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Abstract
This thesis aims at presenting Computational Fluid Dynamics studies conducted on an axisymmetric
model of the Siemens SGT-800 burner using Ansys Fluent, Ansys CFX and Ansys ICEM. The goal is to
perform a mesh study and turbulence model study for isothermal flow. The result will show the
differences observed while using the two solvers by Ansys, Fluent and CFX. Two different meshes, A,
coarse and B, optimal have been used for the mesh study. This will reveal the mesh dependency of the
different parameters and if any differences are observed between the solver’s convergence and mesh
independency performance. To further validate the mesh independency, a simplified test case is simulated
for turbulent flow for 32 different cases testing the numerical algorithms and spatial discretization
available in Ansys Fluent and finding the optimal method to achieve convergence and reliable results.
Turbulence model study has been performed where k-ε, k-ω and k-ω Shear Stress Transport (SST) model
have been simulated and the results between solvers and models are compared to see if the solvers’ way
of handling the different models varies.
Studies from this thesis suggest that both solvers implement the turbulence models differently. Out of the
three models compared, k-ω SST is the model with least differences between solvers. The solution looks
alike and therefore it could be suggested to use this model, whenever possible, for future studies when
both solvers are used. For the models k-ε and k-ω significant differences were found between the two
solvers when comparing velocity, pressure and turbulence kinetic energy. Different reasons for its
occurrence are discussed in the thesis and also attempts have been made to rule out few of the reasons to
narrow down the possible causes. One of the goals of the thesis was to also discuss the differences in
user-interface and solver capabilities which have been presented in the conclusions and discussions
section of the report. Questions that still remain unanswered after the thesis are why these differences are
present between solvers and which of the solvers’ results are more reliable when these differences have
been found.
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Introduction
Fluid dynamics is the study of fluid flow while Computational Fluid Dynamics (CFD) deals with solving
complex fluid flow problems with the help of numerical methods. CFD has gained its popularity with
years and is implemented on all kinds of problems from designing vehicles and improving their
aerodynamic characteristics to medical applications like curing arterial diseases to weather forecasting.
Increase in areas of application has increased the requirement for powerful tools and solvers to be able to
perform these studies. It also means that using the right tool is important for generating meaningful
results.
Gas turbines are one of the major areas of CFD especially the combustion chamber where high
temperatures and turbulent flows are observed. At Siemens Industrial turbomachinery AB (SIT AB)
Ansys CFX and Ansys Fluent are the two solvers used for performing CFD analysis on their turbines.
Both CFX are Fluent are reliable solvers, although one of the issues faced today is the uncertainty in
difference obtained in results when comparing the two solvers. Even if the cases are set-up in similar
manner with equivalent boundary conditions, solution method and turbulence model, a difference in result
is observed between the two solvers. The objective of this thesis is to conduct a CFD analysis of the
Siemens SGT-800 burner using both the solvers and investigating where the differences arise between
solvers and if they can be eliminated.
A simplified scenario studied here is the case with cold flow, i.e. flow without combustion and constant
temperature. Complex flows in the burner are achieved during hot flow when combustion is present
where temperatures are very high and effort is made to strive for the perfect mixing of fuel and oxidant.
The flow is also highly turbulent during the combustion process. Fluent and CFX deal differently with
partially premixed flow and these differences are important to examine to understand how they can be
reduced to achieve equally reliable results in both the solvers. Despite the criticality mentioned about flow
with combustion, it is important to start with a simpler case to narrow down the causes lying behind the
differences between solvers. For that reason and due to the time constraint only cold flow will be
examined in this thesis.
To understand more in depth how the choice of numerics influence the results obtained, a test case is
developed where flow in long channel with obstacle is simulated for different numerical methods and
spatial discretization available in Fluent and results are compared to see how the conclusion about mesh
independency is affected depending on which numerical method is used.
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Background

1.1 Project Objectives
The purpose of this thesis is to compare the two CFD solver provided by Ansys, namely CFX and Fluent
for studies conducted on a Siemens SGT-800 burner. Today both solvers are widely used at Siemens
Industrial Turbomachinery AB, it has however been discovered that when running similarly set up cases
in both solvers, the results differ between the solvers. The questions that arises following this discovery
are why do these differences exist, how can they be reduced and which of the solvers has a more correct
solution. The main objective of this thesis is to answer these questions and reduce the uncertainty and
possible causes surrounding the differences between solvers. Another purpose of this thesis is to
investigate the mesh dependency of a standard Siemens mesh used for 3D simulations.

1.2 Siemens Industrial Turbomachinery
The history of Swedish turbine industry dates back to 1893 when Gustaf De Laval Steam Turbine AB was
started in Stockholm. In year 1913, brothers Birger and Fredrik Ljungström started manufacturing their
own counter-rotating radial steam turbines in Finspång under the name STAL, Svenska Turbinefabriks
Aktiebolag Ljungström. Finspång has always been an industrial hub and was known to be one of the
biggest manufacturers of cannons in the world. However, this era came to an end in 1911 when
bankruptcy was filed by the Nordic Artillery plants. This is when, two years later, the two brothers bought
the entire industrial area to establish STAL in Finspång.
Even though STAL and De Laval were engaged in manufacturing different kinds of turbines and the
application areas also varied, they were still partly competitors. The two companies decided to merge
towards the end of 1950’s and the industry was brought together in Finspång. With time the company
expanded and started developing in the area of gas turbines. During its course, the company had multiple
names Stal-Laval, ASEA Stal, ABB Stal, ABB Alstom Power and Alstom Power. This was when in 2003
Siemens came in and bought Alstom Power and today the company goes by name Siemens Industrial
Turbomachinery AB. [23]

1.3 SGT-800
The turbine used for investigation in this thesis is the Siemens Gas Turbine (SGT) SGT-800, see Figure
1. The SGT-800 turbine manufactured by Siemens is the largest industrial gas turbine available in three
models with a power output of 47.5, 50.5 and 53.0 MW and gross efficiency of 37.7%, 38.3% and 39%
respectively. The design of the SGT-800 is a great combination of robustness and high reliability which
along with the features of high exhaust temperature combined with high efficiency makes it an optimal
choice for many customers and operations such as energy companies, independent power producers,
cogeneration and combined cycle installations and also oil and gas industry. Apart from this, the SGT-800
also has the best emissions performance in the 40-60 MW(e) class on dual fuel (dry) in the 50%-100%
load range [10] [11].
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Figure 1: The SGT-800 gas turbine

Figure 2: Cross-section of the SGT-800 gas turbine
SGT-800 is a single-shaft machine with 15 compressor stages. The cross-section is shown in Figure 2.
Three of these have variable guide vanes while the rest are sealed with abradable seals to reduce leakage.
To improve the efficiency, turbine stator flanges are air-cooled. The turbine can be operated on both gas
and liquid fluids with the capability of switching on-line between fuels. To reduce the emissions, this
turbine is equipped with a Dry Low Emissions (DLE) combustion system. With the help of the DLE
system, NOx emissions are below 15ppm at 15% O2 when operating on fuel gas. [10] [11]

1.4 Atmospheric Combustion Rig (ACR)
For experimental purposes, the use of atmospheric combustion test rig is made where the DLE burner is
mounted as shown in Figure 3. This combustion chamber is of a single can configuration and consists of
casing and liner which are cooled convectively. The expansion ratio of the circular cross-section is similar
to the Siemens SGT-800 annular combustor. Although the section closest to the burner exit, for the
purpose of providing increased quality of measurement, has a square cross-section with smoothed
corners. There is also a possibility in this setup to provide the liner wall with a constant or variable
temperature due to the combustion air and cooling air being separate. The quartz windows located on
three sides of the liner provide optical access to the flame region allowing use of laser and optical
diagnostic techniques.
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Figure 3: Drawing and outline of flows for the atmospheric combustion test rig where the quartz window
in blue shows the area for optical access. [24]
Before entering the plenum, the combustion air can be heated up to a value of 820K where it is later
evenly distributed to the burner. The temperature of the combustion air before passing through the swirl
generator often is chosen to be about 693 K. More detailed information can be found in the study
conducted by Andreas Lantz et al., Investigation of Hydrogen Enriched Natural Gas Flames in a SGT700/800 Burner Using OH PLIF and Chemiluminescence Imaging [24]. For a cold flow scenario to be
realistic, temperature of combustion air should be chosen around 400 °C.
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Theory

This chapter deals with the leading theory used in Computational Fluid Dynamics and touches base with
the concepts behind the theory. Brief information is given on Navier-Stokes equations, turbulence and the
kinds of turbulence models which are used in this project.

