19), could be applied. From this a recurrence path was determined
and transformed into a software compatible file format. Furthermore, validations
and results were obtained.

3.1.1 Define the domain

To acquire the database, a domain was set up. The first case contained a cylinder
clearly exhibiting vortex shedding when affected by an inlet velocity. The fluid
domain was defined according to the coordinates in Table 3.1 [8].

Table 3.1: Domain coordinates for the cylinder case.

X y z
Start coordinate [m] -20 -20 0
End coordinate [m] 40 20 12

The boundaries of the domain were defined as seen in Figure 3.2. At the coordinates
[0,0,6] m a cylinder with a length of 12 m and diameter of 2 m was positioned inside
the fluid. Hence, the cylinder was spanning through the entire z-direction of the
domain.

Symmetry planes

Pressure Outlet

Figure 3.2: Fluid domain with boundary conditions.
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To simplify the procedure selecting the Reynolds number, the density for the working
fluid was set to 1 kg/m?®.

Databases were created for various Reynolds numbers such as 102, 10*, 10% and 106.
This was done to observe how different Reynolds numbers would affect the results,
including industrially relevant magnitudes. The inlet velocity was set to 1 m/s for
all of the cases. Further, the fluid viscosity was set according to Eq. (2.8), based on
the selected Reynolds number and the chosen cylinder diameter.

For the mesh of the domain, a polyhedral mesh was used along with prism layers
close to the cylinder surface. The prism layers were fine enough to ensure that y* did
not exceed approximately a value of one. This verified that the viscous sublayer was
sufficiently resolved in the simulation. Each prism layer cell received a stretching of
1.1.

To capture the gradients of the flow, two refinement regions were defined in the fluid
domain. They were placed in regions where strong gradients were expected, such as
around the cylinder and in the wake, see Figure 3.3.

Figure 3.3: Meshed domain for a Reynolds number of 10* with a rectangular and
circular refinement capturing the wake and turbulent region close to the surface.

One refinement region surrounded the cylinder, with a diameter of 5 m, capturing
the gradients close to its surface. Furthermore, a rectangular refinement was used
to thoroughly resolve the whole wake including the stagnation area in the front
of the cylinder. The final mesh of the domain was approximately 2.3 - 10% cells
for a Reynolds number of 10*. When changing the Reynolds numbers, the meshing
settings were modified. Their corresponding mesh refinement, number of cells among
other parameters are presented in Appendix B.
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Another simulation parameter was the time step, which was set to 0.00625 s. The
DES turbulence model was employed together with the PISO solver due to its sta-
bility for time dependent cases.

3.1.2 Validation of convergence

To investigate the validity of the simulation, ensuring that the mesh is fine enough
to properly solve the flow, several parameters were compared to existing studies.
The parameters consisted of Cp mean (Eq. 2.5), CL gus (Eq. 2.7) and the Strouhal
number (Eq. 2.9). For the validation, a length to diameter ratio of six was used,
corresponding to the ratio employed in the referenced studies. This enabled a direct
comparison with the values presented in Table 3.2 [14]. The physical time interval
considered for the validation ranged from 200 s to 600 s.

Table 3.2: Values for fluid convergence comparability at a Reynolds number of 10%,
for a length to diameter ratio of six.

Cp mean CrL.rMs Str
Nguyen and Nguyen (2016) [14] 1.1329 0.3629 0.1961
This thesis 1.1474 0.3431 0.2002

3.1.3 Data extraction

The database was created by extracting data from the verified simulation, containing
snapshots of the flow fields. To save time and storage, a restriction was made to
only extract the velocity from the flow. It should be emphasised that this was
not a limitation of the rCFD but rather a deprioritization when conducting this
thesis. Five field functions were exported from the software including a velocity
vector, see Table 3.3. The velocity scalars in the directions z, y and z were used
for the distance norm calculations, Eq. (2.19), while the velocity magnitude was
used for post processing. Furthermore, the velocity vector was applied later for data
mapping, see Chapter 3.3.2.

Table 3.3: Chosen input functions for the database. It should be noted that the
directions are denoted as [x, y, z] in this thesis and [i, j, k] in STAR-CCM+.

Input functions Type
Velocity Vector
Velocity: magnitude Scalar
Velocity x Scalar
Velocity y Scalar
Velocity z Scalar

Extraction of the velocity fields was initiated once the simulation had reached
pseudo-periodicity. Every 16th time step within a limited physical time span were
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exported into a Solution History file. The chosen time span ensured that the
database covered three vortex shedding periods, to capture the main flow features,
see Appendix B.

3.2 Recurrence CFD

Once the database file was finalised, the Solution History file was used to create the
recurrence path. Firstly, the database was imported from STAR-CCM+ to Python,
to simplify the handling of the Solution History file. In Python, an empty Solution
History file was created, with its original structure intact, matching the structure
of the database file. The velocities in z, y and z directions were used to calculate
Eq. (2.19) and Eq. (2.20), which composed the distance matrix D;;. The matrix
was validated by visually locating off diagonal lines, which implies that there exist
periodicity. Once the distance matrix was computed, a recurrence path could be
constructed from snapshots of the velocity fields. For each snapshot within the
recurrence path the corresponding snapshot from the database was fully copied and
added into the rCFD Solution History file. This was performed until desired physical
time for the rCFD simulation was achieved.

The rCFD file was automatically loaded into the STAR-CCM+ simulation. Within
the software, the variables stored in the rCFD file, such as velocity magnitude, could
be visualized and treated as if they had been directly computed by STAR-CCM+-.
Additionally, an output text file was saved during the Python scripts execution,
containing valuable information such as the recurrence path and accuracy of the
rCFD. The calculated distance norm values were saved in a Comma-Separated Val-
ues (CSV) file. As a result, the matrix only needed to be calculated once for a
given database. Further iterations of rCFD were then executed with the benefit of
reduced calculation time.

