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ABSTRACT

Turbomachinery related computational fluid dynamics works are mostly done with
commercial software such as ANSYS, Numeca, etc. In the open-source CFD field,
there are not many software packages that prioritize or implement turbomachinery
specific features in them. However, the open-source CFD software SU2 is an
exception in that regard. It has turbomachinery specific features implemented
in it out of the box. In this work, the capabilities of SU2 are investigated for
turbomachinery CFD analysis and design, specifically on radial compressors.

First step, the fluid flow governing equations are derived. Turbulence modeling
and the turbulence models used are briefly explained. The physical modelling and
numerical implementation of SU2 are described. The methodology developed for
the flow simulations and optimization process are explained.

Validation of SU2 is done by using two compressible turbulent flow cases. These
cases are turbulent boundary layer and transonic airfoil RAE2822. Both cases see
frequent usage in validation studies. These two are relevant for a turbomachinery
case as well. For the turbulent boundary layer flow, it is very important for
the solver to resolve the boundary layer very accurately. As for the transonic
airfoil RAE2822, it is important to see if SU2 can accurately determine the shock
location.

For the simulations, two radial compressor geometries are used with vaned
and vaneless diffusers. Several operating points are used for both geometries. The
results obtained with SU2 are comapred to Fidelity Flow results and experimental
data provided by MAN Energy Solutions Schweiz AG and ANSYS-CFX. Results
from SU2 showed promising results for both geometries. A comparison of available

turbulence models in SU2 is also included.
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SU2 has integrated optimization tools of its own. These out of the box opti-
mization capabilities of SU2 are investigated for its applicability to turbomachin-
ery cases. For this investigation, the vane of the vaned diffuser geometry is used.
The diffuser geometry is simplified to a 2D geometry and optimization study is
done with this geometry. Optimization study is conducted for only a single op-
erating point, selected from the performance map of the radial compressor with
the vaned diffuser. Optimized blade is compared to the baseline design and how
much of an improvement made is explained.

In the end, the capabilities of SU2 regarding turbomachinery analysis and
design are examined. It can be said that as an outcome of this work, even though
SU2 has both advantages and disadvantages, it definitely shows good potential in

turbomachinery analysis for an open-source CFD tool.



OZETCE

Turbomakineler ile ilgili akig analiz ¢aligmalari i¢in ¢cogunlukla kullanilan Hesapla-
mali Akigkanlar Dinamigi (HAD) yazilimlar1 ANSYS, Numeca, vb. gibi ticretli
yazilimlardan olugsmaktadir. Acik kaynak HAD yazilimlar1 arasinda, turbomakine
akig analizlerinde kullanilan ve turbomakine analizlerine 6zel ayarlar1 bulunan bir
yazilim bulmak oldukga zordur. Ancak, acik kaynak HAD yazilimlar1 arasinda
bulunan SU2 diger 6rneklerine kiyasla bir istisna halindedir. SU2 igerisinde tur-
bomakine akig analizlerinde kullanilan 6zel ayarlar1 hali hazirda barindirmaktadir.
Bu ¢aligmada, agik kaynak HAD yazilimi olan SU2'nin turbomakine tasarimi ve
akig analizinde kabiliyetleri, 6zellikle radyal kompresor cercevesinde irdelenmigtir.

Calismanin ilk agsamasinda, akig analizinde kullanilan denklemler tanitilmig
ve tiretilmistir. Akig analizlerinin bir parcasi olan tiirbtilansin modellenmesi
ve kullanilan farkli tiirbiilans modelleri kisaca aciklanmigtir. SU2 igerisinde bu
denklemlerin fiziksel olarak nasil modellendikleri ve numerik olarak nasil uygu-
landiklarindan bahsedilmistir. Akig analizlerinde ve optimizasyon siirecinde kul-
lanilan metodoloji aciklanmigtir.

SU2'nin validasyonu icin iki sikigtirilabilir tirbiilansh akis rejiminde caligan
vaka kullanilmigtir. Bunlar benzer uygulamalarda da sik¢a kullanilan tiirbiilansh
diiz plaka ve transonik kanat profili RAE2822’dir. Tiirbiilansh diiz plaka vakasinin
onemi, SU2'nin sinir tabakay1 dogru bir sekilde ¢oziip ¢ozemeyeceginin gozlemlenebilmesidir.
Transonik kanat profili RAE2822 vakasinin 6nemi de, SU2’nin kanat profili izerinde
olusan sok konumunu dogru bir sekilde tahmin edip edemeyeceginin gézlemlenebilmesidir.

Calismada yapilan turbomakine akig analizlerinde iki radyal kompresor ge-
ometrisi, difiizor boliimiinde kanatgik bulunan ve bulunmayan, kullanilmigtir. Kul-

lanilan iki geometri igin de bir¢ok galigma noktasi simiile edilmigtir. SU2 ile elde
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edilen sonuglar, MAN Energy Solutions Schweiz AG tarafindan saglanan, deney-
sel veriler ve Fidelity Flow yazilimindan elde edilen sonuclar ile karsilagtirilmigtir.
Karsilagtirmalarin sonucunda SU2'nin oldukga iyi dogrulukta sonuglar elde ettigi
gosterilmigtir. Bunlarinda yaninda, SU2 igerisinde bulunan iki farkli tiirbiilans
modelinin de birbiriyle kargilagtirilmasi yapilmisgtir.

SU2 hali hazirda igerisinde optimizasyon araglariyla beraber gelmektedir. Bu
araclarin turbomakine vakalarinda ne kadar kullanilabildigi test edilmistir. Bunun
icin, difiizoriinde kanatcik bulunan radyal kompresor geometrisi secilmistir ve
difiizordeki kanatgik optimize edilmeye calisilmigtir. Difiizordeki kanatgik, vakanin
daha basitlestirilmesi icin 2D olarak modellenmistir. Optimizasyon ¢aligmasi sadece
bir galigma noktas1 icin gergeklestirilmigtir. Bu ¢aligma noktasi1 daha once elde
edilmis performans egrisinden secilmistir. Sonunda, optimize edilmis kanatcik ile
baglangig olarak alinan tasarim karsilagtirilmig ve elde edilen iyilegtirme gosterilmistir.

Sonug olarak, SU2'nin turbomakine akig analizi ve tasariminda ne gibi ka-
biliyetlere sahip oldugu bu ¢aligmada irdelenmistir. Bu ¢aligmanin sonucu olarak,
SU2'nin hem iyi hem de kotii yanlari olmasina ragmen, sahip oldugu potansiyel
sayesinde turbomakine akig analizlerinde kullanilmak i¢in uygun bir alternatif acgik

kaynak HAD yazilimi oldugu soylenebilmektedir.
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CHAPTER I

INTRODUCTION

Computational fluid dynamics (CFD) is a very common working discipline that
incorporates both scientific and practical solutions to complex problems. From
simulating flow around an aircraft to simulating blood flow in a certain part of
the human body, CFD sees use in a very wide range. Turbomachinery is one of
these complex areas where the use of CFD is very significant. Turbomachinery
cases can be various sizes depending on their intended usage. For example, Francis
turbine is one of the famous examples for hydraulic turbines which are used for
generating electricity. We see dental turbines that are used by dentists, a very
small turbine working with compressed air. These dental turbines can have a very
wide RPM range, depending on their usage. There are also cases for various sizes
of fans that are used for cooling electronics, computers, etc. Together with their
sizes, the working conditions are also in a very wide range as well. This makes
developing an all-purpose test rig for a type of turbomachinery very hard. CFD
becomes a very important tool at this point. Using computers, it is possible to
simulate any kind of turbomachinery in any condition with a lesser cost compared
to experimenting. With its very promising potential, CFD can answer the ques-
tions or give ideas about the answer that would have been unfeasible otherwise.
However, using computational tools also has their limitations as well. The most
significant downside of CFD is its accuracy. Even though it is possible to simulate
any condition with CFD, the accuracy of simulations become more challenging to
sustain as the simulation conditions become more complex. Turbomachinery cases
are very complex by default. Therefore, doing CFD of a turbomachine requires
much more effort compared to a simple external flow case that operates inside the

incompressible region. Turbomachinery cases are highly turbulent inflow cases



with various regimes being present in flow at the same time.

Considering the complexity of simulating a turbomachinery case using CFD,
the sources that can supply this opportunity become very valuable. There are
several commercial and open-source tools that are being used both in academy and
industry. It is possible to do a fairly simple external flow case both with commercial
and open-source tools. However, when it comes to turbomachinery, the options
are limited. Most of the software that can solve a turbomachinery case accurately
are commercial software, namely, ANSYS-CFX, NUMECA, StarCCM+, etc.

The most prominent open-source CFD tool nowadays is OpenFOAM. It is a
very powerful and easily modifiable CFD tool that can solve most of the aerody-
namic cases accurately. Because of its promising potential, OpenFOAM is selected
for the preliminary trials for turbomachinery simulations. For that, turbulent and
compressible validation cases such as flat plate and transonic airfoil RAE2822
are investigated. Baseline OpenFOAM and its derivative version foam-extend are
used and compared to each other. The derivative version foam-extend performed
slightly better compared to the baseline OpenFOAM. However, even though foam-
extend contained some compressible flow specific solvers such as steadyCompress-
ibleFoam, for the trial turbomachinery cases the results were not satisfactory. Even
though OpenFOAM is very promising, in terms of turbomachinery, its capabilities
become limited. It is not developed considering cases similar to turbomachinery
and has no turbomachinery specific qualities. This means that to solve a turbo-
machinery case with CFD, a commercial tool is almost the only option.

That being said, there is another open-source tool that needs to be considered
as well, and it is Stanford Unstructured? (SU2). SU2 is an open-source CFD soft-
ware like OpenFOAM. It is developed by Stanford University. What makes SU2 a
very promising open-source CFD software for someone working with turbomachin-
ery is that it has turbomachinery specific qualities. This makes so that there is a
legitimate open-source option beside commercial tools for turbomachinery CFD.

However, SU2 also must prove that it can accurately solve compressible, turbulent,



and rotating flows for it to be considered an alternative tool for turbomachinery
CFD.

SU2 is built to do high fidelity PDE analysis with using structured and unstruc-
tured meshes. The main module for doing flow simulations is called SU2_CFD.
With this module it is possible to solve Euler, Navier-Stokes, RANS and Adjoint
equation. SU2 is first released in January of 2012, and it is being developed mainly
by Aerospace Design Lab (ADL) of the Department of Aeronautics and Astronau-
tics at Stanford Universitys [2]. Since it is an open-source project, there are also
many other developers and contributors in its community from different parts of
the world, and it keeps acquiring more users while growing day by day.

Different variations of Reynolds Averaged Navier-Stokes (RANS) equations,
namely, compressible, incompressible, Arbitrary Lagrangian-Eulerian (ALE), etc.
are included in SU2. By default, laminar Navier-Stokes and Euler equations are
also present in it as subsets of RANS equations. These are achieved by simply
turning off turbulence modelling and fully removing viscosity [2]. It is possible to
run Direct Numerical Simulation (DNS) with SU2 as well by only using Navier-
Stokes equations and not selecting a turbulence model. However, since mostly
the mean properties of the flow are in the interest, using RANS equations with
a suitable turbulence model is very popular. Turbulence models included in SU2
are two of the most known models, Spalart-Allmaras and Shear Stress Transport
turbulence models [2]. There are also several different versions of these two models
but only the original ones are investigated in this project.

As it is established that SU2 is a more promising open-source flow simulation
candidate for turbomachinery simulations among other open-source flow simula-
tion packages, SU2 is selected to be used for the work that is conducted during this
thesis. Version 7.0.6 of SU2 is used for the simulations in this work with some user
implemented changes to the code. Centrifugal compressor cases with and with-
out vaned diffusers are investigated to test and evaluate the capabilities of SU2

with regards to its turbomachinery specific abilities. Additionally, since SU2 also



has its own optimization package as well, optimization of vane of a centrifugal
compressor is carried out. With this, the use of SU2 in a centrifugal compres-
sor product development is tested starting with simulating for various operating
points and optimizing the geometry to obtain a geometry that shows relatively
better performance.