2.1

Fluid Dynamics – Governing equations

Fluid Dynamics is the branch of fluid mechanics that deals with fluid in movement, i.e. fluid flow and the
forces’ impact on it. Fluid flow is described using the governing equations, Navier-Stokes equations
which describe how the velocity, pressure, temperature and density of fluid flow are related. One can say
that Navier-Stokes equations are Newton’s second law of motion applied to fluids. The effect of viscosity
which has not been regarded in the Euler equations is taken into account in the Navier-Stokes equations.
They are based on three conservation laws; conservation of mass, conservation of momentum and
conservation of energy. The equations are partial differential equations which do not have a defined
analytical solution and are therefore solved numerically. [1] [2]
Conservation of mass states that the rate of change of mass in an arbitrary material volume is equal to
the rate of mass production in that volume.
𝑑
∫ 𝜌(𝑥, 𝑡)𝑑𝑉
𝑑𝑡 𝑉(𝑡)

= ∫𝑉(𝑡) 𝜎(𝑥, 𝑡)𝑑𝑉

(2:1)

In equation (1:1), 𝜌(𝑥, 𝑡) is the density of a particle and 𝜎(𝑥, 𝑡) is the rate of mass production per volume
at time 𝑡 and position 𝑥. 𝜎(𝑥, 𝑡) ≠ 0 is true only for multiphase flows and therefore taking 𝜎(𝑥, 𝑡) = 0 in
the above equation, we obtain the continuity equation (2:2):
𝜕𝜌
𝜕𝑡

+ 𝛻𝜌𝒖 = 0

(2:2)

Conservation of momentum states that the rate of change of momentum of a material volume is equal to
the total force on the volume. Two kinds of forces act on a volume; body forces 𝐹𝑖 and surfaces forces 𝑅𝑖 .
The conservation of momentum law can be written in integral form and using Reynolds transport theorem
as presented in (2:3)
∫𝑉(𝑡) 𝜌

𝐷𝑢𝑖
𝑑𝑉
𝐷𝑡

= ∫𝑉(𝑡) 𝜌𝐹𝑖 𝑑𝑉 + ∫𝑆(𝑡) 𝑅𝑖 𝑑𝑆

(2:3)

Furthermore, the surface forces must be transformed into a volume integral which is achieved by defining
the stress tensor, 𝑇𝑖𝑗 in (2:4). The stress tensor consists of an isotropic part, hydrodynamic pressure 𝑝 and
a viscous stress tensor, 𝜏𝑖𝑗 which depends on the fluid motion.
𝑇𝑖𝑗 = −𝑝𝛿𝑖𝑗 + 𝜏𝑖𝑗

(2:4)

The momentum equation (2:5) is then equal to,
𝜌

𝐷𝑢𝑖
𝐷𝑡

= 𝜌𝐹𝑖 +

𝜕𝑇𝑖𝑗
𝜕𝑥𝑗

For a Newtonian fluid, the relationship between the viscous stress and the strain is given by (2:6),
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2 𝜕𝑢

𝜏𝑖𝑗 = 𝜇 (𝜕𝑥 𝑖 + 𝜕𝑥 − 3 𝜕𝑥𝑟 𝛿𝑖𝑗 )
𝑗

𝑖

(2:6)

𝑟

Using this, the final conservation of momentum law of the Navier-Stokes equations is obtained as (2:7),
𝜌

𝐷𝑢𝑖
𝐷𝑡

𝜕𝑝

𝜕

𝜕𝑢

𝜕𝑢

2 𝜕𝑢

= − 𝜕𝑥 + 𝜕𝑥 [𝜇 (𝜕𝑥 𝑖 + 𝜕𝑥𝑗 − 3 𝜕𝑥𝑟 𝛿𝑖𝑗 )] + 𝜌𝐹𝑖
𝑖

𝑗

𝑗

𝑖

𝑟

(2:7)

Conservation of energy states that the rate of change of energy in a material particle is equal to the
amount of energy received by heat and work transferred by the particle. The first law of thermodynamics
states (2:8),
𝑑
∫ 𝜌𝐸𝑑𝑉
𝑑𝑡 𝑉(𝑡)

=𝑊+𝑄

(2:8)

where E is the total energy, W is the rate of work done by the surrounding on the fluid and Q is the rate of
heat addition. Once again, the work done is divided into body force and surface force and Q is obtained
by assuming that heat is added to each particle at a rate q per unit of mass and that there exists a heat flux
𝜎 per unit area of the surface which is governed by Fourier’s law. Solving using these laws for the first
law of thermodynamics we achieve the law of energy conservation as following,
𝜌

𝐷𝑒
𝐷𝑡

= −𝑝

𝜕𝑢𝑖
𝜕𝑥𝑗

+

𝜕𝑢𝑖
𝜕𝑢
𝜇( 𝑖
𝜕𝑥𝑗
𝜕𝑥𝑗

+

𝜕𝑢𝑗
𝜕𝑥𝑖

−

2 𝜕𝑢𝑟
𝛿 )
3 𝜕𝑥𝑟 𝑖𝑗

+

𝜕
𝜕𝑇
(𝜅 )
𝜕𝑥𝑖
𝜕𝑥𝑖

(2:9)

where 𝜅 is the thermal conductivity in (2:9).
Computational Fluid Dynamics focuses on solving these problems with the help of numerical analysis
and approximating the solution to Navier-Stokes with methods such as finite difference, finite volume
finite element and spectral methods [1] [2].

2.2

Turbulent Flow

Fluid flow in general is turbulent, everything from flow around cars, planes, buildings to the flow in
combustion to air movements in room near the walls due to the high interaction between wall and flow
are all turbulent flows. In general, turbulent flow does not have a distinct definition due to the large
fluctuations in its behavior however there are some main characteristics that all together help in
identifying flows as turbulent or laminar. Although turbulence is often observed as random, the velocity
field conserves mass, momentum and energy.
Main characteristics of turbulent flows are:
-

-

10

Irregularity: The flow is chaotic, random and irregular. This is also seen in the irregular
fluctuations observed in dependent variables like temperature, pressure, velocity etc. even when
steady boundary conditions are implemented.
Non-linearity: Turbulence occurs when a non-linear parameter like the Reynolds number exceeds
a critical value and unpredictable behavior in the flow is observed.
Vorticity: Eddies, swirling structures in a flow, are what characterize a turbulent flow which
occur in all sizes depending on the Reynolds number.
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Dissipation: Dissipation of energy is observed in turbulent flow by the means of nonlinear
transfer of energy between eddies, from larger eddies to the smaller ones and the smaller eddies’
energy is then converted into internal energy.
Diffusivity: Turbulent flow increase diffusivity, increase is seen in for e.g. exchange of
momentum in boundary layers etc. as compared to laminar flow.

Different models are used for predicting the effect of and describing a turbulent flow. The instantaneous
values of the dependent variables like temperature, velocity, pressure are all divided into two parts, a
mean part and a fluctuating part. Turbulence models are obtained by solving for the continuity and
Navier-Stokes equations. Averaging the equations gives the RANS, Reynolds Averaged Navier-Stokes
equations, although even here the fluctuating terms do not completely disappear and are accounted for in
the non-linear Reynolds Stress term. A closure problem i.e. having more number of unknowns than the
number of equations is observed while solving for the dependent variables. This leads to different
approximation models, so-called turbulence models. The different turbulence models are Algebraic
models, One-equation models, Two-equation models and Reynold Stress models. This thesis aims at
presenting the results of turbulence model study obtained using only the two-equation models. [3] [4]

2.3 Two-equation model
Two-equation turbulence model is one of the most widely used models due to its ability to provide a good
compromise between accuracy and numerical effort. Two-equation turbulent model aims at solving two
transport equations in order to obtain turbulent qualities; usually turbulent kinetic energy and turbulent
length scale. Boussinesq assumption relates the Reynolds stress tensor to velocity gradients through
turbulent viscosity and is implemented in these models. [5]

2.3.1 Standard k-ε model
k- ε is a common and widely used two-equation model. The two transport variables solved for in this
model are k, the turbulent kinetic energy and ε, turbulent dissipation. This model was implemented to
improve the mixing-length model and proposing turbulent length scales in moderate to complex flows.
This model has proven useful for free-shear layer flow although only when the pressure gradient is
relatively small. [6]
It is assumed for this model that the turbulence viscosity is associated to the turbulence kinetic energy and
turbulence dissipation by the expression (2:10);
𝜇𝑡 = 𝐶𝜇 𝜌

𝑘2
𝜀

(2:10)

The transport equations used for solving the transport variables k and ε are as follows:
For turbulent kinetic energy k,
𝜕(𝜌𝑘)
𝜕
+ 𝜕𝑥 (𝜌𝑈𝑗 𝑘)
𝜕𝑡
𝑗