The accuracy of the rCFD was calculated based on the difference between the snap-
shot at the end of a segment length and the start of the next segment. The value
was collected directly from the corresponding position in the distance matrix Dj,
defined as Dy. Then the total rCFD accuracy was calculated as

2 k=1 Dx
Dji,accuracy =1- le7 (31)

where n represents the number of jumps in the recurrence path.

3.3 Particles

To simulate the particles using rCFD, their properties and injection positions were
selected. Furthermore, the particles movement was calculated by combining particle
forces and the rCFD velocity field.

19



3. Methods

3.3.1 Defining particles

For the cylinder case, the particles were defined as solid spheres of HyO, with a
constant density of 1000 kg/m? [8]. These were injected through an injection plane
in the domain, see Table 3.4. To optimize the computational resources required for
the simulation, parcel depletion was implemented using a field function that defined
the particle removal plane, see Table 3.5. Visualised in Figure 3.4 are the injection
and removal planes. The field function for the parcel depletion can be found in
Appendix A.

Table 3.4: Injection plane.

X y z
Start coordinate [m] -10 -1 0
End coordinate [m] -10 1 12

Table 3.5: Removal plane.

X y z
Start coordinate [m] 8 -20 0
End coordinate [m] 8 20 12

AN Removal Plane

Figure 3.4: Fluid domain with particle injection and removal plane.

The particles were injected over a definite time period. To visualise the final deposi-
tion of the particles, the simulation continued running after the injection period for
a specified time. The specified time was set to twice the physical time of the respec-
tive database. Particle size was determined by using Eq. (3.2) and was updated for
every Reynolds number since the smallest cell size differ.
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o~ — (3.2)

The radial size of the first cell was defined as ¢, thereby determining the smallest
particle diameter that could be resolved within the boundary layer. In Appendix B
the particles diameter for the different Reynolds numbers can be seen.

3.3.2 Simulate particles with rCFD data

To simulate the particles with the recurrence CFD data, a Lagrangian Particle
Tracking (LPT) solver was implemented. The built in particle tracking in the soft-
ware was not applicable for the rCFD data. To calculate the particle velocity, the
velocity vector was used from every snapshot in the rCFD Solution History. For
the LPT implementation, User-Defined Body Force was enabled and its method was
set as a field function. By using Eqns. (2.13) - (2.16) the field functions needed
to calculate the drag force were computed. The User-Defined Body Force F, was
defined as following

F, = Vpf, (3.3)

and thereby the drag force had to be divided by the particle volume V,, when being
used in STAR-CCM+ [22], see Appendix A. The external force acting on the particle
was limited to drag force, therefore being the only force calculated for the cylinder
case.

To update the particle velocity based on the created rCFD velocity field, data map-
ping was used. Mapping allows the user to insert previous extracted fields into the
simulation. Since the mapping only could be done for one snapshot at a time to
get the corresponding velocity field, the process was automated. This process in-
cluded selecting a specific snapshot and mapping its velocity field. By running the
simulation for one rCFD time step,

AtrC’FD - Atdatabase : frequencyv (34)

the particle velocity was updated based on the calculated drag force. Since there
was a software limitation when recreating the particle distribution, additional grid
layers were created for the injector, based on the rCFD time step. By calculating the
approximate position that the particles moved in the x-direction for one time step of
0.00625 s, new grid layers were created. Therefore, enhancing the visualization for
the simulated particles when implementing the rCFD method. Figure 3.5a shows
the injector for the baseline case with only one grid layer, while Figure 3.5b shows
the same grid layer but with 15 identical layers added to the injector. These were
added to compensate for the remaining starting positions when using the rCFD time
step. The distance between the grid layers was set to 0.0057 m. When running for
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other frequencies, the layers had to be compensated to suit the rCFD time step,
leading to 32 and 64 layers for frequencies 32 and 64, respectively.

§ ;
i/mm §/ Inject
|
|
(a) One grid layer. (b) 16 grid layers.

Figure 3.5: Frequency dependent particle injection for the cylinder with a fre-
quency of 16.

3.4 Comparison

Time and file size comparisons were carried out to investigate the differences between
the rCFD method and the currently used CFD method. Here they are called the
rCFD case and baseline case, respectively. To get as accurate comparison as possible
the simulations were based on the same case, hence, the same starting conditions.
To accommodate for the simulation time needed for the rCFD database, the Pre
injection was run for both cases for the same amount of time, but without exporting
to a Solution History file for the baseline. The Distance matriz D;; segment was only
relevant for the rCFD case and it added no extra physical time to the simulation.
During the Injection segment particles were injected at the same mass flow rate of 1
kg /s within the same time frame. The particles moved freely for the Post injection
without any new particles added until the simulation end time was reached. The
different segments were timed according to Table 3.6, noting the start and end time
for each new occurring segment. In total, the simulation time corresponded to the
end of Post injection subtracted by the start of Pre injection.

Table 3.6: Time segments for time comparison between the baseline and rCFD
case, including physical simulation time for each segment.

Baseline case rCFD case Physical time [s]
Pre injection Pre injection 31
- Distance matrix Dj; -
Injection Injection 10
Post injection Post injection 60

The total storage was calculated based on the size of the Simulation File (SIM) along
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with the size of the Solution Histories for the rCFD case. Time and storage tests
were executed for a Reynolds number of 10* combined with frequencies of 16, 32
and 64 for the rCFD case. An accuracy test was conducted, based on the calculated
accuracy from Eq. (3.1), including visually exerting the velocity field over an rCFD
jump.