The work done for this thesis was in collaboration with MAN Energy Solutions
Schweiz AG. Centrifugal compressor geometries and operating points together with

Fidelity Flow results and the experimental data are provided by them.



CHAPTER 11

PREVIOUS WORKS

SU2 is an open-source CFD software that has people developing it all around the
world. In terms of turbomachinery related feature developments, Delft University
of Technology (TU Delft) stands out. There are researchers who work on SU2
mostly related to turbomachinery analysis, optimization, and design. Thanks to
that, there are several master theses about turbomachinery and SU2 from TU
Delft.

A very similar master thesis on assessment of SU2 for radial compressor perfor-
mance evaluation is conducted [3]. It is the first validation and verification work
conducted on radial compressors using SU2. In this example, a turbocharger and
Supercritical CO2 compressor analysis are done with SU2, and SU2 is compared
against ANSYS-CFX and experimental data. A comparison of Spalart-Allmaras
(SA) and Shear Stress Transport (SST) turbulence models is also done in SU2.
The downsides of SU2 are also mentioned in this study. The dependence on mesh
quality is found out to be very significant for the stability of the simulations.
Moreover, the lack of wall functions made the dependence on the mesh more crit-
ical for SU2. Compared to CFX, SU2 showed adequate performance. However, as
it can be predicted, CFX outperformed SU2 in run time and accuracy. The dif-
ference between this example and the current work is that the investigation of the
presence of a vane in the diffuser. Also, no optimization study on the compressors
used is conducted in this example.

There are several other master theses that investigate axial turbomachinery for
the implementation of mixing-plane interface and turbomachinery optimization.
For a multi-stage axial turbine, the implementation and tests of mixing-plane in-

terface with the non-reflective boundary conditions using 3D cases are done in



SU2 for unstructured grids [4]. The implementation is compared to experimental
data and a well-known flow solver, which it resulted in an adequate agreement.
However, this implementation is not verified for radial or mixed flow turbines and
compressors in this example. The comparison of Harmonic Balance and steady
analysis methods are conducted for different axial turbomachinery stages with
different working fluids together with an optimization study, all in 2D [5]. The
difference for these solvers depended on some parameters. The difference be-
tween these solvers decreased when reduced frequency is lowered and increased
when Mach effects started to become more prominent. The development of an
open-source framework for optimizing axial and radial turbines is performed with
SU2 and ParaBlade combined [6]. The sensitivities calculated by adjoint method
used in optimization study are compared to finite difference methods. It showed
great improvement in computational cost. Moreover, incorporating a CAD based
parametrization into the optimization process enabled better handling for the ge-
ometric constraints. It is also mentioned that end wall effects may influence the
adjoint sensitivities in this example. Body-force modeling (BFM) for full-annulus
simulations of an axial turbine for the development of boundary layer ingestion
(BLI) engine using SU2 is conducted together with the implementation of this
BFM method into SU2 [7]. This BFM method cost very little compared to phys-
ical modelling. However, this came with its downsides as well. Even though the
trends obtained in the end were similar, the accuracy of BFM method was not at
the same level with the physical modelling. A 3D turbomachinery blade modeler is
developed to close the gap between mean-line analysis and 3D CFD, and coupled
with SU2 for the analysis [8]. This example showed that SU2 can be implemented
in a detailed shape optimization process.

There are also other theses outside of TU Delft that investigate optimization
and analysis with compressible flows using SU2. For the simulation of aircraft’s
exhaust flow, turbulent round jet simulations are done using SU2 [9]. Considering

the complexity of flow conditions for the turbulent round jet simulations, SU2



showed adequately accurate results compared to experimental data and it agreed
well with the results obtained by NASA. A 2D adjoint optimization to increase
the thrust of a supersonic converging diverging nozzle is done using SU2 [10].
The optimization study is conducted by using two different objective functions,
Mach number and mass flow rate. It is stated that using Mach number as the
objective function to increase the exit velocity would decrease the throat area,
which decreases the mass flow rate and works against the target objective of
increasing the thrust. Using mass flow rate for the objective function increases
the throat area unlike the behavior when Mach number was used as the objective
function. Even though increasing the throat area lowers the exit Mach number,
it achieves a higher thrust as it was the target objective. Using both of these
objective functions together resulted even higher thrust increase compared to only
using mass flow rate as the objective function but the exit pressure decreased
significantly. The best optimization case is obtained by using Mach number and
mass flow rate as the objective functions together and assigning total pressure as
the constraint function to keep exit pressure from decreasing.

There are other theses that use subsonic cases for optimization and analysis
with SU2. Adjoint optimization and analysis of a subsonic submerged intake is
done with SU2 [11]. Other open-source software like Salome, GMSH and Par-
aView are utilized as well. SU2 is validated against experimental data first using
two intake models. The included optimization tools in SU2 are used for the op-
timization study. Single point and multi point optimizations are performed on
different intake models. While improving the pressure recovery of these intakes it
is stated that the use of submerged intakes as lift producing elements is quite effi-
cient. Aerodynamic shape optimization of a 3D wing of a turboprop trainer that
uses SU2 to obtain flow solution is performed [12]. For the optimization method
an external tool is used which used response surface methodology. SU2 is utilized
in determining the lift coefficient values at different Mach numbers and angles

of attack. The objective and constraint functions for the optimization study are



selected for the aircrafts mission profile.

SU2 can be found to be used in various other applications as well. One of those
examples is one where SU2 is used for studying the ice accretion on wind turbine
blades under different icing conditions [13]. To determine ice accretion the blade
element momentum method is incorporated together with an extended Messinger
model. Validation is done by using experimental and numerical data found in
the literature. Three flow solvers with different fidelities are used and compared
together. These flow solver are; X-Foil coupled with a boundary layer model, SU2
and an in-house DDES solver. SU2 also can be found in an aero-structural op-
timization of a wing with Individual Discipline Feasible (IDF) architecture [14].
IDF is used for decoupling aerodynamic and structural disciplines. For the aero-
dynamic part SU2 is used and for the structural part FEMWET is used. SU2
is also changed to take structural deformation information as inputs, and then it
would compute sensitivities for the objective function for that deformation. On
an Airbus A320 type aircraft, by increasing wing span, decreasing wing sweep,
and improving lift distribution together with airfoil shape, a significant reduction
in fuel weight is achieved. SU2 is also used in fluid structure interaction (FSI)
problems as well [15]. In this example SU2 is extended for FSI problems. On top
of its current solvers, a finite element solver, which can work on geometric and
material non-linearities in static and dynamic settings is developed. This struc-
tural solver is then coupled with the fluid flow solver of SU2 with a partitioned
approach. The validation of this implementation is done by a test case of rigid
square with a flexible cantilever. Simulations are conducted under small Reynolds
numbers. The results showed good agreement when compared to literature. SU2
can also be found in a overset grid problem [16]. The Ouerset Parallel Engine for
AeRodynamic Applications (OPERA), developed by the Institute of High Perfor-
mance Computing, Singapoer, is coupled with SU2. The simulations are done on
a three-dimensional sphere. The results showed good accuracy and great potential

for further development.



Other examples that include different rotating machinery can also be found.
Su2 is used for predicting the performance of rotorcraft main rotor blades in hover
and forward flight conditions [17]. Both steady and time accurate models are ex-
amined for hover simulations. For forward flight simulations, the code was changed
to include main rotor blade kinematics. Different test cases are simulated for hover
and forward flight. For hover, Caradonna-Tung test case was used, and for the
forward flight AH-1G helicopter was used. Pressure distributions and aeroacus-
tics” data are compared to measurements from the test cases. Good agreement
between SU2 and measurements is found. In another example SU2 is used to
determine the compressibility effect on dynamic stall using rotorcraft main rotor
blades [18]. Dynamic stall is more prominent at the boundaries of the flight en-
velope in high-speed forward flights or rapid maneuvers for a typical rotorcraft.
The rotor airfoil VR-12 is used for the simulations at static and dynamic stall
conditions. The simulation results are compared to experimental data. At rel-
atively small Mach numbers such as 0.2, the driving phenomena for both static
and dynamic stalls is the flow separation due to adverse pressure gradient. At low
Mach numbers the compressibility effect is negligible. However, at Mach number
0.4, due to the formation of local supersonic pocket at the leading edge, the flow
separation is driven by the shock. At the Mach number 0.3, both phenomena of
adverse pressure gradient and shock effect are apparent. Overall, good agreement
between SU2 results and the experimental data is found.

SU2 finds use in Organic Rankine Cycle (ORC) applications as well. SU2 is
investigated in the case of analysis of ORC turbines [19]. The ability to solve
Non-Ideal Compressible Fluid Dynamics (NICFD) is implemented by including
thermodynamic libraries to cover the non-ideal thermodynamic behavior of non-
ideal fluid flows. The results are compared to reference NICFD test cases and
ANSYS-CFX. Results showed that SU2 is capable of solving NICFD fluid flows.

SU2 is also used for experimental investigation of NICFD flow that specifically



cover ORC applications [20]. The performance of SU2 in handling complex ther-
modynamic models of organic fluids is tested and compared to experiments. A
converging diverging nozzle, which exemplify ORC supersonic stators, a diamond
shaped airfoil at zero angle of attack, and a backward step, which exemplify trailing
edge of turbine blades, are used for the comparison between SU2 and experimental
data. The non-ideal conditions in these experiments and simulations had similar
compressibility factors, Z = Pv/(RT), calculated using corresponding equations
of state for the MDM fluid, ranging between Z = 0.8 and Z = 0.9. The results
obtained by SU2 agreed well with the experimental results, showing the validity
of the thermodynamic models and flow solver implementations. Another exam-
ple that investigated the dynamic response of line-cavity systems under ideal and
non-ideal compressible flow conditions for ORC power systems is done with SU2
[21]. These systems are investigated to understand the behavior of fast-response
pressure probes that are used in turbomachinery applications for gas and ORC
power systems. The results give a guideline for the design of these fast-response
pressure gages. Another example that uses SU2 investigates the fish tail shocks
appearing at the trailing edge of high-pressure turbine vanes, which are be found
in ORC turbines [22]. ORC power systems are likely to experience this kind of
shock pattern particularly at the first stage turbine stator blades due to high out-
let Mach numbers. Since the fluids in these ORC power systems are molecularly
complex, non-ideal effects on the shock pattern needs to be considered. These
non-ideal effects show its impact on thermodynamic conditions. The shock pat-
tern is compared between an ideal and non-ideal case. The non-ideal effects are
obtained by using MDM as the working fluid.

There are several articles that use SU2 for turbomachinery fluid flow analysis
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and optimization as well. An unsteady multi-stage axial turbomachinery opti-
mization with harmonic balance method is done using SU2 [23]. Harmonic bal-
ance method is a productive method for CFD applications characterized by quasi-
periodic flows. It is much faster compared to direct unsteady simulations. Com-
bining harmonic balance with adjoint optimization costs computationally much
lower to unsteady adjoint optimization. The results showed good agreement in
the gradients calculated with harmonic balance adjoint and second order finite
differences. Another example can be found that uses SU2 for multistage axial
and radial turbomachinery analysis and design optimization with discrete adjoint
method [24]. The mixing-plane interface is implemented in this example. Solu-
tions are validated using experimental results. The machinery used in this example
are; one and a half axial turbine stage, a transonic radial turbine with a down-
stream diffuser, and a supersonic mini ORC radial turbine. Adjoint optimization
is done on one and a half stage axial turbine, optimizing all three blade rows in
the same time. Another example that investigates Free-Form Deformation (FFD)
and CAD-based shape parametrization methods in turbomachinery optimization
using adjoint approach in SU2 [25]. The way that the optimization target surface,
which is usually the blade in a turbomachinery case, is parametrized affects the
robustness of the optimization process. FFD based parametrization brings great
design flexibility while being very tedious when ensuring geometrical constraints.
CAD-based parametrization brings great control over the blade geometric shape
while it is limited to a narrower design space compared to FFD method. This study
used the same 2D turbine cascade case to optimize using different parametriza-
tion methods and compared the results with each other. The results showed
similar optimum performances. However, the blade shapes reached for different
parametrization methods was different from each other, This means that the op-
timization problem has multiple optima points, and the selected parametrization
tool can affect the optimum shape.