=

𝜕
[(𝜇
𝜕𝑥𝑗

+ 𝜎 𝑡 ) 𝜕𝑥 ] + 𝑃 − 𝜌𝜀 + 𝑃𝑘𝑏

𝜇

+ 𝜕𝑥 (𝜌𝑈𝑗 𝜀) =

𝜕
[(𝜇
𝜕𝑥𝑗

+ 𝜎𝑡 ) 𝜕𝑥 ] + 𝑘 (𝐶𝜀1 𝑃 − 𝐶𝜀2 𝜌𝜀)

𝑘

𝜕𝑘

𝑗

(2:11)

For turbulence dissipation 𝜀,
𝜕(𝜌𝜀)
𝜕𝑡
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𝜕

𝑗

𝜇

𝜀

𝜕𝜀

𝑗

𝜀

(2:12)
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In (2:11) and (2:12), 𝑃 is the turbulence production due to the viscous forces and is presented by 𝑃 =
𝜕𝑈

𝜏𝑖𝑗 𝜕𝑥 𝑖. 𝐶𝜀1 = 1.44, 𝐶𝜀2 = 1.92, 𝐶𝜇 = 0.09, 𝜎𝜀 = 1.3 and 𝜎𝑘 = 1.0 are the closure coefficients. [7]
𝑗

2.3.2 Standard k-ω model
This model solves for the transport variables k, turbulence kinetic energy and ω, turbulence dissipation
rate. This model is a more accurate version of the standard k- ε model which provides near-wall treatment
for low-Reynolds number without involving complex non-linear damping functions.
It is assumed for this model that the turbulence viscosity is associated to the turbulence kinetic energy and
turbulence dissipation rate by the expression (2:13);
𝜇𝑡 = 𝜌

𝑘
𝜔

(2:13)

The transport equations used for solving the transport variables k and ω are as follows:
For turbulent kinetic energy k,
𝜕(𝜌𝑘)
𝜕𝑡

+

𝜕
(𝜌𝑈𝑗 𝑘)
𝜕𝑥𝑗

=

𝜕
[(𝜇
𝜕𝑥𝑗

+

𝜇𝑡 𝜕𝑘
) ]
𝜎𝑘 𝜕𝑥𝑗

+ 𝑃 − 𝛽′𝜌𝑘𝜔

(2:14)

For turbulence dissipation rate 𝜔,
𝜕(𝜌𝜔)
𝜕𝑡

𝜕

+ 𝜕𝑥 (𝜌𝑈𝑗 𝜔) =
𝑗

𝜕
[(𝜇
𝜕𝑥𝑗

𝜇

𝜕𝜔

𝜔

+ 𝜎 𝑡 ) 𝜕𝑥 ] + 𝛼 𝑘 𝑃 − 𝛽𝜌𝜔2
𝜔

𝑗

(2:15)

In (2:14) and (2:15), 𝑃 is the turbulence production due to the viscous forces and is presented by 𝑃 =
𝜕𝑈

5

𝜏𝑖𝑗 𝜕𝑥 𝑖. 𝛼 = 9 , 𝛽 = 0.075, 𝛽 ′ = 0.09, 𝜎𝜔 = 0.5 and 𝜎𝑘 = 0.5 are the closure coefficients. [7]
𝑗

2.3.3 k- ω Shear Stress Transport (SST) model
The SST model tries to capture the best from two worlds i.e. from the two earlier mentioned two-equation
models in order to be able to better predict the onset and amount of flow separation under adverse
pressure gradients. This model, although being very similar to the standard Wilcox k-ω model is different
in the following ways [8]:
-

-

The standard k-ε and k-ω model are added together after being multiplied with a blending
function designed in such a way that near the walls it is equal to one and activates the k-ω model
and zero when away from walls activating the k-ε model.
The blending between the models is achieved by introducing a cross-diffusion derivative term in
the ω equation.
The turbulent viscosity takes into account for the transport of turbulent shear stress.
Modelling constants are different.

The transport equations achieved now for k is
𝜕(𝜌𝑘)
𝜕𝑡

12

𝜕

+ 𝜕𝑥 (𝜌𝑈𝑗 𝑘) =
𝑗

𝜕
[(𝜇
𝜕𝑥𝑗

𝜇

𝜕𝑘

+ 𝜎 𝑡 ) 𝜕𝑥 ] + 𝑃 − 𝛽′𝜌𝑘𝜔
𝑘

𝑗

(2:16)
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And for ω:
𝜕(𝜌𝜔)
𝜕𝑡

+

where 2(1 − 𝐹1 )
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𝜕
(𝜌𝑈𝑗 𝜔)
𝜕𝑥𝑗

𝜌𝜎𝜔2 𝜕𝑘 𝜕𝜔
𝜔 𝜕𝑥𝑗 𝜕𝑥𝑗

=

𝜕
[(𝜇
𝜕𝑥𝑗

+

𝜇𝑡 𝜕𝜔
) ]
𝜎𝜔 𝜕𝑥𝑗

𝜔
𝑘

+ 𝛼 𝑃 − 𝛽𝜌𝜔2 + 2(1 − 𝐹1 )

𝜌𝜎𝜔2 𝜕𝑘 𝜕𝜔
𝜔 𝜕𝑥𝑗 𝜕𝑥𝑗

(2:17)

is the cross-diffusion derivative term and 𝐹1 is a blending function [9].
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Solver Characteristics: Ansys CFX and Ansys Fluent

3.1.1 Discretization method
Both CFX and Fluent use finite-volume method which discretizes the spatial domain using a mesh.
Variable values for quantities such as mass, energy, momentum are stored in these control volumes
constructed with the help of the mesh.

Figure 4: Left: Vertex-centered. Right: Cell-centered.
When it comes to the finite volume method used for discretization in both solvers; CFX uses the vertexcentered method, more precisely dual-median method while Fluent uses cell-centered method. The basic
difference between the two methods is the location of the unknowns that are to be solved for as shown in
Figure 4. In the cell-centered approach, cells themselves serve as control volumes and the average
variable value is stored in its center. On the other hand, for the vertex-centered method; control volume is
formed by combining smaller sub-control volumes surrounding the vertex and the variable value is stored
in vertex.
The comparison between the two methods can be done on the basis of the following criteria; accuracy,
computational work, memory requirements and grid flexibility. Cell-centered finite-volume method has a
larger number of degrees of freedom than the vertex-centered method but less fluxes per unknown
making the scheme computationally expensive [12] with large memory requirements, on an average twice
the requirement for the vertex-centered method. Even though it would be logical to assume that more
degrees of freedom would mean a more accurate method, the accuracy of the method is affected
negatively by the low number of fluxes per unknown making it hard to determine which of methods has a
better accuracy [13].
One important advantage of the cell-centered method is its capability of computing fluxes in nonconforming cell interfaces where the vertex-centered method is not equally flexible and requires
expensive procedure to compute the fluxes. The median-dual mesh can produce control volumes of bad
quality whereas a cell-centered method is more flexible in grid generation, adaption and even motion.
Different spatial discretization schemes are available to choose from in both CFX and Fluent. These
schemes include amongst others; first order upwind difference, second order central difference, high
resolution scheme for CFX and first order upwind, second order upwind, second order central
differencing, power law etc. for Fluent. First order upwind scheme is robust however not as accurate
while evaluating steep gradients and therefore inaccurate. The second order scheme on the other hand is
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accurate but may lead to unphysical oscillations. The optimal scenario offered by CFX is the high
resolution scheme and the second order differencing scheme by Fluent which provide a blending of the
first and second order with the help of a non-linear function evaluated for each node. For details about the
different schemes offered, refer to the solver guide provided by Ansys [14].

3.1.2 Turbulence models in CFX and Fluent
There are some basic differences in the formulation of the turbulence models between solvers especially
the values of model constants used. This section will present the equations used for respective solvers and
default values of the model constants implemented in these models.