A particle deposition comparison test was also executed by evaluating the rear side
of the cylinder. Hence, analysing the particles final positions for the two cases. The
same amount of particles were dispersed into the domain with the same properties.
Changes were done for the particle deposition comparison. The particle mass flow
rate was doubled as well as the resolution of the grid of the injection plane. The
mesh was also updated to enable the use of smaller particles. It resulted in approxi-
mately 10 million cells and a particle diameter of 0.8 mm, see Appendix B for more
details. The changes ensured that the amount of particles recirculating back onto
the cylinders rear side increased, compared to previous setup. The simulation ran
for the same physical times as in Table 3.6 with the exception of Post injection,
which ran for 125.7 seconds.

3.5 EX40 mirror

The rCFD method was implemented on a mirror of a Volvo EX40 to further challenge
the method. To compare the rCFD result of the mirror, two cases were executed;
baseline and rCFD. The baseline was solved using conventional CFD, meanwhile the
other case utilized rCFD to extend simulation time. A suitable size of the domain
was chosen to capture the flow around the mirror. The mesh was generated using
previously established parameters and consequently no further mesh validation was
performed. The generated mesh of the domain contained 6.4 million cells and the
mirror was exposed to a velocity of 70 km/h.

The mirror was exposed to snow particles, injected through 110 injector points per
grid layer. These were placed in front of the mirror with a particle flow rate of 2000
particles per second, see Figure 3.6.

L] L ]
. . Q..\
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. . %
. . .\
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» L ] - _
. Sovconerr
(a) Front view of the injector. (b) ISO view of the injector.

Figure 3.6: EX40 mirror and injector points for different views.
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The distance between the layers was calculated to 0.08 mm, corresponding to the
largest particle diameter in the domain. Creating additional grid layers was im-
portant to enable comparison of the results from the baseline case with the rCFD
case.

The database was generated in the same way as in Chapter 3.1, performed with
the implicit solver instead of PISO. Furthermore, the recurrence path was obtained
using the same procedure as in Chapter 3.2, with an extraction frequency of 16. To
accommodate for the rCFD time step, 15 grid layers were added. Additional forces
were included in the User-Defined Body Force for the mirror simulation. Specifically,
the gravitational force, Eq. (2.18), and the pressure gradient force, Eq. (2.17), were
incorporated to further improve the LPT solver. All of the applied forces such as

drag, gravity and pressure force were divided by the volume, to fit into the units of
STAR-CCM+ (Eq. 3.3).

At the end of the simulations a time, storage and accuracy comparison was con-
ducted to compare the simulation results of the mirror with and without the rCFD
method. These tests were done in the same way as in Chapter 3.4. One difference
between the cylinder and EX40 mirror simulations was that the Post Injection proce-
dure was not included for the mirror case. To optimize the calculating performance,
the number of cores used for the simulation was determined by using one core per
10 thousand cells. This led to a total number of 640 cores for the simulation. To
obtain comparable results, the number of used cores were the same for the rCFD
and baseline case.
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Results cylinder

This chapter presents the results from the cylinder case. Distance matrices for
the different Reynold numbers are displayed including respective accuracy from the
recurrence path. The results also contain a comparison between velocity fields, as
well as particle deposition. Moreover, the outcome from the storage and time tests
will be displayed with histograms and plots.

4.1 Distance matrices

The obtained distance matrices from the cylinder case are shown for four different
Reynolds numbers; 102, 10*, 10° and 10°, see Figures 4.1 - 4.4. For the following
Reynolds numbers, the same frequency of 16 has been used when exporting the
database. In Figure 4.1, the Reynolds number was set to 102. It can be seen that
the periodicity is clear due to the distinct off diagonal lines appearing in the plot.
A similar pattern to the main diagonal can be observed for the off diagonal lines.

Distance Matrix (Dji)

3501 4 0.96
0.84

280
0.72
210 0.60
o 0.48
140 L 0.36
10.24

70
H0.12
0 =1 g0

0 70 140 210 280 350
t, i

Figure 4.1: Distance matrix for a Reynolds number of 10%.

By observing the distance matrix in Figure 4.2 for Reynolds number 10, the main
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diagonal line can be seen to appear clearly. The off diagonal lines are less defined
compared to the distance matrix of Reynolds number 102. They are still visible, but
not appearing as distinct as for the lower Reynolds number.

Distance Matrix (Dji)
280 0.96
0.84
210 0.72
0.60
140 0.48
036
70 L0.24
L0.12
o5 70 140 210 60 00

t i

Figure 4.2: Distance matrix for a Reynolds number of 10%.

Figure 4.3 shows the distance matrix for Reynolds number 10° and has very similar
appearance as for 10*. One remarkable thing is that the distance matrix for Reynolds
number 10° has less defined off diagonal lines after approximately snapshot 160.

Distance Matrix (Dji)

200 0.96
0.84

160
0.72
120 0.60
. 0.48
80 -0.36
-0.24

40
L0.12
0 L1000

40 80 120 160 200
t, i

Figure 4.3: Distance matrix for a Reynolds number of 10°.

Figure 4.4 displays the distance matrix for Reynolds number 10°. The off diagonal
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lines are still visible but not as distinct as for the other Reynolds numbers. It can
also be noted that the outer edges of the off diagonal lines are jagged.

Distance Matrix (Dji)

0.96

160
0.84
0.72

120
0.60
= 8o 0.48
L0.36
a0 L0.24
L0.12
0 L 10.00

40 80 120 160
i

Figure 4.4: Distance matrix for a Reynolds number of 10°.

The distance matrices for extraction frequencies 32 and 64 are shown in Figure
4.5 for Reynolds number 10*. Both matrices show similar patterns to the matrix
corresponding to a frequency of 16. The main difference is that the off diagonal lines
are less pronounced and more irregular. It can be observed that they have a similar
appearance to each other.