It is possible to find an example work done with SU2 related to any fluid
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dynamics related area. Some of these are briefly explained here. Since the main
topic of this thesis is about turbomachinery, the turbomachinery related works
done with SU2 are examined more. Most of these works investigated both axial and
radial turbine analysis and optimization for various working fluids. Investigation
of radial compressors are rare compared to turbines. This work hopefully will fill
this gap for radial compressors with the analysis of vaned and vaneless diffuser
configurations together with a simplified 2D adjoint optimization of a vane blade

profile.
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CHAPTER III

GOVERNING EQUATIONS FOR COMPRESSIBLE
FLOWS

In fluid dynamics there can be very different working conditions. For example, the
problem may include an external flow case with very high speeds which interacts
with shock waves, or it can be a problem where the speed of the flow is relatively
smaller but the flow may have to go through narrow passages. Even though one
can keep counting different flow condition scenarios, they will all be governed by
the same physics. Considering the regime of the flow or involvement of other
phenomena, it is possible to see additional physics included, but the base will still
be the same. This also true for turbomachinery cases as well. If a compressor case
is to be used as an turbomachinery example, flow has to go through a rotating
machinery inside a passage and change its path continuously while passing different
stages of the compressor. Additionally, in the meantime, flow also gets compressed.
However, the same base conservation laws will still be relevant.

In turbomachinery fluid dynamics the main interest is compressible, viscous
flows. Viscous flow is a flow in which the impacts of viscosity, thermal conduction,
and mass diffusion are important [26]. However, since the interest here is on the
fluid dynamics, when there is no gas with gradients in its chemical species, mass
diffusion can be neglected. With this, a viscious flow becomes where only viscosity
and thermal conduction are in the interest.

Viscosity has a retarding effect on the relative motion of the flow over a surface
[26]. Due to friction between the fluid near the surface and the surface, the surface
will experience a tugging force in the flow direction tangential to the surface. This
tugging force per area is called as the shear stress,7. Also, in the opposite direction,

an equal force will act on the fluid near the surface and lower the velocity of the
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flow. Due to the influence of friction, flow velocity right at the surface will be
zero, which is called the no-slip condition.

In addition to causing shear stress, friction also determines how the flow will
behave over a body [26]. When flow encounters a surface, it will start to feel the
effect of friction, which will increase as the flow moves along the body. Because of
the previously explained no-slip condition, flow near the surface will have less and
less velocity in the surface normal direction as the flow moves along the surface.
This lesser velocity region that keeps growing as the flow moves along the body
is also called the boundary layer. While the velocity decreases at these locations,
pressure will increase creating a pressure gradient. Due to this pressure gradient,
after some point, the flow near the surface will reverse its direction. When this
reverse flow occurs, the flow will separate from the surface and create a wake region
downstream of the surface. Flow separation causes the pressure distribution on
the surface to considerably change. The flow will see the actual surface up to the
separation point but after that point, which is downstream of the separation, flow
will see an effective body because of this separated region.

The net effect of friction is an integrated force in the flow direction, which is
also called drag [26]. Viscosity causes two types of drag, which are skin friction
drag, Dy, and pressure drag, D,. Skin friction drag is the integral of the shear
stress component in the drag direction. Pressure drag is the integral of the pressure
distribution on the body in the drag direction.

Other than friction, viscosity also affects the thermal conduction [26]. Because
of the friction it was explained that the velocity of the flow over the surface
decreases, meaning that the kinetic energy of the flow decreases. This lost energy
is turned into internal energy and causes the temperature to increase. This is called
viscous dissipation in the fluid. The change in the temperature due to viscosity
will also heat transfer since temperature difference becomes apparent. The name
of this mechanism is called aerodynamic heating, and with the increased velocity

it increases as well.
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Viscosity and thermal conduction in a fluid are because of the transport of
momentum and energy with random molecular motions [26]. In a fluid, every
molecules have momentum and energy that they carry. Viscosity and thermal
conduction are macroscopic effects. The transport of molecular momentum causes
the viscosity, and the transport of molecular energy causes the thermal conduction,
which are called transport phenomena.

Shear stress exerted on a surface is proportional to the velocity gradient in
the surface normal direction, and the constant of this proportionality is called
viscosity coefficient,u[26]. Similarly, the time rate of heat conducted per unit area
on a surface is proportional to the temperature gradient in the surface normal
direction, and the constant of this proportionality is called thermal conductivity,k.
w1 and k are physical properties of the fluid, and functions of temperature for most
of the cases.

For turbulent flows, transport of momentum and energy can also happen with
random motion of large turbulent eddies as well [26]. Turbulent transport creates
effective values of viscosity and thermal conductivity called as eddy viscosity, e,
and eddy thermal conductivity, k. These turbulent transport coefficients € and &
overwhelmingly depend on flow field characteristics like velocity gradients. These

are not just molecular properties of the fluid as was the case with y and k.

3.1 Fluid Flow and Heat Transfer Governing Equations

Mathematical statements of the conservation laws of physics are reflected on to
the governing equations of the fluid flow. These mathematical statements are as

given below [1].
e Fluid mass is conserved.

e The total of the forces on a fluid particle is equal to the rate of change of

momentum. This is also Newton’s second law.

e The total of the rate of heat incluison to and the rate of work done on a
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fluid particle is equivalent to the rate of change of energy. This is also first

law of thermodynamics.

The behavior of the fluid is defined considering the macroscopic properties such
as velocity, pressure, temperature, density, and their time and space derivatives
[1]. The molecular structure of matter and molecular motions are disregarded.
The macroscopic properties can be assumed as averages over appropriately large
numbers of molecules. Therefore, a fluid particle can be explained as the small-
est fluid element where its macroscopic properties are not changed by individual
molecules.

The fluid element that will be used for the conservation laws is shown below.
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Figure 1: Fluid Element Schematic [1]

Center of the fluid element shown in Figure 1 is indicated with (z,y,z). This
fluid element is infinitesimally small with sides dx, dy and dz. Fluid flow equations
are derived by considering the changes in mass, momentum, and energy of the fluid
element because of the fluid flow through its boundaries and action of sources
inside the element.

Pressure, temperature, density and velocity vector are functions of space and
time [1]. For ease of use, this dependence on space and time will not be explicitly
shown in notations. Since the fluid element in the interest is infinitesimally small,

it is possible to accurately express the fluid properties at the faces with the first
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two terms of a Taylor series expansion. With this, it is possible to write pressures

at the faces W and E as shown below [1].

0P 1
OP1

3.1.1 Mass Conservation

Mass conservation equation is derived by using the mass balance for the fluid
element. Mass balance can be expressed in words as, net rate of flow of mass
into the fluid is equal to the rate of increase of mass in fluid element [1]. Rate of

increase of mass in fluid element is as shown below.

0 _Op
a(péaz&yéz) = 5 dxdydz (3)

Right hand side of the Equation 3 is obtained by using the mass flow rate through
the faces of the fluid element. In order to calculate mass flow rate; density, area
and normal component of the velocity at the interested face are needed. Mass flow

rates at each face of the fluid element are shown in Figure 2.
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Figure 2: Mass Flow Rates Through Faces of a Fluid Element|[1]

All of the mass flow rates shown in Figure 2 are put together by taking the

mass flow rates into the fluid element as positive and mass flow rates out of the
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fluid as negative. This corresponds to the net rate of flow of mass into the fluid

element and is shown in Equation 4.

<pu - M%éx) oydz — (pu + M%5$> 0yoz
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+ <pv o Qéy) dxdz (pv + oy 25y dxdz (4)
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+ (pw — W?SZ) d0xdy — (pw + W;&z dxdy

When Equation 3 and Equation 4 are put together and divided by the volume
of the fluid element Equation 5 is acquired.
Op | Olpw) | O(pv)  O(pw)
ot ox dy 0z

dp ; -
5 + div(pV) =0

—0 (5)

Equation 5 is the the mass conservation equation for an unsteady, compressible
fluid flow [1]. If the interested condition is steady, the term related with time from

Equation 5 is simply dropped. The resultant equation is Equation 6.

d(pu) O(pv)  I(pw)
ox + Jy + 0z

~0 (6)

3.1.2 The Connection Between Rates of Change for a Fluid Element
and a Fluid Particle

While deriving momentum and energy conservation equations the conservation
laws mentioned earlier are taken as the base of the derivation. The laws these
equations are based on make statements about changes in the properties of a fluid
particle [1]. This is called Lagrangian approach. Properties of this fluid particle
are a function of the position and time. Assume that the value of a property is
represented with ¢, and the total derivative of this property with respect to time

following a fluid particle is given in Equation 7.

Dy 96 99 D ¢
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The total derivative represents rate of change of property ¢ per unit mass
[1]. Since we are interested in defining these equations using a fluid element, a
relation between the total derivative, which follows the fluid particle, and equations
derived for the fluid element has to be established. The equations related to the
fluid element are for rates of change per unit volume. Using total derivative and
density, the rate of change of ¢ per unit volume can be calculated as shown in

Equation 8 [1].
p%f =p (% +V- gmd(cb)) (8)
The mass conservation equation has the mass per unit volume, which is density,
for the conserved quantity. The total of the rate of change of density in time and
the convective term in the mass conservation equation for the fluid element is as

shown in Equation 5. If this total is to be generalized for and conserved property

¢, the Equation 9 will be reached [1].

% + div(ppV) 9)

The relationship between the summation given in Equation 9 and the total deriva-

tive of ¢ is given in Equation 10 [1].

0 0 0
(apf) + div(ppV) = p a—f +V. grad(ﬁﬁ)} + ¢ {a—ﬁ + di’”(ﬂ‘”} (10)
Do

With these relations established, the statement Equation 10 makes for any
conserved fluid property is as follows; the sum of rate of increase of ¢ of a fluid
element and net rate of flow of ¢ out of a fluid element are equal to the rate of

increase of ¢ for a fluid particle [1].
3.1.3 Momentum Conservation

Momentum conservation is derived from Newton’s second law as given below.

9,
F =ma = a(mV) (11)
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The equation 11 states that the force is equal to the time rate of change of momen-
tum. The forces acting on a fluid particle are divided into two categories; surface
and body forces. Surface forces consist of pressure and viscous forces. Body forces
consist of centrifugal, Coriolis, gravity, and electromagnetic forces. Usually sur-
face force contributions to the momentum equation are added as separate terms
while body force contributions are put into the momentum equation as a source
term.

The shear stresses acting on a fluid element are shown in Figure 3.

Figure 3: Shear Stresses Acting a Fluid Element [1]

The stresses shown in Figure 3 are viscous stresses, 7. The suffix given with
T are to give information about direction of the stress. First suffix indicates the
surface normal, and second suffix indicates the direction that the stress component
acts. There are also surface normal stresses, which is pressure.

To illustrate, the stresses in the x-direction on the fluid element are shown in
Figure 4. If the forces on the faces F and W, as indicated in Figure 1, calculated

from the stresses shown in Figure 4 are summed, Equation 12 will be the result.

{P - 0_P15$ — (TM — %15x>] oydz
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Figure 4: Stresses Acting a Fluid Element in x-Direction [1]

In a similar fashion, the summation of the forces on the faces N and S and
the summation of the forces on the faces T and B will result in Equation 13 and

Equation 14, respectively.

gi;axayaz (13)
TZ.’Z‘

S — 14
P dxdydz (14)

The total of Equations 12, 13 and 14 give the force acting on the fluid element

in the x-direction as shown in Equation 15.

OP  Tpr  Tyo  Tox
<—% + % + 8_y + %) 5x5y62 (15)

If Equation 15 is to be divided with the volume of the fluid element, we obtain
the force per unit volume acting on the fluid element in x-direction as given in

Equation 16.

