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Abstract

The degree thesis developed in the document hereof, aims at performing a Computa-
tional Fluid Dynamics study of a swirl flow inside a duct, implementing all sorts of
designs in order to mitigate the swirl as much as possible. Another primordial aspect is
the pressure drop control between the inlet and the outlet, that should also be attempted
to be as low as it can get.

The software used as the tool of the project is Star CCM+, one of the most important
CFD programs in all of the fluid mechanics. Prior to the explanation of the designs, all
the crucial aspects of a CFD analysis shall be presented and meticulously illustrated,
in order to allow the reader to get more familiar with the processes used. It will cover
all the three main stages of the simulation, i.e. preprocess, solver and the postprocess,
and the most important steps in each of them. Apart from it, a quick view at the main
methodology that could be used to resolve the swirl problem, will be presented.

In the beginning of the project, a former CAD design from previous work was delivered,
based on an internal stator geometry. It was immediately determined that the geometry
provided was not effective as a swirl reduction method and that it must be either much
improved or substituted. For this purpose, 29 original and different designs have been
created, and then implemented successfully. One of them was a considerable enhance-
ment of the stator-given geometry, while the other 28 managed to reduce in a greater
or less extent, the swirl that appeared in the duct. As it will be seen, many of these
geometries allowed to utterly eradicate the swirl problem, accomplishing also significant
pressure drop improvements.

Although the swirl appearance and its consecutive impact, is a primordial factor in a
Diesel engine model, the swirl phenomenon and its reduction can be applied to a large
number of industrial areas, making the approaches designed in the thesis pertinent from
different points of view.

Last but not least, this project will allow the author of the thesis to acquire important
CFD knowledge and skills, as well as a valuable labor experience, in this one of the most
paradigmatic tools in the fluid and mechanical engineering in the current technological
world.

Key words: CFD, Star CCM+, CAD design, Swirl reduction, Pressure drop, Stator,
Flow control, Fluid mechanics
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Chapter 1

1 Introduction

1.1 Objectives

The objective of the work hereof is to study several approaches aimed at the reduction
of the swirl movement in a pipe through modification of the internal geometry and to
analyze their advantages and disadvantages via Computational Fluid Dynamics (CFD)
simulations.

Swirl movement can be defined as the helicoidal rotation of the air around the axis of
a cylinder. This type of vortex appears in large number of phenomena, among which,
the most characteristic industrial example is the combustion chamber of a Diesel en-
gine. This vortex appearance in the Diesel engines is something ineluctable due to the
admission geometry, i.e. since the injected air has a certain angular moment, a vortex
is induced, and evolves concentrically to the cylinder.

The figure 1 illustrates swirl’s structure through a cylinder, that holds a certain simili-
tude to the simplified geometry of a reciprocating Diesel engine, although it can be used
for a lot of generic cases based upon swirl propagation. The model, represented via CFD
software, is precisely the configuration that, as it will be seen later, was assumed as the
starting geometry of this work.

Figure 1: Swirl’s formation in the initial project’s geometry

As a matter of fact, in many aspects, swirl movement in Diesel engines is something
advantageous for the process, e.g. it’s propitious for the fuel distribution in the combus-
tion chamber, it’s beneficial for the mixture of air-fuel, thus allowing to use much more
efficiently the oxygen, and, also, it mitigates considerably the wall-effect. Evidently, a
better use of fuel leaves less remaining fuel at the end of the combustion, hence reduces
the pollution. However, when the swirl becomes too intense, it may seriously hinder the
combustion process.
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In general terms, swirl leads to pressure losses through the duct, since it creates recir-
culation zones, as well as it generates aeroacoustic noise. From the aeroacoustic point
of view, fluid velocity and the turbulence are the main contribution of the generated
noise, which becomes crucial in the phenomenon of swirl, as it is a clear example of a
turbulent flow.

Despite the different advantages of the existence of swirl in a duct, the present work is
focused on several ways that can be applied in order to modify the internal geometry
of the cylinder with the purpose of reducing the swirl as much as possible. Apart from
the swirl reduction, another, supplementary, objective of all the designs is to minimize
the pressure losses between the inlet and the outlet of the cylinder.

1.2 Previous work

Prior to the beginning of this project, a designed was delivered, result of previous in-
vestigations. It consisted on a stator geometry introduced inside of the cylinder, right
at its inlet. The exact location and form of the stator can be seen on the figures 35 and
36, both from the upper and side points of view.