Distance Matrix (Dji) Distance Matrix (Dji)
0.96

0.84
0.72
0.60
0.48
0.36
0.24

0.12

0.00

90 ’ 0 17 35
6 61

(a) Frequency 32. (b) Frequency 64.

Figure 4.5: Distance matrices for a Reynolds number of 10* with frequencies 32
and 64.
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4.2 Velocity field and accuracy

The overall rCFD accuracy for the different Reynolds numbers for the cylinder case
are displayed in Table 4.1. It can be noticed that the accuracy decreased as the
Reynolds number increased. With an accuracy for Reynolds number 102 of 99.66
% and decreasing to 29.32 % for Reynolds number 10°. The largest difference is
seen between Reynolds number 10 and 10* with a deviation of approximately 48
percentage points. It can also be noticed that the accuracy slightly increases with
larger extraction frequency values for Reynolds number 10* from 51.58 % to 53.88

%.

Table 4.1: Accuracy of rCFD for the cylinder case.

Reynolds number Frequency Accuracy [%]
102 16 99.66
10% 16 51.58
10% 32 52.67
10% 64 53.88
10° 16 48.61
108 16 29.32

To visually evaluate the rCFD methods accuracy the velocity fields were compared
side by side. By showing one snapshot together with its upcoming snapshot and
thereby catching the changes over a rCFD jump. The velocity field was taken from
the middle of the domain where z=6 m and the normal was [0,0,1].

In Figure 4.6 the velocity magnitude fields between two snapshots can be seen.
Where Figures 4.6a and 4.6b represent the baseline case for Reynolds number 10*
with a frequency of 16. Figure 4.6c and 4.6d represent the first rCFD jump for
the velocity field, showing the difference between two snapshots. Note that Figure
4.6a and 4.6¢c show the same velocity field, i.e., the same snapshot. It can be seen
that there is no clear visual difference in the baseline case between the snapshots.
For the rCFD case, however, differences can be observed in the wake. The flow
field appears more similar close to the cylinder surface, while larger deviations are
observed further downstream compared to the baseline case. The accuracy for the
first jump was 46.28 %.
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(a) Snapshot 57, baseline case. (b) Snapshot 58, baseline case.

(c) Snapshot 57, rCFD case. (d) Snapshot 58, rCFD case.

Velocity: Magnitude (m/s)
<0 0.75 >1.5

Figure 4.6: Snapshot comparison for the baseline and rCFD cases with frequency
of 16 and Reynolds number 10%.

A close up on the velocity magnitude field near the cylinder is seen in Figure 4.7. The
figures show snapshot 58 after the jump for rCFD and the baseline, representing the
same physical time in the simulation. Overall, the wake structure appears similar
in both shape and direction, capturing the general flow behaviour

The velocity field magnitude comparison for Reynolds number 102, 10*, 10° and 10°
is found in Appendix C, including the extraction frequencies of 32 and 64 for 10%.

(a) Baseline case. (b) rCFED case.

Velocity: Magnitude (m/s)
<0 0.75

Figure 4.7: Zoomed in snapshot comparison of snapshot 58 for the baseline and
rCFD cases with a frequency of 16 and Reynolds number 10*.
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4.3 Particles

In Figure 4.8 the particle deposition over the cylinders rear side can be seen for the
baseline case, displaying the particles stuck to the surface. It is evident that there
are accumulation zones at the ends of the cylinder. Overall, the particles are centred
horizontally along the middle of the cylinder.

—

Y

Figure 4.8: Particle deposition on the rear side of the cylinder for the baseline case
with Reynolds number 10%.

Figure 4.9 visualises the particle deposition when the rCFD method was used. An
accumulation zone can clearly be seen at the right end of the cylinder. There are
generally more particles located towards the right side of the cylinder, similarly as
for the baseline case.

—

Y

Figure 4.9: Particle deposition on the rear side of the cylinder for the rCFD case,
with a frequency of 16 and Reynolds number of 10%.

4.4 Storage and time comparison

In Figure 4.10, a histogram over the time duration for each segment can be seen.
The time tests over the cylinder were simulated with Reynolds number 10* with
frequencies of 16, 32 and 64 for the rCFD case. These are defined as rCFDqg,
rCFD3; and rCFDgy, respectively.

The baseline case took a total of 61.59 minutes, where the main time was spent
on the Post injection when tracking the particles. When comparing the rCFDqg
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case with the baseline, it is evident that the baseline case was approximately two
minutes faster. The other frequencies were faster with a large margin, 39.76 minutes
for rCFD3y and 34.8 minutes for rCFDgy. It can be noticed that the time did not
decrease linearly with larger frequency values. For all the rCFD cases the main time
can be seen spent on the Pre injection segment. Moreover, the Post injection for all
of the rCFD frequencies were faster than for the baseline case.

Time comparison cylinder

rCFD 64

rCFD 32

rCFD 16

Baseline

(=]

10 20 30 40 50 60 70
Time [min]

B Pre injection M Distance matrix Injection Post injection

Figure 4.10: Duration for each segment for the baseline case and rCFD cases,
units in minutes.

In Figure 4.11 the real time duration is visualised against the physical time in the
simulation. The Pre injection is seen from physical time zero to 31 seconds and
Injection is between 31 to 41 seconds. Within the Injection segment it can be seen
that rCFDg,4 overtook the baseline, thereby being the faster method. Between 41
and 101 seconds is the Post injection segment. rCFD3y overtook the baseline case
almost instantly after the Injection was finished.

It can clearly be noticed that the last segment, Post Injection, has the steepest slope
for the baseline case. Indicating a less efficient particle tracking. Additionally, the
baseline is more consistent in speed meanwhile the rCFD becomes faster for the
injection and particle tracking.