OP  Tpp  Tye  Tex
(_%+%+a_y+$> (16)

The effect of body forces are included by adding a source term, Sy, which is
x-momentum per unit volume per unit time due to body forces [1].
By incorporating Newton’s second law, the component in the x-direction of

the momentum equation can be derived. In other words, the rate of change of
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x-momentum of the fluid particle is equal to the total force acting on the fluid

element in the x-direction, which is shown in Equation 17 [1].

+ +

i~ ox oy 0z S

T

(17)

Using the same manner while deriving Equation 17, the momentum equation
components in y-direction and z-direction can be derived to be Equation 18 and

Equation 19, respectively.
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3.1.4 Energy Conservation

Energy conservation equation is defined using the 1% law of thermodynamics,
which states that the total of net rate of heat added to the fluid particle and net
rate of work done on the fluid particle is equal to rate of increase of energy of the

fluid particle [1].
3.1.4.1 Net Rate of Work Done on the Fluid Particle

Surface forces on the fluid element does work on the fluid particle. These works
done can be calculated by taking the product of the force and velocity component
in the direction of the force. When the forces calculated form the stresses shown in
Figure 3 are used to calculate the work done on the fluid particle in the x-direction,

Equation 20 can be found.
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Works done by the forces acting on the fluid particle in the y and z directions are
calculated in the same manner as Equation 20, and are as given in Equation 21

and Equation 22, respectively.

[a@é;zy)) . 8(1}(—1;;— Tw) a(gzzy)] 5202 (21)
[amg;-m)) . a(zg;y» . a(w(—gj Tzz>>] 526y (22)

The summation of the works given in Equations 20, 21 and 22 divided with
the volume of the fluid element give the net rate of work done on the fluid particle

by the surface forces, which is given in Equation 23.
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3.1.4.2 Net Rate of Heat Added to the Fluid Particle

As shown in Figure 5, heat flux is a vector. In x, y and z directions, the net rate
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Figure 5: Heat Flux Through a Fluid Element [1]

of heat transfer to the fluid particle have to be written. In the x-direction, it is

obtained by taking the difference between the heat input through the face W and
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the rate of heat loss through surface the face E, which is given in Equation 24 [1].

[(qw %ééx) <qx + o iéx)} oydz = e 0xdydz (24)

In the same manner, the net rate of heat transfer to the fluid particle in y and z

directions are given in Equations 25 and 26, respectively.

—aa—zy(héyéz (25)
q-

— 2
5 dxdydz (26)

Sum of the Equations 24, 25 and 26 divided with the volume of the fluid
element gives the net rate of heat transfer to the fluid particle and is shown in

Equation 27.

— —div(q) (27)

By using Fourier’s law of heat conduction, a relation between the heat flux and
local temperature gradient can be written [1].

orT or - or

oz T = a_y 4= 0z

q=—kgrad(T) (28)
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Combining this relation with Equation 27 will give Equation 29.
—div(q) = div(k grad(T)) (29)
3.1.4.8 Complete Energy Equation

The specific energy, F, for the fluid is the summation of internal (thermal) energy,
i, kinetic energy, 1 (u®+v?+w?), and gravitational potential energy [1]. As it was
the case for the momentum equation, gravitational potential energy changes are

represented in a source term, Sg, per unit volume per unit time.
R AR 2
E:z+§(u + v + w”) (30)

Complete energy equation is obtained by equating the total of the net rate of

work done on the fluid particle, the net rate of heat addition to the fluid particle,
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and rate of increase of energy due to sources to the rate of change of energy of the

fluid particle [1]. This is shown in Equation 31.

DE _ . 8(Usz) a(UTyw) 8(UT2$)
OTey) | OvTyy) | O(vTs)
- { =t ot (31)
a(waz) a(wTyZ) a(wTZZ)
- { PR P *

+ div(k grad(T)) + Sg

The mechanical energy related components from the Equation 31 are sub-
tracted to have an equation only for the internal energy or temperature. The
mechanical energy related part can be found out by multiplying each component
of the momentum equation with its corresponding velocity component [1]. The
summation of these multiplications will give the mechanical energy part of the

Equation 31.

D(U2 + U2 & w2) aTxoc aTyx 87—21‘
p i =— Vgrad(P) + u ( pe + By + 5, )
OTyy = OTyy  OTsy
v ( 9 + By + ER (32)

. 0Ty n 07y n 0T,
v ox oy 0z

If Equation 32 is subtracted from Equation 31, only the part related to internal

)—i—V-SM

energy will be left as shown in Equation 33.

Di , _ ou ou ou
P =" div(PV) + div(k grad(T)) + Too g + Tyma—y + Teog-
+ T, @Jrr @jtr @Jrr a—w+r @_w+T a—w+8» (33)
Yox Yoy  Yor Tox Y= 0y 0z ‘
Si=Sg—V-Sy (34)

The energy equation given in Equation 31 can be re-arranged for the compress-
ible flows by using the enthalpy. Definitions needed for this re-arrangement are

given in Equations 35 and 36.

P

h=14+— 35
p (35)
1 2 2 2 P

h0:h+§(u + v +w):E—|—; (36)
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When Equation 36 is put into Equation 31, the alternative version of the energy

equation is achieved as shown in Equation 37 [1].

d(pho) , s 0P  (Outy,) = (Oury,)  (Outy)
+ div(pho V) =div(k grad(T)) + B + B + dy + Ep
(OvTay) | (OvTyy) | (OuTsy)
e iy (37)
(Owty,)  (OwTty,)  (OwT.,)
R VA Fan

3.1.5 State Equations

For the unknown variables density, pressure and temperature, assumption of ther-
modynamic equilibrium is used [1]. The fluid is able to adjust itself thermody-
namically very fast when fluid conditions change, which can be considered instan-
taneous. Therefore, it is safe to say that the fluid always stays in thermodynamic
equilibrium.

It is possible to define the state of substance using only two state variables
with the help of thermodynamic equilibrium [1]. State equations are used for
these relations. In terms of this work, perfect gas state equations are used as

given in Equations 38 and 39.

P = pRT (38)

i=c,T (39)
3.1.6 Navier-Stokes Equations

Governing equations derived so far contain viscous stresses, which are unknown.
These viscous stresses can be expressed as functions of the local deformation rate
or strain rate [1]. The local deformation rate consists of the linear deformation
and the volumetric deformation in three dimensional flows.

It is assumed that all gasses and many liquids are isotropic [1]. The rate of
linear deformation of a fluid element is composed of nine components in three
dimensions with six of them being independent for isotropic flows. These are

shown with, s;;, which shares the same suffix system with the viscous stresses.
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Three of the linear elongating deformation components are given in Equation 40.

ou B ov B ow

Spx = % Syy = 3_y Szz = E (40)

Six of shearing linear deformation components are given in Equations 41, 42 and

43.
oy = S0 = (% ) (41)
Spz = Sip = % <% ) (42)
e = oy = 5 (@ ) (43)
4

The volumetric deformation is as given in Equation 44.

g—z i g—z + g—lj = div(V) (44)

For Newtonian fluids, the viscous stresses are proportional to the rates of
deformation [1]. In terms of compressible flows, Newton’s law of viscosity in
three-dimensional form is used, which uses two constants of proportionality. The
first constant is first viscosity, which is also known as dynamic viscosity, u, and
it is used to establish a relation between stresses and linear deformations. The
second constant is second viscosity, A, and it is used to establish a relation between

stresses and the volumetric deformation. The viscous stresses modeled with these

deformation rates are shown in Equations 45-50.

Toz = 2/12— + Adiv(V) (45)
Tyy = ZMg—y + Adiv(V) (46)
Top = ZMg— + Adiv(V) (47)
Toy = Tyz = M (g—z + %) (48)
o= r =G+ 5 ) (49)
Tys = Tay = U (% + Z_Z) (50)
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The second viscosity, A, has small effect in practice, and for gasses an approxima-

tion defined by Schlichting can be used as given in Equation 51[1].

A= g/ﬁ (51)

By putting these viscous stress relations given in Equations 45-50 into the
governing equations, Navier-Stokes equations are obtained. First, the momentum

equation in x-direction will be used for the implementation.

T

Eh(5e%)

AN
0z H 0z Ox

The viscous stress terms are arranged again to make the equations more compact

Duv__0P, 0 lZu%—H\div(V)}
T

as shown in Equation 53.

0 ou 0 ou 0 ou
055068+ ()

0 ou 0 ov 0 ow
“a (vr) + o () + 32 (3 o

+ {% (A div(V))

= div(p grad(u)) + [sp,]

The smaller contributions shown as [s,,] will be included in the momentum source

Sa,. With this, the momentum equation in x-direction becomes Equation 54.

Du oP .
P i = ap + div(p grad(u)) + Su, (54)

In the same manner, y and z momentum equations are turned into Equations 55

and 56, respectively.

Dv oP :
T e + div(p grad(v)) + Sw, (55)

Dw oP .
"o = "9 + div(p grad(w)) + Sa. (56)
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For the energy equation, with the use of Newtonian model for viscous stresses,
Equation 57 can be obtained [1].

Dq

P = —P div(V) + div(k grad(T)) + fpisp + S (57)

[pisp is the dissipation function as given in Equation 58.
ou\ > ou\ ou\ 2
Toip —2”[(%) () *(%)]
Jdy Ox Jz Ox Jz Oy

+ A (div(V))?

+

3.2 Turbulence

Most of the fluid flow seen around the nature are turbulent. Even though turbulent
flow has no actual definition, it has six characteristic features, which are explained

below.

e I[rregularity: Turbulent flows are random and chaotic. There are wide range
of eddy sizes, various scales, in a turbulent flow [27]. Eddy is a fluid phe-
nomenon seen in turbulent flows, which can be described as swirling of a

fluid that creates a reverse current in the flow.

e Diffusivity: Diffusivity inside turbulent flows are higher compared to non-
turbulent ones [27]. This is why boundary layer thickness becomes smaller
at the same location as the flow turns to a turbulent one. Due to increased
diffusivity, the flow with higher momentum is pulled into the boundary layer,

which increases the momentum inside the boundary layer.

e Large Reynolds Numbers: Reynolds number is a non-dimensional number

used for characterizing the flow. Turbulent flows have high Reynolds num-

bers.

e Three Dimensional: Turbulent flows are three dimensional, but if the equa-

tions are averaged with respect to time, it is possible to deal with turbulence
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in two dimensions [27].

e Dissipation: The energy of small eddies are turned into internal energy [27].
Middle sized eddies get energy from large eddies. Large eddies get their
energy from the mean flow. The process of this energy devolution from

largest to smallest eddies is called cascade process.

e Continuum: The small eddies in a turbulent flow are bigger compared to the

molecular scale. Therefore, it is okay to assume flow as a continuum [27].
3.2.1 Reynolds Averaged Navier Stokes Equations

The effect of turbulence on a 2D control volume is shown in Figure 6. As it

Velocity

v/ >0 v' <0 fluctuations
——————> m due to eddies
.
—..-.
—h.
e

__- Turbulent
SE—— © . eddies
e L
T, 1
— P
R /
b e
— @' i
L
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y T Vo< 0 ‘>0

Mean velocity
‘ distribution
X

Figure 6: Turbulent Shear Flow on a 2D Control Volume [1]

can be seen, due to turbulent eddies, there is a very strong mixing [1]. Eddies
close to the control volume boundaries create random currents, transporting fluid
through the boundaries. These currents carry momentum and energy into and
out of the control volume. These turbulent eddies cause momentum exchange due
to convective transport. This causes slower layers of the fluid to accelerate and
faster layers of the fluid to decelerate. Due to this transport, fluid layers will feel
additional turbulent shear stresses. These turbulent shear stresses are also known

as Reynolds stresses.