Inlet

Figure 2: The initial stator (upper view)  Figure 3: The initial stator (side view)

The air is injected into the inlet cylinder, whose walls are marked on the figure 2, in two
opposite directions, both perpendicular to the axis of the cylinder. The two injection
points are located at the opposite sides of the inlet. Immediately upon forming the
swirl movement, the air enters the stator body and is redirected by it, in a way that
at the exit of the stator, the flow becomes much more laminar and the streamlines
are more parallel among one another. In other words, the swirl structure becomes less
conspicuous. Nevertheless, the actual effect of this stator design is very exiguous and
does not provide a satisfactory solution to the swirl problem. The figure 4 illustrates
the overall geometry of the body with the stator implemented in it and the inlet of the
body clearly marked.

The exact values and mechanisms of the problem will be presented in the later part
of this thesis. As for now, suffice to say that the tangential velocity at the outlet of
the main cylinder at the reference circumference is reduced from 113,47 to 87,52 m/s
thanks to this stator model, and the total pressure losses between the inlet and the
outlet of the main body are reduced from 23.084 to 20.186 Pa. These results may
constitute a sufficient solution for several industrial applications, however, throughout

16



the development of this document many much more effective designs shall be explained.
Some of them are based upon this initial stator design, whereas others are completely
independent from it.

Figure 4: The full view of the initial stator geometry

1.3 Methodology

As has been stated in the chapter 1.1, the different approaches were carried out by
modifying the internal geometry inside the main cylinder of the body, that is to say, by
adding certain internal bodies whose objective was to alter the propagation of air and
to eradicate the helicoidal motion. All the time, it had to be kept in mind that the swirl
eradication shouldn’t be paid with an additional pressure drop, that usually occurs when
the air meets a body on its path and forms recirculation zones, that decrease the pressure.
In order to predict the overall effect of each geometry, two basic methods of study are
the experimental one, that is to say, an engine test stand, and the computational one,
via CFD specialized software.

It is necessary to clarify that in this sort of technological problems, an analytical ap-
proach is not feasible, because of an enormous complexity of fluid mechanics phenomena.
The paradigmatic set of formulas in fluid mechanics are the Navier-Stokes equations,
i.e. a set of partial differential equations based on the conservation equations, that de-
scribe the movement of all sorts of Newtonian fluids. However, nowadays there is no
analytical solution to these equations, besides certain very simple and determined cases.
As a matter of fact, the only viable method of solving the N-S equations is precisely the
Computational Fluid Dynamics, CFD.

Regarding the method of an engine test stand, it consists of a technological device that
is supposed to be tested, for example the body from this project, and a system that
puts the air in motion. The figure 5 shows an engine test stand created by the Detroit
subsidiary of the Siemens Corporation, that consists of a diesel engine coupled to an
external dynamometer that applies a load equivalent to pulling a 20-ton tow.

Although the figure 5 shows a test stand for analyzing a Diesel engine, the mechanics
could be applied to a simple-duct study of a swirl flow inside the body and to deter-
mining the relevant parameters. A test stand must include physical parameters sensors
or transducers, a data acquisition system and an actuator, in the case presented in the
figure 5, a dynamometer. This way a great number of parameters can be determined and
evaluated, such as angular moment and velocity, total and static pressures, mass flow,
etc. A more sophisticated experimental approach may include Laser Doppler Anemom-
etry (LDA) or Phase Doppler Anemometry (PDA) methods, among many others.
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Figure 5: An example of an engine test stand used to analyze Diesel engine’s parameters

Nonetheless, the method chosen in this project is the CFD approach. This computa-
tional method, developed in the midst of the 60’s, consists in solving numerically the
Navier-Stokes equations via different possible algorithms and in providing a precise and
meticulous analysis of fluid behavior, based on assumed hypothesis and premises. It is
considerable less expensive than experimental testing and it has shown a great credi-
bility in an immense number of studies of fluid mechanics. Two most extended CFD
software programs in the world are Ansys Fluent and Star CCM+, the latter of which
was used throughout the development of this project.

Before proceeding to resolving the problem through the CFD method, an extensive
preparatory study was conducted, consisting in performing a set of almost 1.000 pages
of official CFD tutorials, of the CD-Adapco/Siemens corporation, covering all the basic
aspects of geometry, meshing, flow and automation studying.

In the next chapter, a detailed description of CFD functioning with the emphasis on
this project will be explained.
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Chapter 2

2 Computational fluid dynamics method: simulation’s
procedure

2.1 Limitation of the CFD analysis

In the first place, a quick description of the method’s limitations shall be presented.
Computational fluid dynamics made possible to resolve problems inaccessible ever be-
fore with a relatively reasonable cost. However, it is not free of imperfections. One
obvious limitation is that for complex problems, it frequently becomes very tedious and
onerous to compute all the simulations and in many cases, the full computation requires
enormous amounts of hours or, as an alternative, use of very powerful computers.