31



4. Results cylinder

Time vs Physical Time for cylinder

0 20 40 60 80 100
Physical Time [s]

e==Bascling «==rCFD 16 e==rCFD 32 rCFD 64

Figure 4.11: Duration for the baseline case and rCFD case versus Physical time
in the simulation.

The total storage can be seen in Figure 4.12 containing the SIM, the database Solu-
tion History and the rCFD Solution History. For the baseline case the SIM file was
slightly smaller then for the rCFD cases. The Solution Histories got approximately
halved in size between frequency 16 and 32. Thereby, the needed storage decreased
with increased frequency values.

Storage comparison cylinder
rCFD 64

rCFD 32

Baseline

2 4 6 8 10 12 14 16 18
Storage [GB]

S

mSIM m Database simh rCFD simh

Figure 4.12: Histogram over the storage for the baseline case, rCFD14, rCFD3,
and rCFDg, cases, units in GB.
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Results EX40 mirror

This chapter presents the results obtained for the EX40 mirror. First, the distance
matrix and the accuracy of the recurrence paths are presented. Subsequently, the ve-
locity fields and particle clouds generated by the simulations are compared. Finally,
the results from the time tests and the total storage are discussed.

5.1 Distance matrix

Figure 5.1 reveals the results of the distance matrix Dj; for the EX40 mirror. The
database used to obtain the distance matrix had 125 snapshots. In comparison to
the earlier distance matrices, the distance matrix for the EX40 mirror has no distinct
off diagonal lines. Additionally, it can be noted that there are some darker vertical
and horizontal lines appearing around snapshot 40 and 100.

Distance Matrix (Dji)

120 0.96
100 0.84
0.72

80
0.60

]

= 60 0.48
-0.36

40
£0.24

20
F0.12
0 —10.00

0 20 40 60 80 100 120
t, 1

Figure 5.1: Distance matrix for the EX40 mirror.
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5.2 Velocity field and accuracy

The rCFD Solution History file has a total of 357 snapshots, with an overall accuracy
of 28.65 %. Figure 5.2 displays the differences between the jump from snapshot 19
to 20 for the baseline case and the rCFD case. Figure 5.2a and 5.2b shows the
differences for the baseline case between the two snapshots, for a frequency of 16.
Further, Figure 5.2c and 5.2d, displays the difference for the rCFD case between
the corresponding snapshots, with an accuracy of 31.48 %. By investigating these
snapshots, it is found that the difference between the snapshots for both the baseline
case and rCFD case have similar tendencies. The similarity between the two cases is
clearly seen in the wake that developed two tails for both of the cases. For snapshots
20, the wake further away from the mirror has less prominent appearance relative
to each other.

(c) Snapshot 19, rCFD. (d) Snapshot 20, rCFD.

Velocity: Magnitude (m/s)
16

[} >32

Figure 5.2: Snapshot comparisons for the velocity magnitude between the baseline
case and rCFD case, for the EX40 mirror.

Figure 5.3 shows a close up of the wake for the EX40 mirror. The two tails are more
visible. It can be seen that the first separation of the wake appears closer to the
surface for the rCFD case than for the baseline case.
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(a) Snapshot 20, baseline. (b) Snapshot 20, rCFD.

Velocity: Magnitude (m/s)
16

Figure 5.3: Snapshot 20 comparison between baseline case and rCFD case, for the
EX40 mirror. Close up of the wake.

5.3 Particles

Figure 5.4a displays the results of the particle distribution for the baseline case. It
can be seen that the wake behind the mirror has an irregular shape. Furthermore,
Figure 5.4b shows the particle injection for the rCEFD case. Both of the wakes exhibit
irregularities, but with different shapes. Closer to the mirror it can be seen that the
particles appear as more compact for the rCFD case.

(b) Particle cloud for rCFD.

mag_Velocity
<0 9.7 >19.4

Figure 5.4: Comparison of the Particle clouds of velocity magnitude for baseline
case and rCFD case, for EX40 mirror.

The particle drag force for both cases are shown in Figure 5.5. Figure 5.5a repre-
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sents the drag force on the particles for the baseline mirror case. There are large
fluctuations in front of the mirror, compared to the rCFD case in Figure 5.5b. The
particle drag force has similar tendencies for both of the cases. Higher drag force
is seen at the particle injection plane as well as when interacting with the mirror.
Further,the particles were more dispersed for the baseline case than for the rCFD
case.

(a) Particle drag force baseline mirror.

(b) Particle drag force rCFD mirror.

Particle Drag Force: Magnitude (N)
0o 6.92e-08 >1.38e-07

L .
Figure 5.5: Comparison of the particle drag force of the baseline case and rCFD

case.

In Figure 5.6, the fluctuation can clearly be seen in front of the mirror. Figure
5.6a and 5.6b shows the particle velocity in the z-directions, which is the velocity
in the vertical direction of the figures. There are some differences that can be
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spotted when comparing the two methods. For the CFD method, the particles close
to the injection plane has higher negative velocities than for the rCFD method.
The velocity differences between the cases appears smaller further away from the
injection plane. When comparing the particles closer to the mirror, there are not
any notable differences between the particle velocities.

(a) Particle velocity for baseline. (b) Particle velocity for rCFD.

Particle Velocity[k] (mfs)
0

>2

<-2

Figure 5.6: Comparison of the particle velocity in z-direction for the baseline case
and rCFD case, for EX40 mirror.

5.4 Storage and time comparison

To be able to evaluate how time efficient the rCFD method is, a time comparison
between the baseline and rCEFD cases can be seen in Figure 5.7. The Pre injection
phase exhibited longer execution time for the rCFD case compared to the baseline.