It is possible to solve for this turbulent behavior without adding anything to
the Navier-Stokes equations [28]. These are called Direct Numerical Simulations
(DNS), and are computationally very expensive. In order to achieve a computa-
tionally cheaper option, turbulent flows are separated into time-averaged parts, U,
and fluctuating part, u, which makes up the actual flow property, U = U +u [27].
The equations result from this approach are called Reynolds Averaged Navier
Stokes (RANS) equations. The RANS equations for compressible flows are as

shown in Equations 59-63.

op =
?_t + div(pU) =0 (59)
opUu .~ 0P : ~
T + div(pUU) = — e + div(p grad(U)
4 0 (ﬁu@) ) (ﬁ’U/’U/) o (ﬁu’w’) LS (60)
or dy 0z M
opv . o~ 9P .
e + div(pVU) = — y + div(p grad(V)
e 7)) e@w)
ox dy 0z My
opw o°P .
v + div(pWU) = — 5 + div(p grad( W)
| oGew) o) O (77) + S, (62)
ox dy 0z M-
Opd

L 4+ div(p®U) =div(Ty grad(P))

o) 0(pv'd) O (pw'd)
ox dy 0z

+ Sy (63)

The overbar is for time averaging and the tilde is for density-weighting or
Favre-averaging [1]. In Equation 63, the ® is for an arbitrary scalar quantity, like
temperature, and ' is the diffusion coefficient for that quantity.

The terms that correspond to Reynolds stresses in Equations 60, 61 and 62

are given in Equations 64 and 65, which give normal stresses and shear stresses,
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respectively [1].

Ty = pU2  T., = pw”? (64)

Ty = Tyz = pUV  Tpp = Top = pUW Ty = Toyy = pU/w/ (65)
3.2.2 Turbulence Modelling

As it was mentioned before, separating the flow properties into mean and fluc-
tuating parts was a relatively cheaper solution devised to include the effect of
turbulence into the fluid flow simulation. This separation is done to reduce the
computational resources needed to resolve all eddy sizes. In order to achieve this,
the flow quantities are averaged out since most of the time the mean values of
these quantities are the main interest of the solution [27].

When RANS equations are examined, the additional term Reynolds stress
tensor, which reflect the relation between oscillating velocities, is added in the
original Navier-Stokes equations [27]. Turbulence models come in to close the
equation set with this extra term added.

There are several different turbulent models. Main categorization of these

models are as explained below.

e Algebraic Models: To compute the turbulent viscosity an algebraic equation

is used with these models. The assumption incorporated in these models is
called Boussinesq Assumption. Reynolds stress tensor is correlated to the

velocity gradient and the turbulent viscosity with using this assumption [27].

e One Equation Models: A transport equation is worked for a turbulent quan-

tity, which is mostly the turbulent kinetic energy, k, [27]. For the second
turbulent quantity the same way is followed as in the algebraic models. The

turbulent viscosity is obtained with the use of Boussinesq Assumption.

e Two Equation Models: Other name for these models is eddy viscosity mod-

els [27]. To characterize transport of two scalars, two transport equations
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are derived. An example for these two turbulent scalars are turbulent ki-
netic energy, k, and its dissipation, e. With an assumption that correlates
Reynolds stress tensor to the velocity gradients and eddy viscosity, Reynolds

stress tensor is calculated.

e Reynolds Stress Models: With these models, a transport equation is defined

for the Reynolds stress tensor [27]. Another equation is also added to find
the length scale of the turbulence. This is mostly achieved by using an

equation for the dissipation.

It was mentioned that some of the turbulence models use an assumption called
Boussinesq Assumption. This is an assumption used in eddy viscosity turbulence
models that correlates Reynolds stresses to the velocity gradients with turbulent
viscosity. This correlation is done by replacing the Reynolds stress tensor in
the time-averaged Navier-Stokes equations with the multiplication of turbulent
viscosity and the velocity gradients.

One of the most popular turbulence models under one equation models is
Spalart-Allmaras (SA) [29]. SA is first suggested in 1992. Prior models before SA
handled the boundary layer as a single, tightly coupled module. However, this
approach was incorrect in the presence of detachment and multiple shear layers.
Also, non-local models were expensive and awkward whey they are used with
unstructured grids. Another issue was to accurately predict the shock-boundary
layer interactions. SA was developed with these downsides of other turbulence
models in mind. It is still a very accurate turbulence model that is still being
used.

For two equations turbulence models, there are two models that have high
popularity to this date, k — € and k — w turbulence models. Both of these models
have advantages and disadvantages. The biggest failure of two equation models is
not being able to predict the onset and amount of separation in adverse pressure
gradient [30]. k—e model over predicts the shear stress in adverse pressure gradient

flows [31]. This is related to k—e turbulence model having too low dissipation, and
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as a result of that, too big length scale in adverse pressure gradient flows. k£ — w
turbulence model, which was first proposed by Wilcox [32], is somewhat ahead of
k — e with its better performance in the sublayer of the boundary layer [30]. Also,
unlike k—e¢, k—w does not require damping functions, and it is possible to use basic
Dirichlet boundary conditions with it. However, even though k — w turbulence
model shows great performance in some situations, it fails to correctly predict the
asymptotic behavior of the turbulence as it nears a wall. Due to eddy viscosity
being much smaller to molecular viscosity close to the surface, asymptotic behavior
of the mean profile is not dependent on the asymptotic form of the turbulence.
Thus, even though the & — w turbulence model is not consistent asymptotically
near a wall, it is possible to predict the mean flow profile and the wall skin friction
correctly.

Another point where k£ — w is worse compared to k — € turbulence model is
with the k& and e distribution representation [30]. Due to its damping functions,
k — e is more in agreement with DNS data in that regard. However, damping
functions have very little effect on predicting velocity profiles and skin friction at
high Reynolds number flows. The main and most often time the only information
the mean flow solver takes from the turbulence model is the eddy viscosity.

In the logarithmic region of the boundary layer, k& — w is better compared
to k — € in equilibrium adverse pressure gradient flows and in compressible flows
[30]. However, due to the small effect of logarithmic region has on the results for
strong adverse pressure gradients, k — w suffers in predicting the pressure induced
seperation. When predicting strong adverse pressure gradient flows, the eddy
viscosity in the wake region is much more important compared to logarithmic
region performance. For the wake region, k —w shows a strong dependence on the
freestream value of w, which is a specific rate of dissipation [33], while k — e does
not show the same dependency [30].

Both k£ —w and k — € turbulence models show great performance in some cases

and fail in some. After determining strong and weak sides of both of these models,
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another model that combines the strong sides of these models is developed, which is
called Shear Stress Transport (SST) [30][34]. SST is an eddy viscosity model with
the combination of k —w and k — ¢, and includes the effect of the transport of the
principal turbulent shear stress, which is a feature of Reynolds stress turbulence
models [27][30].

By combining £ —w and k — € models, model with the better performance can
be selected at different regions of the flow. To be able to do this, the standard high
Reynolds number version of k — e model is transformed to a k —w formulation first
[30]. After that, the transformed k— e formulation will be multiplied by a blending
function (1 — F}) and added to standard k — w model, which is multiplied by F}.
The blending function F} is to be equal to one in the sublayer and logarithmic
regions of the boundary layer, and it will gradually go to zero as wake region is
neared.

With this blending function, it is aimed for the model to use original Wilcox
k — w model in the near wall region and use standard k& — ¢ model in the outer
wake region and in free shear layers. Moreover, by altering the definition of eddy
viscosity to also consider the transport of principal turbulent shear stress, the SST
model gains a considerable performance increase over both the standard k& — e and
k — w models. Even though it is possible to find improved versions of k& — w[35]
and k — e [36] for special cases, SST holds its popularity due to its wider range of

applicability.
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CHAPTER IV

BASIC OVERVIEW OF NUMERICAL SCHEMES IN
SU2

4.1 Physical Modelling

SU2 is designed to work with PDEs defined in a domain 2 C R® [37]. The system
of equations for the physical modelling of a certain problem can be put into the

structure shown in Equation 66.

U
aa_t +V -F + V- (u*F"*) =Q in (66)

The definitions of the terms shown in Equation 66 are given in Table 1 [37].

Table 1: Definitions of the Terms for General Framework of SU2

U Vector of state variables
F¢(U) Convective fluxes
FU*(U) Viscious fluxes
Q(U) Generic source term

Different variations of RANS equations are implemented in SU2 [2]. For the

compressible formulation, the vector of state variables is shown in Equation 67.

U= (/)7 pU1, P2, PU3, /)E)T (67)

In Equation 67; p is the density, E is the total energy per unit mass, and v =
(v1, v2,v3) is the flow velocity in Cartesian coordinate system [2].
The viscous and convective fluxes for the compressible formulation are as given

in Equations 68 and 69 [2].

F? = (pvi, pvivr + Péix, pvjve + Péia, pvjvs + Pds, pv, H) (68)

F* = (0, 7i1, Tia, Tis, U5Tij + HiorCpOiT) 1=1,2,3 (69)

7
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In Equations 68 and 69, P is the static pressure, H is the fluid enthalpy, d;; is
the Kronecker delta function, 7;; = ftsor (@-vi + O;v; — %%V . 'v), ¢p 1s the specific
heat at constant pressure, T is the temperature and R is the gas constant where
cp = % with 7 being a constant [2].

To close the equation system, the dynamic viscosity, (4, is taken to be satis-
fying Sutherland’s law, and the turbulent viscosity is calculated with a turbulence

model [2].

Htot = Hdyn + Htur (70)

* Hdyn Htur
= 71
Hiot Pry Pry (1)

Prg and Pry in Equations 70 and 71 are dynamic and turbulent Prandtl numbers,
respectively [2].

For modelling turbulence, SU2 has SA, SST, and several variations of these two
models available. For a detailed investigation of how these models are implemented
into SU2, the reference [2] can be examined.

SU2 allows to work with a rotating frame of reference, which is very essential for
steady turbomachinery simulations. Rotating frame is where the system of fluid
flow equations are transformed into a reference frame. This frame rotates with
the interested body [2]. This is especially useful for obtaining steady solutions
of rotating bodies, such as turbomachinery, under a constant rotational speed.
Transformation to the reference frame of the fluid flow equations are done by
adding additional terms to the convective fluxes and source terms. The viscous
terms do not need altering.

SU2 is also capable of doing shape optimization via adjoint methodology [2].
In the scope of this work, discrete adjoint methodology that is included in SU2
is investigated for the shape optimization. Adjoint shape optimization method
is a gradient based optimization technique. The sensitivity derivatives of the
interested surface for the optimization are calculated using given objective and
constraint functions with respect to the design variables. These objective and

constraint functions and design variables are defined or selected by the user. In
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terms of discrete approach, the governing equations are discretized first and then

adjoint equations are derived.

4.2 Numerical Implementation

SU2 uses an edge-based data structure to solve both flow and adjoint problems
numerically with unstructured meshes [37]. Governing equations are discretized
separately in time and space, which allows the use of different integration schemes

for space and time.

Figure 7: Prime Mesh and Control Volume Representation on a Dual Mesh [2]

4.2.1 Spatial Integration

Finite volume method with a standard edge-based structure on a dual grid control
volumes built with a median-dual vertex-based scheme is used for the discretization
of the PDEs [37]. In order to obtain median-dual control volumes, centroids, face,
and edge midpoints of every cell sharing the distinct node are connected.

The convective and viscous fluxes are calculated at the middle point of an
edge. After, the numerical solver goes through every edge in the primal mesh to
calculate and integrate these fluxes at all nodes in the numerical grid for obtaining
the residuals of all state variables [37]. It is possible to discretize the convective
fluxes with centered or upwing schemes. Some of these schemes are Jameson-
Schmidt-Turkel (JST) [38], Roe [39], AUSM [40], and HLLC [41]. Roe is a flux-

splitting scheme that evaluates the convective fluxes using seperately reconstructed
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quantities from surrounding node values on both faces of the control volume [2].
Moreover, Upwind schemes can become second-order accurate in space with higher
order reconstruction using Monotonic Upstream Schemes for Convection Laws
(MUSCL) [42] together with gradient limiters such as Venkatakrishnan [43] and
van Albada Edge [44].