3.1.2.1 Standard k-ε model

Fluent
The standard k-ε transport equations obtained for turbulence kinetic energy, k and its dissipation ε are
given by equation (3:1) and (3:2) respectively.
For turbulent kinetic energy k,
𝜕(𝜌𝑘)
𝜕
+ 𝜕𝑥 (𝜌𝑈𝑗 𝑘)
𝜕𝑡
𝑗

=

𝜕
[(𝜇
𝜕𝑥𝑗

𝜇

𝜕𝑘

+ 𝜎 𝑡 ) 𝜕𝑥 ] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘
𝑘

𝑗

(3:1)

For turbulence dissipation 𝜀,
𝜕(𝜌𝜀)
𝜕𝑡

+

𝜕
(𝜌𝑈𝑗 𝜀)
𝜕𝑥𝑗

=

𝜕
[(𝜇
𝜕𝑥𝑗

+

𝜇𝑡 𝜕𝜀
) ]
𝜎𝜀 𝜕𝑥𝑗

𝜀
𝑘

+ 𝐶𝜀1 (𝐺𝑘 + 𝐶𝜀3 𝐺𝑏 ) − 𝐶𝜀2 𝜌

𝜀2
𝑘

+ 𝑆𝜀

(3:2)

Here, 𝐺𝑘 stands for the generation of turbulence kinetic energy due to the mean velocity gradients, 𝐺𝑏 is
the generation of turbulence kinetic energy due to buoyancy, 𝑌𝑀 is the contribution from fluctuating
dilatation in compressible turbulence to the overall dissipation rate, 𝑆𝑘 and 𝑆𝜀 are user-defined source
terms. The model constants possess the values 𝐶𝜀1 = 1.44, 𝐶𝜀2 = 1.92, 𝐶𝜇 = 0.09, 𝜎𝜀 = 1.3 and 𝜎𝑘 = 1.
[15]

CFX
In a similar manner, the transport equations used for turbulence kinetic energy, k and its dissipation ε are
given by equation (3:3) and (3:4).
For turbulent kinetic energy k,
𝜕(𝜌𝑘)
𝜕
+ 𝜕𝑥 (𝜌𝑈𝑗 𝑘)
𝜕𝑡
𝑗

=

𝜕
[(𝜇
𝜕𝑥𝑗

𝜇

𝜕𝑘

+ 𝜎 𝑡 ) 𝜕𝑥 ] + 𝑃 − 𝜌𝜀 + 𝑃𝑘𝑏
𝑘

𝑗

(3:3)

For turbulence dissipation 𝜀,
𝜕(𝜌𝜀)
𝜕𝑡
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𝜕

+ 𝜕𝑥 (𝜌𝑈𝑗 𝜀) =
𝑗

𝜕
[(𝜇
𝜕𝑥𝑗

𝜇

𝜕𝜀

𝜀

+ 𝜎𝑡 ) 𝜕𝑥 ] + 𝑘 (𝐶𝜀1 𝑃𝑘 − 𝐶𝜀2 𝜌𝜀 + 𝐶𝜀1 𝑃𝜀𝑏 )
𝜀

𝑗

(3:4)
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Here 𝑃𝑘𝑏 and 𝑃𝜀𝑏 represent the influence of buoyancy forces, 𝑃𝑘 is the turbulence production due to
viscous forces. The model constants possess the values 𝐶𝜀1 = 1.44, 𝐶𝜀2 = 1.92, 𝐶𝜇 = 0.09, 𝜎𝜀 = 1.3 and
𝜎𝑘 = 1. [16]

3.1.2.2 Standard k-ω model

Fluent
The transport equations used for solving the transport variables k and ω are as follows:
For turbulent kinetic energy k,
𝜕(𝜌𝑘)
𝜕𝑡

𝜕

𝜕
[(𝜇
𝜕𝑥𝑗

+ 𝜕𝑥 (𝜌𝑈𝑗 𝑘) =
𝑗

𝜇

𝜕𝑘

+ 𝜎 𝑡 ) 𝜕𝑥 ] + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘
𝑘

𝑗

𝜇

𝜕𝜔

(3:5)

For turbulence dissipation rate 𝜔,
𝜕(𝜌𝜔)
𝜕𝑡

𝜕

+ 𝜕𝑥 (𝜌𝑈𝑗 𝜔) =
𝑗

𝜕
[(𝜇
𝜕𝑥𝑗

+ 𝜎 𝑡 ) 𝜕𝑥 ] + 𝐺𝜔 − 𝑌𝜔 + 𝑆𝜔
𝜔

𝑗

(3:6)

Here, 𝐺𝑘 presents generation of turbulence kinetic energy due to mean velocity gradients, 𝐺𝜔 presents
generation of ω, 𝑌𝑘 represents dissipation of k and 𝑌𝜔 represents dissipation of ω due to turbulence. 𝑆𝑘
∗
∗
and 𝑆𝜀 are user-defined source term. The model constants are 𝛼∞
= 1, 𝛼∞ = 0.52, 𝛼0 = 1/9, 𝛽∞
=
∗
0.09, 𝛽𝑖 = 0.072, 𝑅𝛽 = 8, 𝑅𝑘 = 6, 𝑅𝜔 = 2.95, 𝜁 = 1.5, 𝑀𝑡0 = 0.25, 𝜎𝑘 = 2 and 𝜎𝜔 = 2. For details on
the development of the constants please refer to the Ansys Documentation on Fluent Solver Theory. [15]

CFX
The transport equations used for solving the transport variables k and ω are as follows:
For turbulent kinetic energy k,
𝜕(𝜌𝑘)
𝜕𝑡

+

𝜕
(𝜌𝑈𝑗 𝑘)
𝜕𝑥𝑗

=

𝜕
[(𝜇
𝜕𝑥𝑗

+

𝜇𝑡
𝜕𝑘
) ]
𝜎𝑘,3 𝜕𝑥𝑗

+ 𝑃𝑘 − 𝛽 ′ 𝜌𝑘𝜔 + 𝑃𝑘𝑏

(3:7)

For turbulence dissipation rate 𝜔,
𝜕(𝜌𝜔)
𝜕𝑡

+

𝜕
(𝜌𝑈𝑗 𝜔)
𝜕𝑥𝑗

=

𝜕
[(𝜇
𝜕𝑥𝑗

+

𝜇𝑡 𝜕𝜔
) ]
𝜎𝜔 𝜕𝑥𝑗

𝜔
𝑘

+ 𝛼 𝑃𝑘 − 𝛽𝜌𝜔2 + 𝑃𝜔𝑏

(3:8)

Here 𝑃𝑘𝑏 and 𝑃𝜔𝑏 represent the influence of buoyancy forces, 𝑃𝑘 is the turbulence production due to
viscous forces. The model constant’s values are 𝛼 = 5/9, 𝛽 = 0.075, 𝛽 ′ = 0.09 𝜎𝑘 = 2 and 𝜎𝜔 = 2.
For details on the development of the constants please refer to the Ansys Documentation on CFX Solver
Theory. [16]
Something that stands out for this model is the difference in amount of constants available to control the
model in respective solver. There are fewer available for CFX than Fluent. This could be one of the
reasons contributing to difference in results between CFX and Fluent.
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3.1.2.3 Shear Stress Transport k-ω model

Fluent
The transport equations used for solving the transport variables k and ω are as follows:
For turbulent kinetic energy k,
𝜕(𝜌𝑘)
𝜕𝑡

𝜕

+ 𝜕𝑥 (𝜌𝑈𝑗 𝑘) =
𝑗

𝜕
[(𝜇
𝜕𝑥𝑗

𝜇

𝜕𝑘

+ 𝜎 𝑡 ) 𝜕𝑥 ] + 𝑃 − 𝐶𝜇 𝜌𝑘𝜔 + 𝑆𝑘
𝑘3

(3:9)

𝑗

For turbulence dissipation rate 𝜔,
𝜕(𝜌𝜔)
𝜕𝑡

𝜕

+ 𝜕𝑥 (𝜌𝑈𝑗 𝜔) =
𝑗

𝜕
[(𝜇
𝜕𝑥𝑗

𝜇

𝜕𝜔

+ 𝜎 𝑡 ) 𝜕𝑥 ] +
𝜔3

𝑗

𝛼3
𝑃
𝑣𝑡

𝜕𝑘 𝜕𝜔
𝜔
𝜕𝑥
𝜔2
𝑗 𝜕𝑥𝑗

+ 2(1 − 𝐹1 ) 𝜎

1

− 𝛽3 𝜌𝜔2 + 𝑆𝜔

(3:10)

Model constants used by default are 𝐶𝜇 = 0.09, 𝛼1 = 0.553, 𝛽1 = 0.075, 𝜎𝑘1 = 1.176, 𝜎𝜔1 = 2, 𝛼2 =
0.44, 𝛽2 = 0.0828, 𝜎𝑘2 = 1 and 𝜎𝜔2 = 1.168.