However, it compensated with a significantly faster Injection segment. The total
time difference between the cases was 55.93 minutes.

Time comparison EX40 mirror

0 20 40 60 80 100 120
Time [min]
B Pre injection M Distance matrix Injection

Figure 5.7: Duration for each segment for the baseline case and rCFD case for the
EX40 mirror. Units in minutes.
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In Figure 5.8 the real time duration can be seen plotted against the physical sim-
ulation time. The first second is displaying the Pre injection time. Closely after
the start of the Injection, around 1.6 seconds, the rCFD case overtakes the baseline
case.

Time vs Physical Time for EX40 Mirror
120

100
80

60

Time [min]

40

20

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5
Physical Time [s]

=8=Baseline rCFD

Figure 5.8: Duration for the baseline case and rCFD case versus Physical time in
the simulation for the EX40 mirror.

The total storage comparison consisted of a SIM file and Solution History files for
the database and rCFD, see Figure 5.9. When comparing the SIM files, it is observed
that the rCFD method requires more storage. Further, the rCFD method needed
additional storage for the database as well as the rCFD Solution History file. The
total file size difference between the cases was 6.66 GB.

Storage comparison EX40 mirror

0 2 4 6 8 10 12
Storage [GB]

mSIM mDatabase simh rCFD simh

Figure 5.9: Histogram over the storage for the baseline case and rCFD case of the
EX40 mirror, units in GB.
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Discussion

This chapter presents a discussion and evaluation of the obtained results with the
aim of investigating the rCFD methods applicability. The discussion includes anal-
ysis of the recurrence patterns, flow field, accuracy and particle deposition for the
different cases. In addition, computational aspects such as simulation time, storage
and potential error sources are considered to provide a broader investigation of the
methods efficiency.

6.1 Distance matrices

Every distance matrix for the cylinder have the same general appearance charac-
terised by off diagonal lines representing periodicity. The database captures three
vortex shedding periods which is visible in the distance matrices, as expected. The-
oretically, a Reynolds number of 10? should result in clear periodicity, see Figure
2.1b. For rCFD, this should result in an accuracy close to 100 %, as confirmed
by the results, indicating an ideal recurrence path and efficient execution of the
rCFD method. It can be noted that the periodicity becomes less evident as more
turbulence is introduced through higher Reynolds numbers in the domain. In the
distance matrices this is displayed as less distinct off diagonal lines. By comparing
the distance matrices to the accuracy results it can be seen that despite the simi-
lar appearances for Reynolds numbers 10% and 10*, the accuracy is higher for 10%.
Only a small difference in accuracy is observed and the results may vary due to the
randomized segment lengths.

The distance matrix for the EX40 mirror has a dissimilar appearance compared to
the cylinders matrices. If examining Figure 5.1 closely, lighter off diagonal lines
can be seen. These lines can be seen on each side of the main diagonal, neither
fully straight nor clearly visible. The darker vertical and horizontal lines in the
matrix indicates that a certain event has occurred for a snapshot, causing it to
differ from the other snapshots. These events could have appeared because of the
flow interacting with the boundaries of the domain, for example the ground. The
events should not affect the final results since the most similar snapshot was chosen.
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6.2 Velocity field and accuracy

When examining the velocity fields for the cylinder it can be seen that the flow
has the same tendencies for the rCFD as for the baseline. Closer to the cylinder
surface, the snapshots have a similar appearance, sharing the same overall shape
in the near wake and moving in the same direction. This is applicable for all the
Reynolds number cases. Further downstream of the flow it can be seen that the
baseline and rCFD cases differ, except for Reynolds number 102. They exhibit
similar flow behaviour with oscillations clearly visible. However, the vortex shedding
are not placed in the same positions in the fluid domain. This is possibly due to
increased differences between the snapshots when increasing the Reynolds number
since turbulence is of a chaotic nature.

The different Reynolds numbers provide varying accuracy, decreasing with increased
Reynolds number. For Reynolds number 10? the accuracy is high, leading to no sig-
nificant differences for the rCFD jump. This is expected since a Reynolds number of
102 should have similar snapshots for each vortex shedding. The remaining Reynolds
numbers are exhibiting turbulent flow structures and the vortex shedding will not
be identical. When applying the rCFD method to turbulent cases the accuracy
decreases. Therefore, the rCFD method might not be suitable for all applications,
especially where high accuracy is required. Nevertheless, it may be beneficial for
simulations that need to be run over long periods of time. Recurrence CFD com-
bined with particle tracking could be beneficial to find accumulation zones.

To save additional simulation time, larger extraction frequency values can be used
when exporting data to Solution Histories, reducing the time needed for each seg-
ment. This also saves storage since the Solution History size decreases when using
large extraction frequency values. When changing the frequency, the off diagonal
lines appear more irregular in shape in the distance matrices, see Figure 4.5. Despite
these irregularities the accuracies for the different frequencies are still relatively high.
No distinct difference between the distance matrices for the varying frequency can
be seen. However, the accuracy can be seen increasing despite fewer snapshots in
the database. This accuracy pattern could be a coincidence based on the random-
ization factor in the recurrence path and further investigation would be needed to
fully draw a conclusion. When comparing the velocity fields the flow depict similar
tendencies regardless of frequency.

A possible error source is the differences between the jumps. The first rCFD jump
is shown in the results. However, it should be noted that subsequent jumps will
differ from the corresponding snapshots in the baseline case. This is due to the
randomized segments which will alter the flow path. The rCFD snapshot before the
jump might not match the corresponding snapshot for the baseline.
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6.3 Particle analysis

The differences of the particle deposition for the cylinder case could have emerged
from several different factors. First and foremost, when using the regular CFD
method, the particle deposition will differ between each run of the simulation. This
is because the flow field will appear differently between the runs, even if the model
and settings remains the same. Due to this factor, the results may be complicated
to compare.