Viscous fluxes are calculated using flow quantities and their first derivatives
at the faces of the control volume[2]. Flow variable gradients can be obtained
with Green-Gauss[45] or weighted least squares methods at all grid nodes. The
flow variables are calculated at the cell faces by taking average of flow variable
gradients at nodes.

Source terms are calculated with piecewise constant reconstruction for every
finite volume cell [2]. Source terms are important for the formulation of turbulence

and transition models.
4.2.2 Time Integration

SU2 contains both implicit and explicit methods for time integration. For the
implicit one SU2 incorporates a basic Euler scheme. For the explicit schemes
there are Euler and Runge-Kutta methods.

For implicit cases SU2 uses a local time-stepping technique to reach a steady
solution faster [2]. With local time stepping, it is possible to advance each cell
using different local time steps. CFL Number is used in the determination of these
local time steps. For the final part of the time integration, SU2 contains different
linear solvers. Currently SU2 has Flexible Generalized Minimal Residual Method
(FGMRES) [46][47] and Bi-conjugate Gradient Stabilized Method (BCGSTAB)
[48]. These are Krylov subspace methods [37]. For the preconditioner of the
Krylov linear solver, there are Lower-Upper Symmetric Gauss Seidel (LU-SGS)
[49], Incomplete Lower-Upper Factorization (ILU), Linelet and Jacobi. These
preconditioners are used to transform the original system for making it more

convenient for the numerical solution.
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CHAPTER V

CODE VALIDATION STUDIES

For the validation of SU2, two cases are selected from NASA’s verification and
validation cases, turbulent flat plate! and RAE2822 transonic airfoil>. Turbulent
flat plate is used to show how well SU2 can handle the turbulent boundary layer
flow. The transonic airfoil RAE2822 is used to show how well SU2 can predict the

shock location in a transonic flow regime.

5.1 Turbulent Flat Plate

The turbulent flat plate study boundary and operating conditions are as shown in
Table 2. The Rey, given in Table 2 is calculated at 1m downstream from the start

of the flat plate.

Table 2: Turbulent Flat Plate Boundary and Operating Conditions
M, 0.2

Re;j, 5e6

T, 294.44 [K]
P, | 101352.9 [Pa]

118309.8 [Pa]
b e 302.4 [K]

Pusier | 115056 [Pa]

tinlet

The mesh used for the turbulent flat plate validation case is a 2D structured
mesh, and it is taken from SU2’s tutorial®. It has 13056 cells and y+ values below
1. The domain structure is shown in Figure 8. The mesh is shown in Figure 9.

RANS equations are selected together with the SST turbulence model. Total

temperature and pressure are defined at the inlet, and static pressure is defined at

thttps://turbmodels.larc.nasa.gov /flatplate.html
Zhttps://www.grc.nasa.gov/www /wind /valid /raetaf/raetaf. html
3https://su2code.github.io/tutorials/ Turbulent_Flat_Plate/
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Figure 8: Flat Plate Domain Structure

il
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Figure 9: Flat Plate Mesh

the outlet. Top part of the domain is assigned to be outlet as well, defining static
pressure. A small portion at the bottom of the domain near the inlet boundary
is defined as slip wall to avoid errors by placing a no-slip wall right after the inlet
boundary. After the slip wall, the flat plate is defined as no-slip wall. 1% and 2"¢
Order Roe schemes are used for the turbulent flat plate case with a CFL number
of 100.

The y* and ut values at 1m downstream from the start of the flat plate are
compared to theoretical results. This is shown in Figure 10. It can be said that
SU2 is able to accurately handle a flow with turbulent boundary layer with both
1%t and 2" Order Roe schemes.

The convergence of the flat plate simulation is shown in Figure 12. It can
be assumed that the simulation is converged after 50 iterations with its current

settings.
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Figure 11: Flat Plate Velocity Contour at x = 1m Inside the Boundary Layer

5.2 Transonic Airfoil: RAE2822

The transonic airfoil RAE2822 study boundary conditions are given in Table 3.

The mesh used for the transonic airfoil RAE2822 validation case is a 2D struc-
tured mesh formed with ICEM-CFD. A C-Grid type mesh is used around the
airfoil and far field boundaries are put at a sufficient distance away from the air-
foil. Tt has 27177 cells and y+ values below 5. The domain structure and mesh
are shown in Figure 13 and Figure 14, respectively. The y+ values on the airfoil
are shown in Figure 15.

RANS equations are selected together with the SST turbulence model. Outer
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Figure 12: Flat Plate Force and Moment Coeflicients vs Iterations

Table 3: Transonic Airfoil RAE2822 Boundary Conditions

M, 0.725

o 2.55 [°]
Ty | 255.556 [K]
Re 6.5e6
L,cr | 0.3048 [m]

most boundaries shown in Figure 13 are defined as far field boundary. Mach num-
ber, pressure, temperature and Reynolds number are given at this farfield bound-
ary. The airfoil is defined as no-slip wall. 2"¢ Order Roe with the Venkatakrishnan
limiter and 1%* Order Upwind schemes are used for flow and turbulence, respec-
tively. Euler implicit time discretization is selected and a CFL Number of 1000 is
used. Since this case has shock formation over the airfoil, using a 2" order scheme
is necessary in order to resolve the location of the shock accurately.

The pressure coefficient, C,, distribution over the airfoil surface is compared
with experimental data. As shown in Figure 16, SU2 is able to determine the
location of the shock very accurately. This also confirms that if there is shock
formation in the interested case, a 2"* order numerical scheme should be selected.

The Mach contour around the airfoil is shown in Figure 17.
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Figure 14: RAE2822 Mesh

The convergence of the flat plate simulation is shown in Figure 18. It can
be assumed that the simulation is converged after 200 iterations with its current

settings.
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Figure 16: RAE2822 Pressure Coefficient SU2 vs Experimental Data

Figure 17: RAE2822 Mach Contour Around the Airfoil

45




RAE2822 Force and Moment Coefficients vs

Iterations
0.9

0.8
0.7 N

0.6
0.5 — 'CD

04 R HCLu
03 — "CMz"

0.2
0.1

0
0 500 1000
Iterations

Force and Moment Coefficients

Figure 18: RAE2822 Force and Moment Coefficients vs Iterations
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CHAPTER VI

NUMERICAL METHODOLOGY FOR RADIAL
COMPRESSOR FLOW ANALYSIS

The capabilities of the solvers in SU2 are tested using two single stage radial com-
pressors, one with a vaneless and the other with a vaned diffuser. Flow paths
of these geometries are shown in Figure 19. The compressor stages used for the
simulations are tested proprietary designs of MAN Energy Solutions Schweiz AG.
All reference data used for the comparison are provided by them, which include re-

sults obtained with the commercial CFD software Fidelity Flow and experimental

data.
|
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Figure 19: Schematics of Case#1 (Left) and Case#2 (Right)

6.1 Mesh Dependency

Both vaneless and vaned compressor geometries shared the same impeller and
inlet designs. The only different part of them were the presence of vane in the
diffuser. Therefore, mesh dependency study is conducted by only using the vaned

diffuser compressor geometry. The same mesh independent settings were applied
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to vaneless diffuser compressor geometry afterwards. Meshes were generated using
a commercial grid generator.
Three different meshes are compared for mesh dependency study. Total number

of cells for each mesh are given in Table 4.

Table 4: Total Cell Numbers for Each Mesh Used in Mesh Dependency
Mesh#1 | Mesh#2 | Mesh#3

3.7ed 1.6e6 3.9¢e6

Mesh dependency study is done by comparing the total enthalpy difference
between inlet and outlet faces, Ah,,, and flow coefficient, ¢, by taking the exper-
imental data as the reference point. The change of these properties as mesh cell

number increases are shown in Figure 20 and Figure 21.
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Figure 20: Change of ¢ with Cell Number

Percent changes for Ah;,; are 4.32% going from Mesh#1 to Mesh#2, and 0.43%
going from Mesh#2 to Mesh#3. Percent changes for phi are 2.54% going from
Mesh#1 to Mesh#2, and 0.83% going from Mesh#2 to Mesh#3. As it can be
seen from Figures 20 and 21 as well, the difference between Mesh#2 and Mesh#3
are under 1%. Thus, it is concluded that Mesh#2 is mesh independent, and it can

be used for the flow simulations. The selected mesh has y+ values below 5 for the
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Figure 21: Change of Ahy, with Cell Number

most parts and has y+ values below 10 near the trailing edge. Even though no
wall function is used, SU2 handled these areas succesfuly. Close ups of impeller
blade leading and trailing edges for the selected mesh are shown in Figures 22 and

23.

Figure 22: Close-up of the Impeller Leading Edge for Mesh#2

The 2D mesh used for the optimization study is directly taken from the mesh
used for Case#2. The diffuser domain of the mesh used in Case#2 is split from

other parts and turned from 3D to 2D using StarCCM+. With this, the cell counts
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Figure 23: Close-up of the Impeller Trailing Edge for Mesh#2

for the meshes used in Case#1, Case#2 and optimization study are given in Table

d.

Table 5: Cell Counts for the Meshes Used in Each Study
Case#1 1.3e6

Case#2 1.6e6
Optimization Study | 1.1e4

For Case#1, a single zone mesh is used. However, for Case#2, since there are
both rotating and stationary blades in it, the mesh had to be split up. For Case#2,
the mesh is split into three domains, converted to native SU2 format separately,
and then combined as a multi-zone mesh in native SU2 format. The 2D mesh
used for optimization study had to be converted into native SU2 format as well
in order to be able to define necessary information needed for the optimization
process onto the mesh. It is possible to use meshes in CGNS format if no domain
splitting is required for the problem. However, in order to use multi-zone mesh or
define information needed by optimization processes onto the mesh, the mesh has

to be in native SU2 format.
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6.2 Numerical Methodology

It was mentioned before that two geometries were used for the simulations. Both
of these compressor geometries have shrouded impellers. As it can be seen in
Figure 19, Case#1 is the one with vaneless diffuser and Case#2 is the one with
vaned diffuser. Since Case#1 is vaneless, it is possible to model it as a single zone
domain. In the case of Case#2, due to the presence of vane, the domain had to
be split up in order to be able to define different rotational speeds for different
parts of the geometry.

Case#2 is split into three separate domains, namely, inlet, impeller and dif-
fuser domains. This splitting also came with its need for additional boundary
condition assignment for the interfaces between domains. For the interfaces be-
tween domains in Case#2, non-reflecting mixing-plane interfaces [50] [51] are
used. The name of the setting in SU2 for this type of boundary condition is
"MARKER_MIXINGPLANE_INTERFACE”, and it takes names of the interface
surfaces as outflow and inflow pairs, following the natural growth of the machine.

RANS equations are selected for the problem. In SU2, selecting which set
of equations will be solved is the first setting to be set, which has the name
"SOLVER”. Air is the working fluid, and perfect gas is selected for the state
equation, which can be defined under the setting named "FLUID_MODEL” in
SU2. In order to be able to simulate a rotating machinery as a steady problem,
a moving reference frame has to be used. This change of reference frame is done
in SU2 by addition of some source terms to original set of RANS equations. The
moving reference frame setting is defined under the name ”GRID_MOVEMENT"”.
Constant Courant-Friedrich-Lewy (CFL) [52] number of 20 is used for the simu-
lations. This is selected through trial and error for a relatively stable convergence
behavior.

A set of different parameters are used for the comparison of the results obtained
with SU2 and the reference data. These are given in Table 6 together with the

constant required in calculations. The subscripts 1 and 5 in Table 6 represent
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where that property is calculated, inlet and outlet faces, respectively.