CFX
The transport equations used for solving the transport variables k and ω are as follows:
For turbulent kinetic energy k,
𝜕(𝜌𝑘)
𝜕𝑡

𝜕

+ 𝜕𝑥 (𝜌𝑈𝑗 𝑘) =
𝑗

𝜕
[(𝜇
𝜕𝑥𝑗

𝜇

𝜕𝑘

+ 𝜎 𝑡 ) 𝜕𝑥 ] + 𝑃 − 𝐶𝜇 𝜌𝑘𝜔 + 𝑃𝑘𝑏
𝑘3

(3:11)

𝑗

For turbulence dissipation rate 𝜔,
𝜕(𝜌𝜔)
𝜕𝑡

𝜕

+ 𝜕𝑥 (𝜌𝑈𝑗 𝜔) =
𝑗

𝜕
[(𝜇
𝜕𝑥𝑗

𝜇

𝜕𝜔

𝜔

𝜕𝑘 𝜕𝜔
𝜔
𝜕𝑥
𝜔2
𝑗 𝜕𝑥𝑗

+ 𝜎 𝑡 ) 𝜕𝑥 ] + 𝛼3 𝑘 𝑃 + 2(1 − 𝐹1 ) 𝜎
𝜔3

𝑗

1

− 𝛽3 𝜌𝜔2 + 𝑃𝜔𝑏 (3:12)

Model constants used by default are 𝐶𝜇 = 0.09, 𝛼1 = 0.555, 𝛽1 = 0.075, 𝜎𝑘1 = 2, 𝜎𝜔1 = 2, 𝛼2 = 0.44,
𝛽2 = 0.0828, 𝜎𝑘2 = 1 and 𝜎𝜔2 = 1.168.
The formulation of the model looks identical for both solvers except for some minute differences
𝛼
observed in the implementation of it. The production term for ω, represented by 𝑣3 𝑃 for Fluent (3:10) and
𝜔
𝛼3 𝑘 𝑃

𝑡

for CFX (3:12) is evaluated differently in both solvers. There is also slight difference in the way

blending and development of the new coefficients is calculated for the turbulent Prandtl number 𝜎𝜔3 and
𝜎𝑘3. Both CFX and Fluent use a linear model, equation (3:13), for all other coefficients as 𝛼3 and 𝛽3 .
CFX uses the same linear model for even the turbulent Prandtl numbers however Fluent uses a non-linear
model as shown in equation (3:14).
𝜙3 = 𝐹1 𝜙1 + (1 − 𝐹1 )𝜙2

(3:13)

𝜙1 𝜙2
+(1−𝐹
1 2
1 )𝜙1

(3:14)

𝜙3 = 𝐹 𝜙
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To obtain a theoretically identical model in both solvers, the turbulent Prandtl numbers can be set equal to
each other i.e. 𝜎𝜔1 = 𝜎𝜔2 = 𝜎𝜔3 and 𝜎𝑘1 = 𝜎𝑘2 = 𝜎𝑘3. There are still some differences in how the
production term is evaluated however apart from that the solvers are identical. [16] [17]
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Methodology

4.1 Case-setup
For this study, an axisymmetric model of the SGT-800 burner was provided and meshes from former
thesis work of Simon Bruneflod [18] were available. Studies have been performed on these given meshes
and also on a new optimal mesh that was created. The case-setup included setting up the given meshes,
generating new mesh, identifying the boundary conditions and choosing the solutions methods and
turbulence models.
In order to rule out the effect of numerical method and spatial discretization chosen and be sure of the
mesh independency of the results obtained, a test case is used. For this test case, a 2D axisymmetric
model of flow in a channel with an object is studied. The geometry and mesh was created in ICEM and
the different studies are conducted in Fluent where there are numerous spatial discretization methods
available. In total 32 cases were tested for this model; 4 numerical schemes x 4 meshes x 2 spatial
discretization.

4.1.1 Geometry and Mesh
4.1.1.1 SGT-800 burner
The geometry used for this study is a 3° sector of the SGT-800 burner model to reduce the size of the
study and time for the computations. The aim of this study is to observe the differences between the two
solvers, and it was concluded that an axisymmetric model with inlet downstream the swirl generator
would provide enough accuracy to observe the results and fulfil the purpose of the study. Five different
meshes of different resolutions were provided by Simon Bruneflod [18]. These meshes were used to
perform the first studies and analysis and to understand using the solvers. These meshes ranged from the
coarsest mesh with 32246 nodes and the finest with 582372 nodes. Convergence issues were observed
with these meshes and therefore going forward only the coarsest mesh, hereafter called mesh A, was used.
This mesh was then spit twice over the entire domain to create finer meshes called mesh A Split and mesh
A Split Twice with approximately 120000 nodes and 480000 nodes respectively. This helped in getting a
better understanding of the mesh independency and comparing the results. Mesh A is shown in Figure 5
below.

Figure 5: Mesh A
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Continuous effort is made to reduce the size of the meshes in order to reduce the cost of the study and
minimize the computer power and resources needed to perform the study. As a part of this thesis work, an
optimal mesh was created that would provide the accuracy of a very fine mesh but requiring significantly
lower amount of cells than such a mesh. The dimensionless wall distance y+ has been decreased with this
new mesh to a value below 1.5. The mesh was created with the help of blocking in Ansys ICEM. The
blocking approach was changed from the one used for mesh A to give better resolution near the walls and
sharp edges. In Figure 6 (a) the blocking strategy is shown and in (b) the new mesh, so called mesh B is
shown. Mesh B comprises of 246362 nodes and is therefore 8 times finer than mesh A. A mesh B split
mesh was also created to further check for the mesh independency of the results obtained.

Figure 6: (a) Blocking for mesh B.

Figure 6: (b) Mesh B.

4.1.1.2 Numeric’s test case – Flow in channel with object
For testing and comparing the results and prove mesh independency, a test case was developed where
flow in a long channel with an object is studied. Such a model is chosen due to the possibility of studying
turbulent flow behavior with the help of a simple geometry. All simulations are run for 2D axisymmetric
model in fluent. The geometry can be seen in Figure 7. The length of the channel is 3.6m, height is 0.3m
and the height of the object is 0.03m.
20

Rutvika Acharya

940107-2609

2016-06-17

Figure 7: Geometry for flow in channel with obstacle
The geometry and mesh are both created in Ansys ICEM. To begin with a very coarse mesh was created
in order to be able to split it couple of times and identify the order of accuracy and confirm that the spatial
discretization should not make any difference in the results within the solver if the mesh is fine enough
and result is therefore also mesh independent. The coarse mesh for the test case consisted of 5300 nodes
while the finest, after three splits, consisted of 249000 nodes. The first two splitting of the mesh are made
on the entire domain while the third split is only made in the region of the channel comprising of length
from 0m – 1.2m. The channel is very long in comparison to the height of the channel and object, and not
many drastic changes are observed in the flow far behind the object and therefore it was chosen to not
split the entire domain for the third time. Another reason was the incapability of the student license of
Fluent to be able to offer to run for more than 512000 faces and splitting only a region of the entire
domain helped in being able to accommodate one more split without exceeding the limit of the license.
Figure 8 below shows the un-split mesh for this test case.

Figure 8: Mesh for test case.

4.1.2 Boundary Conditions
4.1.2.1 SGT-800 burner
The different parts of the SGT-800 burner consist of inlet, mixing tube, pilot, mixing tube holes,
combustion chamber and outlet. However, for this study only cold flow is examined which makes parts
like mixing tube holes and pilot irrelevant and it can all therefore be considered as walls. For the inlet, a
profile with parameters like velocity u in the axial direction, velocity v in the radial direction, velocity w
in the tangential direction, turbulence kinetic energy and turbulence eddy dissipation are provided at
different coordinates along the radius obtained from a former study conducted at Siemens [19]. Figure 9
shows the normalized inlet profile. Velocity, turbulence kinetic energy, turbulence eddy dissipation are
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normalized with the average velocity, energy and dissipation respectively and the coordinate Y is
normalized with the radius at the inlet.
(a)

(b)

(c)

Figure 9: Inlet profile. (a) Velocity, (b) Turbulence Kinetic Energy and (c) Turbulence Eddy Dissipation

Figure 10 shows the different parts of the SGT-800 and the assigned boundary conditions are as follows:
Mixing tube: Wall with no slip
Combustion chamber wall: Wall with no slip
Outlet: Pressure outlet with static pressure = 0 Pa.
Temperature: Constant, 642K
Periodic faces: Rotationally periodic interface
Symmetry line: Symmetry

Figure 10: SGT-800 model with the different boundaries.

4.1.2.2 Test case
For this case, the relevant parts are inlet, outlet, upper wall, lower wall and the object as shown in the
Figure 11. Boundary condition for the inlet is defined as a velocity inlet with a velocity large enough to
achieve a Reynold’s number higher than 100000 in order to achieve turbulent flow. The Reynolds number
is calculated using (3:1).
𝑅𝑒 =
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Where 𝜌 is the density of the fluid, air for this case, 𝑣 is the velocity, 𝐿 is the characteristic length, height
of the object for this case and 𝜇 is the dynamic viscosity of the fluid.