Another factor of the particle distribution that may cause a difference is the forces
used to compute the Lagrangian particle tracking. Only particle drag force was
included in the calculations for the cylinder case, resulting in several forces affecting
the particles being neglected. However, the neglected forces should not have a
considerable effect on the LPT due to their relatively small size compared to the
drag force. To increase accuracy of the LPT model all forces should be included to
work similarly to the one used in the software.

For the EX40 mirror, the particle clouds have some similarities as well as evident
differences. In this case, the two additional forces, gravity force and pressure gradient
force, were added to the LPT model. These forces are included because of their
increased relevance due to the updated flow specifications and behaviour. However,
the same problem regarding the accuracy still remain since not all forces are added.

Additional grid layers were introduced for the frequencies to maintain a particle dis-
tribution visually comparable to that of the baseline case. Without this adjustment,
particles were injected in discrete batches due to the larger mapping interval, pro-
ducing differences in the visualized particle clouds. The adjustment was therefore
primarily introduced for visualization purposes rather than to improve the physical
accuracy of the simulations.

6.4 Storage and time comparison

For the time comparison, it can be noted that the database extraction time increases
as the extraction frequency value decreases. For example, a frequency of 16 requires
more time than a frequency of 64. This is reasonable since more data needs to
be exported from the simulation, additionally leading to a larger Solution History
file. A larger Solution History file will increase the number of snapshots added into
the distance matrix and hence, increasing computation time for that segment. To
accommodate for this extra computation time needed for the rCFD, the Injection
and Post injection segments have to be more efficient compared to the baseline case.
For Reynolds number 10* it can be seen that the Post injection phase is more rapid
for the rCFD cases. Although the simulation with an extraction frequency of 16
requires more computational time than the baseline, the trend suggests that it may
eventually outperform the baseline for longer simulation times.

For the EX40 mirror it can be seen that the rCFD method is more time efficient than
the original CFD. The Pre injection, including the Distance matriz D;; calculations,

41



6. Discussion

are more time consuming but the rCFD case outperforms the baseline once the
Injection is started. The mapping and LPT is approximately six times faster than
the inbuilt LPT solver. One possible explanation is that only the particle motion is
solved in rCFD, whereas the baseline simulation must solve both the particle motion
and the flow field.

Another factor affecting the time is the number of cores used. As mentioned earlier
in Chapter 2.1.7, a larger number of cores does not necessarily result in increased
simulation efficiency. Since this thesis did not include any study of the optimal
number of cores, there may be a more suitable amount. Additionally, the different
sequences of the total simulations can either be serial or parallel. As discussed in
Chapter 2.1.7, the ratio of serial to parallel code influences the achievable reduction
in simulation time. In addition, larger simulations with finer meshes may be lim-
ited by the increased storage. For the geometries considered in this thesis, storage
limitations were not encountered. Further investigations of larger meshes should be
considered.
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Conclusion

It is evident that rCFD is implementable for STAR-CCM+ for different geometries.
The accuracy varies depending on the active Reynolds number. However, it still
gives relevant results and is deemed applicable. It is suitable for certain industrial
application, such as vehicle contamination. A study of the methods usefulness is
needed to evaluate the trade off between time and accuracy, since reduced time from
rCFD corresponds to lower accuracy. Results of the rCFD are showing promising
possibilities of reduced time, thereby also reducing computational cost. By using
the rCFD method, contamination on vehicles have further potential to be examined
and studied, enabling a broad foundation for decision making. There are several
possibilities of further increasing the time efficiency of rCFD. In this thesis, it is
proven that the extraction frequency of the database affects the simulation time. In
summary, the method enables rapid predictions of particle deposition and is applica-
ble for STAR-CCM+-. The method demonstrates potential for further optimization
of vehicle contamination, providing a basis for continued investigation.

7.1 Future work

Several aspects have been investigated throughout this thesis, with more to be stud-
ied. Reduction of the storage for the simh files, including database and rCFD, is
worth analysing. Furthermore, the particle tracking can be optimized by integrating
the remaining forces in the LPT model. To increase the speed depending on accu-
racy, an extended frequency study could be executed. Hence, making a correlation
between frequency, accuracy and time efficiency. The time can further be decreased
by investigating the optimal number of cores used for the simulations. Another area
of interest is the investigation of geometries with more cells in STAR-CCM+ to
evaluate limits of the rCFD method.
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Declaration about use of artificial
intelligence

Parts of the Java macro and Python script have been generated and edited by Claude
Sonnet 4.6. Claude Sonnet 4.6 has been used for troubleshooting the codes to make
the process more time efficient. To decrease human error margins, Claude Sonnet
4.6 has together with us, verified the syntax for the equations used in the code.