Table 6: Parameters Used for the Performance Evaluations

Parameter Name Definition
P
Polytropic Efficiency (Total to Total) n= % o ;:;
Work Input Coefficient Lo = Ah%;’
Pressure Rise Coefficient iy = Nfko
Volume Flow Coefficient o= WLQDg
Gass Constant kgLK R=287.43
Heat Capacity kgLK ¢, = 1006
Impeller Tip Rotational Speed [%] Uy = %
Impeller Tip Diameter [m] Dy
Mass Flow Rate [%g] m
Total Density at Inlet Conditions [%] Pty
Rotational Speed [%ﬂ w
Total Pressure [Pa|, Total Temperature [K] P, T,
Total Enthalpy Difference ‘k—‘]g‘ Ahy

SA and SST turbulence models are used and compared. Both turbulence
models showed similar accuracy and convergence rates. However, even though it
is very small, SST showed better accuracy in calculated properties compared to the
reference data. The comparison of results obtained using SST and SA turbulence
models to the reference data at a relatively challenging operating condition are
given in Table 7. With these result, SST turbulence model is selected for the rest
of the simulations.

Table 7: Percent Difference Between Performance Parameters of Results Obtained

with Different Turbulence Models and Reference Data
SU2 with SST Turbulence Model

m/mges | @/Ores | 1/Nres | to/topes | 1/ by,
3.0 25 73 6.5 2133

SU2 with SA Turbulence Model

m/Mpes | O/Pres | N/MRes | B0/ Hopes | Hy/Hypes
2.8 2.3 210.9 79 “18.0
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For viscosity and conductivity models, Sutherland and Constant Prandtl mod-
els are selected. Rotational speed of the compressor is set through the setting
named "ROTATION_RATE”, and z-axis is chosen as the rotation axis. For tur-
bomachinery simulations in SU2, the rotation axis has to be z-axis in order for
turbomachinery specific calculations to be accurate.

Walls of the compressor are set as adiabatic, no-slip walls. This is done via the
setting named "MARKER_HEATFLUX”. This boundary condition requires the
name of the surface and constant heat flux through that surface, which is given
as zero for adiabatic condition.

A special boundary condition for turbomachinery cases is used for inlet, outlet
and interfaces between split domains. This boundary condition is Giles boundary
condition [50] [51] and is named as "MARKER_GILES” in SU2 settings. Total
temperature and pressure values together with the flow direction with respect to
surface normals are given at the inlet. Static pressure is given for the outlet.
Mixing plane conditions, whether if its an inflow or outflow interface, are also set
with this Giles boundary condition.

A single passage for both compressor geometries is simulated. This eases the
meshing side and significantly lowers the cost the analysis for steady turbomachin-
ery cases. In order to be able to simulate a single passage, periodic boundaries
must be available. SU2 has periodic boundary conditions implemented in it. How-
ever, SU2 requires these periodic faces to be conformal, meaning that the meshes
on these periodic faces has to match when they are put on top of each other. The
periodic faces are defined using ”"MARKER_PERIODIC” in SU2 settings.

Green-Gauss is used for the numerical method for spatial gradients. FGMRES
is selected for the linear solver together with LU_SGS for the preconditioner of the
Krylov linear solver. An Upwind scheme, Roe, is selected for the flow convective
numerical method. Even though a MUSCL switch was included in the settings, it
was not successful in converging a solution due to non-physical temperature and

density values at the cutback type trailing edge of the impeller blade, so only the
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15¢ order version of Roe scheme was used. Backward Euler scheme was selected
for the time discretization for both the flow and turbulence. A 1% order scalar
Upwind scheme was used for the convective numerical scheme for turbulence.
Convergence of the simulations are monitored through mass flow rates at inlet,
outlet, and interfaces if there are any. Performance parameters given in Table 6 are
calculated mostly by the direct outputs of SU2. The ones that are not outputted

by SU2 are calculated via Paraview using the flow field solution given by SU2.

6.3 Turbomachinery Specific SU2 Settings

In order to use turbomachinery specific boundary conditions "MARKER_GILES”
and "MARKER _MIXINGPLANE_INTERFACE”, the turbomachinery switch op-
tion in the SU2 settings has to be also used. The name of this setting is "MARKER_
TURBOMACHINERY?”, and it takes the names of the surfaces from inlet to outlet

for each zone with following the natural growth of the machine.
6.3.1 TURBOMACHINERY _KIND

In SU2, for turbomachinery simulations, there is a specific setting called “TUR-
BOMACHINERY _KIND”. This setting must be appointed for every zone in the
domain and only the geometries that the available options cover can be simulated
with SU2. These options are related with the orientation of inlet and outlet planes
of each zone with respect to rotation axis. Depending on the orientation, the cor-
rect options must be used to be able to simulate the model. The available options
and their explanations of each option are shown in Table 8. The way this option
operated is figured out by trial and error since there were no explanations for it
in neither SU2’s own documentation nor various forums in the internet.

For Case#1, the domain is modeled as single-zone, meaning that no splitting
was done. However, due to the bends at the inlet and outlet of the geometry, even
though the actual geometry is a centrifugal compressor, the ?CENTRIPETAL”
option had to be used for "TURBOMACHINERY KIND” setting. The flow path

of Case#1 is shown in Figure 19. Because the inlet and outlet faces of the geometry
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Table 8: Available ”TURBOMACHINERY _KIND” Options in SU2 with Individ-

ual Explanations

Available Inlet Orientation Outlet Orientation
TURBOMACHINERY _KIND | with respect to with respect to
Options Rotation Axis Rotation Axis
AXTAL Surface Normal Parallel to Rotation Axis
Surface Normal Perpendicular
CENTRIFUGAL to Rotation Axis
Outward Facing
Surface Normal Perpendicular
CENTRIPETAL to Rotation Axis

Inward Facing

Surface Normal
Parallel to
Rotation Axis

Surface Normal
CENTRIPETAL_AXIAL Perpendicular to
Rotation Axis
Inward Facing
Surface Normal
Parallel to

Rotation Axis

Surface Normal
Perpendicular to
Rotation Axis

Outward Facing

AXTAL_CENTRIFUGAL

in Case#1 have surface normals perpendicular to rotation axis and are facing
inward, ”CENTRIPETAL” option explained in Table 8 had to be used in order to
obtain correct results. Using another option would make the calculations incorrect
and solution would diverge due to these incorrect calculations.

For Case#2, the domain is modeled as multi-zone. It is split into three individ-
ual domains. Each domain had to be assigned a ”"TURBOMACHINERY _KIND”
setting. Therefore, it is important to split the geometry so that every domain
can be assigned a correct option from Table 8. Because of this constraint, the
return channel in Case#2 had to be omitted since it was not possible to model
with available ”"TURBOMACHINERY _KIND” options. The flow path of Case#2
with split domains are shown in Figure 19. For domain ”17, inlet domain, ” CEN-
TRIPETAL_AXIAL”, for domain ”2”, impeller domain, " AXTAL_CENTRIFUGAL”,
and for domain 7”3”7, diffuser domain, "CENTRIFUGAL” options for ”TURBO-
MACHINERY _KIND” are used. Interfaces between domains ”1” and 72”7, and

72”7 and ”3” are defined as mixing plane interfaces.

95



6.3.2 MARKER_SHROUD

"MARKER_SHROUD?” is a very simple boundary condition that is very essential
for turbomachinery cases. In SU2, rotational speeds are defined as zone specific.
Meaning that, in order to define a rotation for a certain part of the geometry, that
part has to be split as a domain from rest of the geometry. However, as in the
walls can not be split as a different domain. Thus, an extra boundary condition
for stationary walls inside the domain had to be defined to make it stationary
while other parts in the same domain are defined a rotation. In order to do this,
SU2 has a very simple boundary condition setting named "MARKER_SHROUD”,
which makes the surface stationary even if its in a rotating domain. This option

can also be used without enabling the turbomachinery switch in SU2.
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CHAPTER VII

CFD ANALYSIS RESULTS

7.1 SU2 vs Commercial Software for Two Operating Points
in Case#1

For two perating points, flows fields are compared between SU2, ANSYS-CFX and

Fidelity Flow. Case#1 is used for this comparison. Comparison planes are chosen

from downstream of the impeller. These comparison stations are shown in Figure

24.

Comparison
Stations T

Rotation Axis

Figure 24: Flow Field Comparison Stations for Case#1

Convergence behaviors of SU2 and ANSYS-CFX are compared for the same
operating point. The convergence of both software are monitored with mass flow
rates at the inlet and the outlet. SU2 converged to a solution while ANSYS-CFX
was showing oscillating behavior. SU2 converged after around 2000 iterations
while ANSYS-CFX started oscillating around a certain value after 250 iterations

and 250 iterations are run for the averaging, making it total 500 iterations to
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calculate a converged solution. Considering ANSYS-CFX is a commercial tool,
this is an expected result. To make the comparison between two solvers more
consistent, both softwares used a 1% order Upwind scheme. Convergence behaviors
of SU2 and ANSYS-CFX are shown in Figures 25 and 26, respectively. Results
obtained with Fidelity Flow are provided by MAN Energy Solutions Schweiz AG,
and only the end results were available. Therefore, Fidelity Flow is not included

in the convergence behavior comparison.
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Figure 25: =™ at Inlet and Outlet for Case#1 at a Lower 1 using SU2

Myef

Mass flow rates at the inlet and the outlet faces and polytopic efficiencies cal-
culated using SU2 and ANSYS-CFX are shown in Table 9, divided by a reference

value for each parameter. The values for ANSYS-CFX in Table 9 are averaged

Table 9: SU2 vs ANSYS-CFX for an Operating Point

Minlet MOutlet n
‘ mRef mRef TNRef ‘
SU2 1.002 | 1.005 | 0.966

ANSYS-CFX | 0.996 | 0.995 | 0.99

values of last 250 iterations out of 500 total iterations. The last converged values
are taken for SU2, no averaging was done since it didn’t show impactful oscillatory

behavior. The time cost is not compared here due to not being able to run both
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Figure 26: mmf at Inlet and Outlet for Case#1 at a Lower n using ANSYS-CFX

software in the same environment.

Both SU2 and ANSYS-CFX resulted simlar values as shown in Table 9. ANSYS-
CFX gave a slightly better result in polytropic efficiency compared to SU2. With
Fidelity Flow, a 2"¢ Order Central spatial scheme with a Jameson type dissipation
and an explicit g-stage Runge-Kutta local time stepping scheme was utilised. The
differences due to order of spatial scheme are visible in the flow field comparisons.

and Ty /Tyor,, . at the stations shown in 24.

Flow fields are compared for Py / Py vet

ref
Flow field comparisons are given in Appendix A. SU2 and ANSYS-CFX showed
similar flow fields for both lower and higher n operating points since both of these
software utilised a 1°¢ order Upwind scheme. When SU2 and Fidelity Flow are
compared, the difference in the order of spatial scheme is also apparent in the flow

fields. SU2 shows a more diffusive behavior in terms of flow structures compared

to Fidelity Flow.

7.2 Compressor Performance Prediction
SU2 vs Fidelity Flow and FExperimental Data

The comparisons are done between results obtained with SU2 using the method-

ology explained here, reference CFD data generated with commercial software
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Fidelity Flow, and reference experimental data. All reference data, both numeri-

cal and experimental, are acquired from MAN Energy Solutions Schweiz AG
7.2.1 Results for Case#1

For Case#1, nine operating points are simulated with SU2. The comparison
between reference values and SU2 are shown in Figures 27 and 28. Almost at all
operating points SU2 and Fidelity Flow are in a very good agreement. In Figure
28, both SU2 and Fidelity Flow results show higher n and lower py values. This
is mainly due to not including cavity flows in the CFD model to keep the model
simpler. Including cavity flows in the CFD model would cause higher losses, which
in return results with lower efficiency and higher work input coefficients as it is the
case with experimental data. However, the agreement between both CFD results
and experimental data for pg is better compared to other parameters. This can be
explained by the fact that all of these parameters being linked to each other. The
over estimation at 7 is compansated by the under estimation at u,, and a smaller
difference is seen at 1 between CFD results and experimental data.

In Figures 27 and 28, some portions of the reference results are not covered
by SU2 due to the outlet boundary condition. There is no boundary condition
that imposes mass flow rate at the outlet for compressible flow simulations in SU2.
Also, even though mass flow rate boundary condition can be applied at the inlet
with velocity, density, and flow direction in cartesian coordinates, for an inlet of
an arbitrary shape it becomes very challenging. For inner stage compressors such
as our case, being able to define flow direction at the inlet normal to the surface
is very much needed.