Figure 11: Parts of the test case model.
Inlet velocity: 150 m/s
𝜌 = 1.225 kg/m3
𝜇 = 1.9 x 10-5 kg/(m×s)
Temperature: Constant at 400K
Outlet: Pressure outlet with static pressure = 0 Pa
Upper and lower wall: Walls with free slip
Object: Wall with no slip

4.1.3 Turbulence model
For the SGT-800 burner case, three different turbulence models have been used to be able to conduct a
turbulence model study and compare the results between the solvers. The three models used are k-ω, k-ε
and the k-ω SST model.
For the test case, standard k-ε turbulence model is used. The length scale of the turbulence is set to 0.03m
and the intensity is set to 5%.

4.1.4 Solution method
To control the output received from the solvers, changes have to be made in the solution methods control.
Here everything from the convergence criteria, numerical algorithm, spatial discretization and monitor
points are set to try achieving a trustworthy result.

4.1.4.1 SGT-800 burner
The convergence criterion has been set to 10-10 for all cases run for the SGT-800 burner model. The
numerical algorithm for coupling set in Fluent is the scheme Simple and the spatial discretization is set to
second-order upwind. However, it was not always easy to achieve stable result and convergence with
second-order upwind as the method requires a good initial guess. Therefore, the simulations were run
with first order and this result is later interpolated to achieve a better initial guess for the second order. In
CFX however both the advection scheme and spatial discretization for each parameter such as
momentum, velocity, etc. is set to the High Resolution scheme.
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For both solvers, 5 monitor points inside the domain have been chosen for which the velocity is plotted
for every iteration. Moreover, the velocity at inlet and pressure at outlet are also monitored. The position
of the monitor points is visible in Figure 12. The motivation for observing the magnitude at every
iteration is the ease it creates in confirming the convergence. Reaching the desired convergence criteria
doesn’t always mean that the final solution has been achieved, instead observing the magnitudes at the
monitor points allows to confirm if convergence has been achieved.

Figure 12: Monitor points in SGT-800 model.

4.1.4.2 Test case
For this particular case, the purpose is to test for different numerical algorithms available in Fluent along
with the spatial discretization method and for 4 different meshes in 2D. Therefore, the numerical methods
used for this case are the Simple, Simplec, Piso and Coupled scheme. The spatial discretization methods
used are first-order and second-order upwind. For this case it was relatively easier to check for the
convergence as the model is simple with no complex geometry and therefore no monitor points were used
here. Convergence criteria was 10-15 for simulations with a coarser mesh while the finer meshes were
simulated for a criteria of 10-8 which was not always achieved but one could instead observe that there
were no changes in the residual over a large number of iterations and therefore the conclusion of
converged solution could be drawn.
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Results

5.1 Test case
The aim of results from test case is to compare the different numerical algorithms available in Fluent and
to rule out their effect on the results. Four different meshes; un-split mesh, mesh split once, mesh split
twice and mesh split thrice are the four meshes used. Figure 13 shows the lines at which the results are
generated for. Lines 1-6 are located at x-coordinate 0.25m, 0.37m, 0.8m, 1.2m, 2m and 3m respectively.

Figure 13: Lines along the channel for which the different results are shown
Figure 14 shows the result from the four different numerical algorithms Simple, Simplec, Piso and
Coupled for first-order and second-order respectively for the un-split mesh. The result shows that there is
no difference whatsoever in the results obtained from each algorithm. The same results were observed for
all the split meshes as well.

Figure 14: Pressure [Pa] at line 6 [Figure 12] for different numerical algorithms for first (left) and
second order (right) respectively.
Knowing that no difference in result will be observed regardless of which algorithm is chosen, it was
however interesting to see that one could optimize the computational time as the number of iterations it
took for the solution to converge was difference for the different methods. Table 1 shows the number of
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iterations it took to obtain a converged solution for the different algorithms for first and second order
respectively.
Simple
Simplec
Piso
Coupled
First-order
1200
1300
1200
400
Second-order
1600
1650
1600
900
Table 1: Number of iterations required to obtain a converged solution for the different algorithms and
spatial discretization method for un-split mesh.
Furthermore, it is interesting to see how the result changes once we have more cells i.e. finer meshes.
Attempt has been made to check if the order of accuracy of the spatial discretization method is in
agreement with the theoretical order of the first and second order scheme. Figure 15 shows the pressure
magnitude at line 5 for the four meshes for numerical algorithm Simple. The figure shows that with every
split, the cell size is halved and so is the error, i.e. the error is decreasing with first order. It can also be
concluded that the results from First order Split 3 should therefore be close to the final solution.

Figure 15: Pressure [Pa] at line 5 [Figure 13] for first order Simple scheme for the four meshes.
Furthermore to get a precise understanding of the order of accuracy, pressure magnitude at 6 points, as
shown in Figure 16 have been plotted for first and second order respectively against the number of mesh
splits. This is presented in Figure 17.

Figure 16: Reference points at which the pressure is measured.
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Figure 17: Pressure at different points along the channel plotted for the number of mesh splits for firstand second-order spatial discretization respectively.
The difference between first order and second order results is significant, as can be seen from the Figure
17. However, it can also be observed that with the increase in split, i.e. with a finer mesh, the result is
converging towards the final solution. It requires less mesh splits for second-order but more iterations. To
show this further, the result for pressure at line 5 for both first and second order for the simple scheme is
shown in Figure 18.

Figure 18: Pressure [Pa] at line 5 along the channel height for first- and second-order. Algorithm used is
Simple.
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5.2 Cold flow: No combustion
Results presented below are for the case with constant temperature, i.e. cold flow in the burner. Studies
and simulations have been carried out for mesh A and mesh B mentioned earlier. Results have been
obtained for 2D model in Fluent, 3D model in Fluent and CFX. For the mesh study, mesh A and mesh B
and their respective split variants have been simulated for the k-ω SST model. Results have been
compared to see if any conclusion of mesh independency can be drawn from the results obtained. Results
from the test case have been taken into account and therefore the models used have been simulated for
second-order upwind scheme in Fluent and High Resolution in CFX.
Due to confidentiality requirements by Siemens Industrial Turbomachinery AB, velocity and turbulence
kinetic energy for this report have been normalized and these normalization constants will not be revealed
in this report. Velocity has been normalized using the mean velocity at the inlet calculated by the known
mass flow rate, density and radius of the mixing tube. Turbulence kinetic energy has in a similar way
been normalized by using the mean turbulence kinetic energy at inlet.

5.2.1 Mesh study

Figure 19: Dimensionless wall distance improvement from Mesh A to Mesh B.
The purpose of this mesh study is to find out which of the meshes can be used going forward. The two
meshes compared were mesh A and B and these meshes were further split over the entire domain,
quadrupling the number of nodes to check the results provided with each mesh and find the optimal mesh
where trade-off between number of nodes, therefore also computing requirements, and accuracy of the
result obtained is made. Mesh A was provided from a previous thesis work [18]. Mesh B was created with
a purpose to provide as accurate result as mesh A split twice but with less number of cells. Y+ is the
dimensionless wall distance, the lower the value, the finer the mesh is near the wall and helps in solving
turbulence near the walls better. Mesh A has a high y+ and the goal with the new mesh was to reduce this
y+ to a value of less than 5. Figure 19 shows the change in y+ between the two meshes.
Knowing the model is well resolved near the walls, it was time to see if it is possible to achieve a mesh
independent solution with the new mesh B and if not then if it is possible to quantify the mesh
dependency by for e.g. estimating magnitude of error in result by looking at the order of accuracy. Results
from test case above have shown that second-order results prove to be reliable and converge faster
towards the final solution, i.e. a lower magnitude of the error. The results have been extracted for certain
locations as shown in Figure 20.
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Figure 20: Measurement lines at which results are extracted.

Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Figure 21: Normalized velocity against normalized radius for Mesh A at the measurement lines 1-6
respectively.
Figure 21 shows result for Fluent 2D model in the form of the normalized velocity for Mesh A, Mesh A
split and Mesh A split twice. Mesh A is of the size of a standard Siemens mesh with cell sized ranging
from 0.5 mm to 3mm. It is important to observe that not much difference is observed in the magnitudes of
the results between the un-split and split Mesh A, proving that the mesh dependency of this mesh is low.
It can also be concluded that the result is converging towards a final solution by looking at the changes
observed at for e.g. line 3 for each split of the mesh. Figure 22 below shows the results above along with
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results of the new mesh B. This is necessary to compare in order to see if the new mesh provides
satisfying results, close to the final solution. Mesh A split twice comprises of almost double the amount of
nodes as mesh B. Results in Figure 22 show that the results from mesh B agree well with results from
mesh A split twice despite the grid being smaller in size. It is also of interest to observe that not at all
large difference is observed between mesh B un-split and split results. Similar results were observed when
the plots were created for pressure, turbulence kinetic energy and turbulence eddy frequency.
Results from the test case have shown that the solution converges much faster towards the final solution
with each split when using the second order spatial discretization. For this case, mesh A results do not
deviate much at all with each split of the mesh and it can therefore be concluded the result obtained after
two splits is very close to the final solution, knowing the error is decreasing with second order.
Furthermore, knowing that mesh B results are well coordinated with mesh A split results, it can therefore
be concluded that results provided by mesh B are close to the final solution, with a minimum error and
therefore mesh B is chosen to be the mesh for the turbulence model study going forth.
Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Figure 22: Normalized velocity against normalized radius for Mesh A and Mesh B at the measurement
lines 1-6 respectively.
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5.2.2 Turbulence model study
In order to investigate how the solvers differ, three different two-equation models were used for the
turbulence model study; k-ε, k-ω and k-ω SST model. The results below will provide an insight into if the
results between solvers differ for respective turbulence model and if these differences are eliminated
when model constants are changed to match the solvers.

5.2.2.1 k-ω SST
For this turbulence model, both mesh A and B were simulated for, however only results from mesh B will
be shown here to give a better comparison between the three turbulence models. Fluent 2D, Fluent 3D
and CFX are the different solving methods used.
Figure 23 shows the normalized velocity contour for the Fluent 2D, Fluent 3D and CFX model followed
by Figure 24 showing the normalized velocity magnitude plotted for the measurement lines. Looking at
the velocity contour, there is no significant difference in the flow between the solvers. Looking at the
contour, Fluent 3D and Fluent 2D look very much alike. When looking at the normalized velocity graph
in Figure 24, it can be seen that CFX and Fluent implement the SST model very similarly as the results
between them are comparable. The minute differences for this particular case and model are small enough
to be neglected and accept the solution from both solvers as the correct solution. This of course depends
on the accuracy demanded by the problem at hand, although it is important to look at the differences in a
relative manner for e.g. a difference of 10 Pa can be acknowledged as minute if the reference pressure
used is 1 atmospheric unit, 101325 Pa as the relative difference for that case is 0.1%.

Figure 23: Contour for normalized velocity.
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Line 1
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Line 5
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Figure 24: k-ω SST: Results from mesh B comparing CFX and Fluent 2D/3D results for normalized
velocity.

Figure 25: Contour for pressure.
Figure 25 and 26 similarly show contour and magnitude plots for pressure. Even here, observing just the
contour, not a large difference between the solvers can be noticed which is then confirmed by the
magnitude plots. However, there is a slight deviation for CFX from Fluent at line 2, which is in the high
velocity region. The reason for this difference in pressure could be due to the pressure-velocity coupling
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used in both solvers being different. In CFX this coupling is implemented using the Rhie-Chow algorithm
while for Fluent the algorithm used is Simple. The characteristics for the SST turbulence model, as
explained in section 2.1.2.3 suggested that the model is treated almost identically in both solvers and the
constants are the same except for differences in two constants. It was expected for the model to then give
accurate and similar results between the solvers which has been confirmed by the study conducted as
shown in the figures. Results for the Turbulence Kinetic Energy can be found in appendix.
Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Figure 26: k-ω SST: Results from mesh B comparing CFX and Fluent 2D/3D results for pressure
magnitude.

5.2.2.2 k-ε
Studies using mesh B were now conducted for the k-ε model where contour and magnitude plots have
been presented. In Figure 27 the first comparison is for the normalized velocity contour between the two
solvers. The contour shows a clear distinction in the results between CFX and Fluent. Fluent 2D and 3D
results look similar in contour and magnitude especially downstream the channel near line 5 where a
distinctively higher velocity is observed for CFX than for Fluent. This result suggests that there is a
difference in the implementation of the turbulence model in question.
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Figure 27: Contour for normalized velocity.

An interesting observation that can be made in the results from both solvers is the results near wall for
both solvers. For Fluent, as seen in Figure 28, velocity goes towards zero near the wall while so is not the
case for CFX. This could mean that there is a difference in the wall function implemented by both solvers
for this model. Having did some research it was found that CFX implements the scalable wall functions
for k-ε turbulence model however Fluent uses the standard wall functions.[20] [21] The scalable functions
are great for predicting the near wall profiles however they are also dependent on the dimensionless wall
distance y+. For the scalable wall function, if y+ is too low, the nodes nearest to the walls are effectively
ignored which could be the case for CFX. No information however was found on y+ under what value is
regarded is too low for this phenomena to take place. [22]
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Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Figure 28: k-ε: Results from mesh B comparing CFX and Fluent 2D/3D results for normalized velocity.
The velocity and pressure gradient being rather high in the first cell near the wall. The phenomena is
taking place in the viscous sublayer. Looking at the graph in Figure 28, it can be seen that the velocity in
CFX has a sharp gradient when approaching wall, which suggests that if this behavior were to continue
linearly, the velocity at wall would be zero. This could be solved by looking at results from an even finer
mesh, where the distance from wall to the first cell will be halved. An attempt was made to split the 3D
mesh B and simulate it for CFX, although due to no convergence having been achieved, the results could
not be presented. Another speculation is the discretization method being different in both solvers, CFX
uses vertex centered while Fluent uses cell-centered. This, along with the wall function, could be a reason
to why there is a difference in results near wall between the two solvers.
Figure 29 shows the pressure contour and 30 shows the pressure magnitude. Once again a similar
observation can be drawn from the graphs, a conclusion that there exists a difference between the two
solvers for this turbulence model. Results for the Turbulence Kinetic Energy can be found in appendix.

35

Rutvika Acharya

940107-2609

2016-06-17

Figure 29: Contour for pressure magnitude.
Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Figure 30: k-ε: Results from mesh B comparing CFX and Fluent 2D/3D results for pressure magnitude.
The big question however is, which of the two solvers has the correct solution. In an attempt to check for
that, the mass flow was compared at different sections along the channel. The mass flow, due to the
constant density, should be constant all over the model. Any divergence from this in either of the solvers
could suggest that the result from that solver is the less reliable one. Though no such divergence was
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observed, the mass flow was constant and same for CFX and Fluent. More research has to be done to
answer the questions; firstly why there is a difference for this turbulence model and secondly which of the
solver result is correct.

5.2.2.3 k-ω
Results in this segment are now for the third turbulence model, k-ω. As for the model above, CFX and
Fluent results do not agree equally as for the SST turbulence model. Looking at the velocity in Figure 31
and 32 something to note is that both CFX and Fluent velocity values go towards zero near the wall in
contrast to the case for k-ε where only Fluent values had that behavior. It is expected that the velocity at
the wall is zero. The k-ω differs from k-ε model due to its capability to handle the near-wall flows in a
better manner as mentioned in the theory which seems to be proven here. The pressure as shown in
Figure 33 and 34 also differ between the solvers and CFX.

Figure 31: Contour for normalized velocity.
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Line 1
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Figure 32: k-ω: Results from mesh B comparing CFX and Fluent 2D/3D results for normalized velocity.

Figure 33: Contour for pressure magnitude.
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Figure 34: k-ω SST: Results from mesh B comparing CFX and Fluent 2D/3D results for pressure
magnitude.

All two-equation turbulence models are governed by some model constants which have a pre-defined
value in the solvers, mentioned in section 2.1.2 for respective turbulence model and solver. The results
shown in figures 31 to 34 are without any changes been made to the model constants. To eliminate the
impact of difference in model constants on the results between solvers, simulations were run with new
model constants for the CFX solver matching those in Fluent. The result of this change in the normalized
velocity magnitude for CFX is shown in Figure 35 when compared to the normalized velocity achieved
from without any changes made to the model. To being with, not many constants differed between the
two solvers and for this particular turbulence model although the number of constants available to control
the model with was distinct in respective solver. The number of constants that could be changed in CFX
was significantly lower than Fluent and therefore this is reflected in the results as well. No changes were
observed when αinf was changed in CFX to 0.52.
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Figure 35: k-ω SST: Results from mesh B comparing CFX results for normalized velocity magnitude
between old and new model constants.
Results for the Turbulence Kinetic Energy can be found in appendix.
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Conclusion and Further Discussion