In terms of the report, the LMM GPT 5.5 has been used for editing and to propose
a first draft of the abstract. The editing includes spell checking, synonyms and
suggestions for paraphrasing certain sentences of this thesis.
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Field functions

Filter condition | Scalar | Cylinder case

$${Position}[0]>871:0

Particle RE rCFD | Scalar | Cylinder case and EX40 mirror case

${ParticleDiameter}+*mag ($${MappedVelocity}-$${ParticleVelocity}) *${Fluid
Density}/${Fluid Viscosityl}

Drag Coefficient rCFD | Scalar | Cylinder case and EX40 mirror case

max (24/max(1e-10,${Particle Re rCFD})*(1+0.15*pow(${Particle Re rCFD},0.687))
,0.44)

Drag Force rCFD | Vector | Cylinder case and EX40 mirror case

0.5 * ${ParticleSurfaceArea}/4 * ${Rho_ref} * ${Drag Coefficient rCFD} *
mag ($${MappedVelocity}-$${ParticleVelocity}) *
($${MappedVelocity}-$${ParticleVelocity})/${ParticleVolume}

Gravity Force rCFD | Vector | EX40 mirror case

${ParticleMass}*$${GravityVector}/${ParticleVolume}

PG Force rCFD (Pressure gradient force) | Vector | EX40 mirror case

-grad (${StaticPressure})

Forces rCFD (User-Defined Body Force) | Vector | EX40 mirror case

$${Drag Force rCFD}+$${Gravity Force rCFD}+$${PG Force rCFD}



A. Field functions

Forces rCFD (User-Defined Body Force) | Vector | Cylinder case

$${Drag Force rCFD}
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Table of mesh and rCFD
parameters

Table B.1: Mesh data.

Meshing data
Re Mesh Size ‘ Prism layers ‘ Refine. cyl. | Refine. rect. | y+ max
1072 1249908 10 18% 25% 0.176
104 2274388 26 15% 20% 0.896
1075 2563356 38 13% 20% 1.58
10”6 13605620 47 5% 13% 1.93
1074 (particle deposition test) 9958276 42 7% 13% 0.17

Table B.2: rCFD parameters.

\rCFD data
Re No. vortices ‘ Time simulating database [s] | Freq. ‘ Timestep | No. States database | Accuracy
1072 3 37 16 0.00625 360 0.9966
10”4 3 31 16 0.00625 300 0.4507
1075 3 22 16 0.00625 210 0.4991
10”6 3 19 16 0.00625 180 0.2932
10”4 (particle deposition test) 3 31 16 0.00625 310 =

Table B.3: Particle data.

Particle data
Re Particle diameter [m]
1072 0.03
1074 0.004
1075 0.001
1076 0.0005
1074 (particle deposition test) 0.0008
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Additional cylinder results

C.1 Velocity field for Re = 10> with frequency 16

(c) Snapshot 54 rCFD. (d) Snapshot 55 rCFD.

Velocity: Magnitude (m/s)
<0 0.75

>

Figure C.1: Snapshot comparison for baseline and rCFD with frequency 16 and
Re = 102.



C. Additional cylinder results

L WL

(a) Snapshot 55 baseline zoomed in. (b) Snapshot 55 rCEFD zoomed in.

Velocity: Magnitude (m/s)
<0 0.75 >1.5

Figure C.2: Zoomed in snapshot comparison for baseline and rCFD with frequency
16 and Re = 10%.

C.2 Velocity field for Re = 10* with frequency 32

(c) Snapshot 24 rCFD. (d) Snapshot 25 rCFD.

Velocity: Magnitude (m/s)
<0 0.75

Figure C.3: Snapshot comparison for baseline and rCFD with frequency 32 and
Re = 10%.
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C. Additional cylinder results

(a) Snapshot 25 baseline zoomed in. (b) Snapshot 25 rCEFD zoomed in.

Velocity: Magnitude (m/s)
<0 0.75 >1.5

Figure C.4: Zoomed in snapshot comparison for baseline and rCFD with frequency
32 and Re = 10%.

C.3 Velocity field for Re = 10* with frequency 64

(a) Snapshot 3 baseline. (b) Snapshot 4 baseline.

(c) Snapshot 3 rCFD. (d) Snapshot 4 rCFD.

Velocity: Magnitude (m/s)
<0 0.75

Figure C.5: Snapshot comparison for baseline and rCFD with frequency 64 and
Re = 10%.

VII



C. Additional cylinder results

(a) Snapshot 4 baseline zoomed in. (b) Snapshot 4 rCFD zoomed in.

Velocity: Magnitude (m/s)
<0 0.75 >1.5

Figure C.6: Zoomed in snapshot comparison for baseline and rCFD with frequency
64 and Re = 10%.

C.4 Velocity field for Re = 10° with frequency 16

(a) Snapshot 40 baseline. (b) Snapshot 41 baseline.

(c) Snapshot 40 rCFD. (d) Snapshot 41 rCFD.

Velocity: Magnitude (m/s)
<0 0.75

Figure C.7: Snapshot comparison for baseline and rCFD with frequency 16 and
Re = 10°.
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C. Additional cylinder results

f'e A5

(a) Snapshot 41 baseline zoomed in. (b) Snapshot 41 rCEFD zoomed in.

Velocity: Magnitude (m/s)
<0 0.75 >1.5

Figure C.8: Zoomed in snapshot comparison for CFD and rCFD with frequency
16 and Re = 10°.

C.5 Velocity field for Re = 10° with frequency 16

(c) Snapshot 18 rCFD. (d) Snapshot 19 rCFED.

Velocity: Magnitude (m/s)
<0 0.75

Figure C.9: Snapshot comparison for baseline and rCFD with frequency 16 and
Re = 106.
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C. Additional cylinder results

(a) Snapshot 19 baseline zoomed in. (b) Snapshot 19 rCEFD zoomed in.

Velocity: Magnitude (m/s)
<0 0.75 >1.5

Figure C.10: Zoomed in snapshot comparison for baseline and rCFD with fre-
quency 16 and Re = 10°.
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D. Additional EX40 mirror results

Additional EX40 mirror results
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(a) Baseline.

(b) rCFD.

Particle Reynolds Number
<0 25 >50

Figure D.1: Particle cloud visualizing the particle Reynolds number for the EX40
mirror.
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D. Additional EX40 mirror results

(a) Baseline.

(b) rCFD.
Particle Schiller-Naumann Drag Coefficient
<0 25 > 50

Figure D.2: Particle cloud drag coefficient for the EX40 mirror.
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