Regarding the errors inherent to the software code, these can be divided in two parts:

1. Numerical errors: when performing a CFD simulation, it is almost indispensable
to compare the results with empirical data, or, at the very least, with results of other
simulations, previously corroborated through different methods. That is so, since the
numerical code itself is usually very complex and correcting it is utterly impractical.
Additionally, the physical models assumed are usually very different to evaluate. With
respect to the algorithms used to solve the N-S equations, each algorithm has its own
method of measuring and correcting the numerical error and the algorithms vary enor-
mously from one to another, thus making it impossible to apply a generic procedure of
code correction.

2. Numerical diffusion: with this term several convergence errors are described, among
which there are:

- Cells with a high aspect ratio (skewness)
- Linearization of the equations
- Truncating of numbers methods

This way, it is possible that the residuals of the simulations, which represent in simple
terms the differences between the previous and the current iteration, are very small, but
the case has not reached convergence in spite of that. Convergence can be improved by
several paths, such as refining the mesh, using double precision methods, lowering the
under-relaxation factors, or simply changing the physical model.

In designs that attempt to choose the optimum solution to a particular problem, such
as the design carried out in this project, usually by definition there are no experimental
data that can be compared to the simulations’ results. Nevertheless, that doesn’t refuse
the idea that the computational study may provide very coherent and useful information
about the best industrial solutions, both from the qualitative and quantitative points of
view.

In any case, being able to estimate and predict these imprecisions and errors may be
enough in order to present reliable results, bearing in mind that they will only represent
a good approximation of the reality.
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2.2 Detailed description of the process

In this paragraph, all the steps involved in a CFD analysis will be presented and ex-
plained. The real model from the project will be used in order to illustrate all the
pertinent concepts. CFD processes follow an established chain of stages, that can be
classified into three groups: preprocess, solver and postprocess.

2.2.1 Preprocess

This stage covers all the steps prior to the actual simulation and computing of the
conservation equations. The steps are the following ones:

- Creating or importing the relevant geometry

- Generating the appropriate meshing of the geometry

- Establishing the physical and chemical models of the process
- Defining material properties

- Defining a complete set of boundary conditions

In this stage, all the relevant activities must be carried out in a sedulous and adequate
way, because all the results of the simulation will be determined by the hypothesis
and premises assumed in the preprocess. A particular difficulty resides in a correct
meshing refinement, that must be adjusted and customized according to the requisites
and characteristics of every geometry. Mesh refinement is thereby an individual process
that cannot be applied via generic set of rules.

In the following pages, a detailed description of all these steps will be given.

2.2.2 Preprocess: geometry

Star CCM+ presents a great variety of tools for designing all kinds of geometries, as well
as allows the user to import any design from external programs, e.g. Catia, Unigraphics,
NX, etc. In this project, most of the designs were constructed from the beginning, except
for those based upon the initial stator design.

Regarding the basic constructed geometry, the initial idea is just based on two joint
cylinders, such as can be seen on the figure 6. The base cylinder has a larger diameter
than the main cylinder and the exact parameters of the geometry can be read on the
figure 7. Regarding the design, the first thing was to create a sketch in form of a circum-
ference and to use the command eztrude, in order to create a solid body. Afterwards,
another sketch was created on the surface of the base cylinder, a sketch which is marked
in green on the figure 6. Analogically, a second extrusion was performed in order to
create the main cylinder, which is marked in yellow on the figure 6. It is important to
emphasize, that the geometry does not represent necessarily any part of a Diesel engine,
and all the procedures used in the project hereof can be applied to different kinds of
industrial products.

This is the starting point for all the future designs presented in this project. Starr
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CCM+ offers a variety of tools that allow to create even the most complex geometries.
Once the CAD design is completed, the next step is to create a new part from it. This is
the option that informs the software that the designing of the geometry is finished and
the user will be able to manipulate the different components of it manually, using the
different available commands. Some of the basic commands to manipulate a part are:
combine, transform and all sorts of boolean operations, as well as splitting the geometry
into different elementary components and to be able to name them appropriately. Con-
sequently, the user has to assign the finished part to a region, which will complete the
creation of geometry in Star CCM+.