6.1 CFX vs FLUENT: User experience
Having no former experience with the Ansys solvers CFX and Fluent, this thesis helped in forming an unbiased opinion surrounding the pros and cons of each solver and perhaps arrive at a conclusion on which
solver is more user-friendly and easy to use. The first impression of Fluent is that it has a dull and oldlooking interface; especially the graphics window where the geometry and mesh is displayed. The quality
of this window is very poor, making it difficult to examine the mesh. This being said, the solver is very
easy to use and navigate within due to easy accessibility to all parameters. An example of this is the
turbulence model constants which are very difficult to find and change in CFX but easy to access in
Fluent. Fluent provides the possibility of running everything under one single window; pre-processor,
solver and post-processor. The time it takes from setting the model to starting the simulation is therefore
decreased significantly in comparison to CFX where each step from pre to post of a simulation is handled
by different interfaces. CFX, on the other hand, has a rather modern interface making the solver more
appealing of the two. It is more forgiving towards different meshes than Fluent, making it easier to read in
meshes. Another aspect of the two solvers is the possibility of studying the values at different monitor
points to check if convergence is really achieved. Both solvers provide this facility but it is much harder
to set it up in Fluent than CFX.
When talking about the two solvers capabilities, they are rather similar. It is possible to perform
equivalent tasks and simulations in both solvers though the time to solve and achieve convergence is
distinct. CFX requires less number of iterations to achieve convergence than Fluent, more specifically
almost 1/5th of the number of iterations required by Fluent. This can be advantageous in most situations
but the downside to this is that each iteration takes longer time, which makes it difficult to notice whether
or not the solution actually is converging, if the residuals are decreasing or if the parameter studied at the
monitor points is stable. Fluent requires rather many iterations however each iteration therefore is
computationally faster and it can be noticed during the early stages of a simulation whether the solution is
converging or diverging.
A big advantage of using Fluent is the possibility of running 2D simulations. This reduces the computing
time and also provides the chance to simulate even finer meshes without being too computationally
demanding. CFX can only run 3D simulations which means the number of nodes is doubled. On the
whole, the preference lies in using CFX as long as it is necessary to use a 3D model due to its powerful
solver requiring less number of iterations, the ease to monitor magnitudes in different measurement
points, modern user-interface and tolerance towards meshes. However, if the model is axisymmetric then
the preference would be to run the simulations as 2D using Fluent.

6.1.1 Investigation of differences between the solver results
The purpose of this thesis is to answer the question whether or not there are differences in the Ansys
solvers CFX and Fluent. If yes, how significant are they, can they be reduced and if one of the solvers is
better than the other. This thesis looks into the influence of numerical differences within solvers with the
help of a test case and results are later applied to a Siemens burner to study and compare different
turbulence models. The results from investigations suggest very clearly that second-order results converge
(from mesh dependency point of view) rather quickly towards the final solution in comparison to firstorder. CFX uses the scheme high-resolution which is a combination of the two schemes, however the
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results from CFX and second-order agree well between each other. When the study was conducted with
first-order, big difference in result was observed between the Fluent 2D and 3D results, i.e. same solver
but different results were observed. Another conclusion to be drawn from the test case is the fact that all
algorithms provide the exact same results. A purpose of this thesis was to validate the results obtained and
investigate the mesh dependency of a standard size Siemens mesh, Mesh A in this thesis, which is in fact
seen in the mesh study. When using second-order spatial discretization, results obtained from Mesh A
with and without split and Mesh B did not show a difference hence proving a very low mesh dependency
and suggesting that a standard Siemens size mesh results are accurate.
The turbulence model study showed variation in results depending on which model was used. It can be
concluded from the study that k-ω SST is the model with least differences between CFX and Fluent. This
means that as long as the SST model is used, it wouldn’t matter whether it is CFX, Fluent 2D or Fluent
3D. Another advantage of the SST model is that the results were achieved without having to adjust the
turbulence model constants. This was although not the case for k-ε and k-ω turbulence model. Differences
were observed in the parameter magnitude which suggests the models are implemented differently in
respective solver. The reason for this could be the number of model constants available to change in each
solver. The number of constants available to make changes to in Fluent is more than CFX. It could also be
the discretization method used in respective solver and also the wall-functions implemented for the
respective solver and turbulence models. This thesis helped in eliminating couple of reasons, although
further research has to be carried out to understand why these differences remain between the two solvers
and which of the solvers provides a more reliable result.
The conclusion that can be drawn from the thesis is to use k-ω SST model to achieve comparable results
from CFX and Fluent. While using the other turbulence models, it is debatable whether the differences
between solvers are of a magnitude that is note-worthy or if it can be neglected and over-seen depending
on the type of study being conducted.
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Future scope

To validate this study further, it would be of interest to take into account combustion which is a more
complex process and investigate the differences between solvers for the selected combustion model, and
also if the results and conclusion about the k-ω SST model are still valid. It could also be suggested to
conduct a similar test case study for the different spatial discretization methods available in CFX to check
whether the CFX results from first-order have comparable magnitude of error as Fluent.
It is also of interest to investigate which other internal factors are affecting the results when using k-ε and
k-ω model other than the model constants. One of the factors mentioned earlier was the wall function
implemented in both solvers, and if there is a way to make changes to these functions to achieve a more
equivalent function in both solvers.
In this thesis, the numerical dependency from different numerical algorithm and spatial discretization
available is only tested for Fluent. It could therefore be suggested to test the same for CFX and compare
the results to check if the differences between solvers are affected.

43

Rutvika Acharya

940107-2609

2016-06-17

References
[1] http://www2.mech.kth.se/~henning/stromning/CFD_main.pdf
[2] Priciples of Computational Fluid Dynamics (2001), Springer series in Computational Mathematics
Volume 29, Pieter Wesseling
[3] Fluid Mechanics, 5th Edition, 2012, Pijush K. Kundu, Ira M. Cohen, David R. Dowling
[4] http://www.tfd.chalmers.se/~lada/postscript_files/kompendium_turb.pdf
[5] http://orange.engr.ucdavis.edu/Documentation12.1/121/CFX/xthry.pdf
[6] Bardina, J.E., Huang, P.G., Coakley, T.J. (1997), "Turbulence Modeling Validation, Testing, and
Development", NASA Technical Memorandum 110446
[7] http://www.fem.unicamp.br/~im450/palestras%26artigos/ASME_Tubulence/cds13workbook.pdf
[8] https://www.sharcnet.ca/Software/Fluent6/html/ug/node487.htm
[9] http://turbmodels.larc.nasa.gov/sst.html
[10] http://www.energy.siemens.com/nl/en/fossil-power-generation/gas-turbines/sgt-800.htm
[11]http://www.energy.siemens.com/br/pool/hq/power-generation/gas-turbines/SGT800/Brochure%20Gas%20Turbine%20SGT-800%20for%20Power%20Generation.pdf
[12] http://user.it.uu.se/~sverek/v5_456.pdf
[13] Computational Fluid Dynamics: Principles and Applications, 3rd Edition, 2005, J. Blazek
[14] Ansys Inc. 2012 Documentation
[15] http://orange.engr.ucdavis.edu/Documentation12.0/120/FLUENT/flth.pdf
[16] http://orange.engr.ucdavis.edu/Documentation12.1/121/CFX/xthry.pdf
[17] Computational Fluid Dynamics Unstructured Mesh Optimization for the Siemens 4 th Generation
DLE Burner, 2015, D. Koren, Master thesis, KTH Royal Institute of Technology
[18] Flow Simulations of an Axisymmetric two-dimensional 3rd generation DLE Burner, 2010, Simon
Bruneflod, Master thesis, LTH Luleå University of Technology
[19] Numerical Investigation of Methane/Hydrogen/Air partially premixed flames in the SGT-800 Burner
fitted to a combustion rig, Mediterranean Combustion Symposium (MCS) 9, 2015, D. Moëll et al.
[20] https://www.sharcnet.ca/Software/Fluent6/html/ug/node512.htm
[21] https://www.sharcnet.ca/Software/Ansys/16.2.3/en-us/help/cfx_mod/i1345899.html
[22] www.racfd.com/cfx/CFX12_09_Turbulence.ppt

44

Rutvika Acharya

940107-2609

2016-06-17

[23] http://www.sit-ab.se/01_historia.html

[24] Investigation of Hydrogen Enriched Natural Gas Flames in a SGT-700/800 Burner Using OH PLIF
and Chemiluminescence Imaging, Andreas Lantz et al. Journal of engineering for Gas Turbines and
Power, Volume 137, March 2015.

45

Rutvika Acharya

940107-2609

2016-06-17

Appendix
1. k-ω SST

k-ω SST: Contour for normalized turbulence kinetic energy.
Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

k-ω SST: Results from mesh B comparing CFX and Fluent 2D/3D results for normalized velocity.
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2. k-ε

k-ε: Contour for normalized turbulence kinetic energy.
Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

k-ε SST: Results from mesh B comparing CFX and Fluent 2D/3D results for normalized velocity.
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3. k-ω

k-ω: Contour for normalized turbulence kinetic energy.
Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

k-ω: Results from mesh B comparing CFX and Fluent 2D/3D results for normalized velocity.
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