Figure 6: The initial created geometry

Parameter Value (m)
Base cylinder’s diameter 0,205
Base cylinder’s height 0,023
Main cylinder’s diameter 0,135
Main cylinder’s height 0,650

Figure 7: The values of the initial geometry parameters

It is important to state that all the basic steps of Star CCM+ have their respective
forms in other CFD software, such as Ansys Fluent and Converge. Although the exact
commands and the interface vary, the conceptual ideas have no changes whatsoever.

As it has been stated so far, all the new designs in this project were just modification of
this basic geometry, except for the original stator design, from previous projects, that
can be seen on the figure 2. This stator had been created in a separate CAD program,
since the complexity of its design would make it too tedious to create in a CFD program,
although it would also have been perfectly viable.
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2.2.3 Preprocess: meshing

The next step of any CFD process is to create the meshing of the geometry, that is to
say, to divide the geometry into finite volumes that will enable the solver to perform the
necessary iterations and to compute the values of all the desired physical parameters.
This step is primordial in a preprocess stage, since the quality of the outcome will be
based upon the quality of the mesh.

In Star CCM+ the procedure that was followed, consisted in create a new operation
called automated mesh. After assigning this operation to the existing part, three meshing
models were selected. The first one was a surface remesher. This consists in creating a
number of cells, i.e. finite volumes, on the faces of the body. Two additional adjustments
selected for this meshing model were curvature refinement and proximity refinement,
that refined the meshing in the curves and in the proximities of geometric singularities,
in order to create a much more veracious representation. The figure 8 shows the outcome
of the model for the initial geometry of the problem.

Figure 8: The initial mesh in form of tetrahedra

The second meshing model is the polyhedral mesher, which divides the entire volume
of the body into finite volume cells, in forms of tetrahedra, which are then converted to
polyhedral-shaped cells. An alternative would be to leave the cells in forms of tetrahedra,
however there are studies that show the advantages of using the polyhedral-shaped cells
instead of tetrahedra, as explained in the reference [9]. The figure 9 shows the volume
mesh created that can be contrasted to the surface remeshing shown on the figure 8.

Figure 9: The polyhedral improved mesh

The third model is called prism layer mesher and it deals with all the aspects of boundary
layers in assumption of a viscous fluid. The flow may become complex near the walls
of the geometry, and, in particular, it is theoretically null immediately next to the wall.
The law of the wall in fluid mechanics states that the average velocity of a turbulent
flow at a certain point is proportional to the logarithm of the distance from that point
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to the "wall”, or the boundary of the fluid region. Since in this project the flow is both
viscous and turbulent, the phenomena pertaining to the wall’s proximity must be taken
into consideration. In Star CCM+, in order to capture these phenomena accurately,
several layers of prismatic cells are created via this third meshing model. On the figure
10, a close look at two prism layers at the outlet of the body, that is to say, in the upper
face of the main cylinder, is shown.

Figure 10: A detailed look at the prism layer meshing

After selecting all the pertinent meshing models for the basic geometry of the project,
certain numerical value of meshing parameters must be introduced. The most important
one is the base size of the cell. It is not possible to foresee the value of this parameters
a priori, thereby a parametric study must be carried out, called mesh independence
study. The exact process of this study will be shown in the explanation of the main
proposed solution. As for now, suffice to say that the parameters of the mesh for the
basic geometry were established, and that for this first geometry, there was no need
for customizing the mesh, i.e. for refining it in certain particular places, due to the
simplicity of this first design. The figure 11 illustrates the most relevant parameters for
the basic geometry mesh.

Meshing parameter Value (% of the base size) | Absolute value
Base size 100 0,005 m
Target surface size 100 0,005 m
Minimum surface size 10 0,0005 m
Number of prism layers - 2
Prism layer thickness 33,33 0,00167 m
Total cells number - 93.146 (-)

Figure 11: Meshing parameters for the initial constructed geometry

As it has been stated earlier, the stator geometry, imported from the previous projects,
does not follow the exact same procedure. The meshing parameters are slightly different
to those described on the figure 11 for the basic geometry. Nonetheless, the main
difference is that the mesh was not created via an automated mesh operation, but by
creating a new mesh continuum in the continua tree. A fourth meshing model was also
selected, which in this case was an extrusion meshing. In other words, this means that
only a part of the full geometry was created in the geometry step, and only this part was
meshed, following the first three models explained so far. The rest of the geometry was
created and meshed in the meshing process, through prismatic cells, in order to simplify
the meshing in those places, that weren’t really that complex for the flow simulation and
it was more beneficial to reduce the computational cost with this procedure. The figure
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12 illustrates the so obtained mesh. The extrusion was applied in two places. Firstly,
only part of the base cylinder was constructed; the full diameter was not created in the
CAD design, but was later added in the extrusion meshing process,