Pressure contours at leading and trailing edges of two operating points with
low and high polytropic efficiencies are shown in Figures 58, 59, 60 and 61 in

Appendix A.
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Figure 27: P,.et,,,,, Vs m for Case#1

7.2.2 Results for Case#2

For Case#2, twelve operating points are simulated with SU2. The comparison
between SU2 and Fidelity Flow are shown in Figures 29 and 30. Even though the
agreement between Fidelity Flow and SU2 results is not as good as Case#1, it
still can be considered in agreement overall. In Figure 30, for u, and p, at higher
¢ values, a separation between SU2 and Fidelity Flow results can be seen. Also,
even though for n SU2 and Fidelity Flow results agree well, SU2 underestimates
to and g, values when compared to Fidelity Flow. A similar explanation to
Case#1 can be made here as well. Since all of these parameters, 7, 1 and p,, are
linked together, an overestimation or underestimation at one of these parameters
is transferred to others. In Figure 30 it can be seen that the underestimation at
Ho is transferred to .

As it was explained for Case#1 results, the same behavior is apparent for

Case#2 as well. Some of the operating points are not covered by SU2 due to not
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Figure 28: 7, 1, and po vs ¢ for Case#1

having a mass flow rate boundary condition for the outlet.
Pressure contours at impeller and vane blades leading and trailing edges of two
operating points with low and high polytropic efficiencies are shown in Appendix

B.
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CHAPTER VIII

DIFFUSER VANE SHAPE OPTIMIZATION

Design capabilities of SU2 are also tested. SU2 comes with shape optimization
tools of its own implemented in it. In this regard, vane geometry from the vaned
diffuser case is worked. The initial design is taken as baseline and 2D optimization
of the profile of the vane is done. Performance improvements over the baseline

design are showed.

8.1 Methodology

Adjoint methods are very common for shape optimization studies. Adjoint meth-
ods in computational fluid dynamics are first introduced by Jameson [53]. Adjoint
equations are derived from the governing equations. Adjoint method changes de-
pending on derivation of the adjoint equations before or after the discretization
of the governing equations [54]. If adjoint equations are derived after the dis-
cretization of governing equations, it is called Discrete Adjoint Method. If adjoint
equations are derived before the discretization of governing equations, it is called
Continuous Adjoint Method. Discrete Adjoint is used for the optimization study.

SU2 has built in optimization tools out of the box. The capabilities of these
tools are investigated with the vane of Case#2 shown in Figure 19. The original
geometry is in 3D. However, diffuser vane is a prismatic blade. This means that
the profile of the vane does not change in the spanwise direction. Also, the total
pressure changes in the spanwise direction are around 1% when compared to the
total pressure average of the whole diffuser inlet, except near the hub side. Near
the hub side there is a region where relatively higher total pressure is seen, which
increases the average total pressure around that spanwise location. It can be seen
in the Figure 31. Even though near the hub side the total pressure difference

from whole diffuser inlet average is higher compared to other spanwise locations,
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for a more general approach, using the total pressure average from the whole
diffuser inlet is more favorable since other spanwise locations have very similar
total pressure averages. The flow field comparison of 2D result obtained by using
averaged inlet conditions and mide-span slice of the 3D result is shown in Figure
32. Asit can be seen from Figure 32, the flow fields are almost identical. Therefore,
it can be said that a 2D approach for the problem is possible, and to simplify the

optimization problem, the vane blade profile is optimized in 2D.

Ptotal/Pref
9.8e-01 1 1.02 1.04 1.06 1.08 1.1 1.12 1.14 1.16 1.18 1.2 1.22 1.3e+00

| | ‘ L e—

Shroud Side

- Hub Side

Figure 31: P, /P, at the Diffuser Inlet for Case#2

There are two types of design variable definition for 2D optimization in SU2.
These are Hicks-Henne [55] and Free-form Deformation (FFD) [56][57]. When us-
ing Hicks-Henne, it is only possible to define variables for upper, lower or whole
surface. However, with FFD it is possible to define design variables in interested
parts of the surface. In order to achieve this, FFD requires user to enclose the
parts that will be subjected to optimization in a box. It uses this box to define
design variables, and shape deformation is done only in this box. Also, Hicks-
Henne is only available for 2D geometries while FFD is available in both 2D and

3D. Therefore, due to its greater potential in possible further investigations, FFD
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Figure 32: 2D vs 3D P,y /P at the Diffuser for Case#2

method is chosen for the definition of the design variables. The way FFD box
has to be defined is shown in Figure 33. The numbers in Figure 33 represent
in which order the points are needed for the definition of the FFD box in SU2.
The sides of FFD box are split into several pieces by the user. The nodes inside

this FFD box are the points where the design variables are evaluated For FFD,

Figure 33: FFD Box Points Ordering

different types of design variable definitions are available in SU2. Through trial
and error, ”FFD_THICKNESS_2D” and "FFD_CAMBER_2D” are selected. With
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"FFD_THICKNESS_2D” selected, shape deformation is done by changing the
thickness of the surface objected to optimization, and with "FFD_CAMBER _2D”,
shape deformation is done by changing the camber of the surface objected to
optimization at the nodes of the FFD box.

In terms of objective and constraint functions, drag and total pressure are used.
Drag is given as a constraint function to limit the shape changes, so that sudden
big changes to the geometry are prevented. For this, a positive drag, DRAG > 0,
is used as the constraint for the shape optimization. Total pressure at the outlet
is given as the objective function. The maximization of outlet total pressure is
used as the objective. The main idea behind selecting objective and constraint
functions is preventing losses. If the total pressure at the outlet can be increased
without changing the blade profile too dramatically, the shape optimization would
be considered successful.

Optimization is done for only one point, and this point is the operating point
with the worst performance. This operating point is also shown in Figure 30.
Since only one operating point is used for the optimization, major changes are
avoided.

Two different FFD boxes are used for the shape deformations. First FFD box
covered only the part with a strong flow separation at the suction side of the blade,
whereas the other FFD box covered the whole blade. The latter approach was to
see how would the performance change if SU2 is let free to optimize the whole
blade for that operating point. These boxes are used individually for each test,

they are not combined.

8.2 Optimization Results

The boundary conditions for the diffuser vane optimization study are taken from
the operating point where the lowest 7 is seen for Case#2, also shown in Figure
30. Since the original geometry is in 3D, averaged values are used for the 2D

optimization. The conditions taken from original geometry are total pressure and
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temperature, and flow direction for the inlet, and static pressure for the outlet.
The initial location selected for the optimization is where a reverse flow region

is seen at the suction side of the diffuser vane blade. Using the streamlines, reverse

flow region at the suction is shown in Figure 34 with blue streamlines. The design

variable option selected for this optimization is "FFD_CAMBER_2D”.

b FFD Box

Figure 34: Streamlines around the Diffuser Vane with Reverse Flow Region
(Blue), FFD Box and the Blade Surface

It took SU2 20 design iterations to reach the optimized solution. As a result
of the optimization, the reverse flow region is reduced by 4.87%, while the total
pressure loss between diffuser inlet and outlet is reduced by 0.55%. Considering
that only a small portion of the geometry was subjected to optimization, this kind
of improvement is to be expected. The change of drag and total pressure difference
between diffuser inlet and outlet with each design iteration are shown in Figures
35 and 36, respectively. The close up of initial and optimized blade geometries
are shown in Figure 37. The jump at Design Iteration 10 seen in Figures 35 and
36 are due to the shape deformation SU2 imposed at that design iteration. The
close-up of the change in blade surface is shown in Figure 38. As it can be seen
from Figure 38, SU2 changes the blade shape back near to where it was previously
as design iterations continue, and the shape that was reached at Design Iteration

9 is very much similar to the Design Iteration 20, which is the final optimized
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Figure 36: Change of Total Pressure Loss Between Diffuser Inlet and Outlet Each
Optimization Design

The comparison of the reverse flow region between the initial and optimized
geometries are shown in Figure 39 with the streamlines that roughly give the
border of the separated region. The most difference between reverse flow regions
are seen near the leading edge where the reverse flow region starts. By a small

deformation, SU2 carried the start of the reverse flow region downstream. There
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Figure 37: Initial (Black) and Optimized (Red) Blades Surfaces with a Close-up
of the Most Deformed Area Shown Below

is no significant change between reverse flow regions for initial and optimized
geometries after the thickest section of the initial reverse flow region.

SU2 improved the given objective parameter at the optimization point. How-
ever, since the optimization is done only using a single operating point, the perfor-
mance at other operating points needs to be tested. For this, the operating point
with the highest 1 shown in Figure 30 is selected. When the optimized geome-
try obtained here is used with boundary conditions obtained from this operating
point, even though the outlet total pressure decrease was very small, total pressure
loss was increased by 0.86%. This shows the need of a multi-point optimization
for a design aimed to work at an interval of operating points in order to achieve a

more general optimization.

8.3 Optimization Study with the Whole Blade Submerged
in the FFD Box

Another optimization case where the whole of the diffuser vane blade is put in the
FFD box and subjected to optimization while using the same boundary conditions
is conducted as well. The design variable option selected for this optimization is

"FFD_THICKNESS 2D”. In this case, SU2 optimized the blade to have a better

incidence angle for the operating point used as boundary condition and eliminated
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Figure 38: Initial (Black), Design Iterations 9 (Red), 10 (Blue) and 11 (Green)
Blades Surface Close-ups of the Most Deformed Area

the reversed flow region shown in Figure 34 completely. The outlet total pressure
is increased by 2.44% as the result of this optimization. However, SU2 was only
able to do 3 design iterations before deforming the blade to the point where it
can not acquire a direct solution on the deformed mesh. Therefore, it is hard to
say that the optimization process for this case is reached the optimal blade shape
even though the improvement in outlet total pressure is very significant. The
comparison of profiles near leading edge and incidences of initial and optimized

blade are shown in Figures 40 and 41, respectively.
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Figure 39: Reversed Flow Regions Border Streamlines for Initial (Black), Opti-
mized (Green) and Design Iteration 10 (Blue) with Baseline (Red) and Optimized
(Orange) Diffuser Vane Blades

Figure 40: Leading Edge Close-up of Initial (Green) and Optimized (Red) Diffuser
Vane Blades for the Optimization with Whole Blade Submerged in the FFD Box
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Figure 41: Incidence of Initial (Left) and Optimized (Right) Diffuser Vane Blades
for the Optimization with Whole Blade Submerged in the FFD Box
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CHAPTER IX

CONCLUSION

The usage of open-source CFD tools for turbomachinery applications is inves-
tigated through SU2 in this work. The examination is done via two 3D radial
compressor geometries with vaneless and vaned diffusers.

A methodology is first developed for turbomachinery steady state simulations
in SU2. The results obtained with the developed methodology using SU2 are
compared to commercial software Fidelity FLow and ANSYS-CFX. In these com-
parisons, SU2 showed great potential.

Moreover, the optimization capabilities of SU2 are also examined for a turbo-
machinery application. For this, the vane of the vaned diffuser geometry is used.
Since the geometry of the vane does not show any change in one direction, it is
simplified to a 2D geometry for a less complex optimization study. Two differ-
ent scenarios are followed for the optimization study, and outlet total pressure
is selected as the aspect to be improved. The operating point with the worst
performance is selected for the optimization study.

In the first optimization scenario, only a portion at the suction side of the blade
is subjected to optimization. As a result of this optimization, some improvement is
achieved, but due to the portion of the blade subjected to shape deformation being
very limited, the decrease in total pressure loss was somewhat small. However,
at a different operating point, optimized design performed worse compared to the
baseline. In the end it is not possible to say that an optimized design is reached
to work at all of the operating points.

In the second optimization scenario, whole blade is subjected to shape de-

formation. As a result, the increase in the outlet total pressure was way higher

74



compared to first optimization scenario and very significant. However, the opti-
mization process was unable to continue without deforming the blade shape too
much. Therefore, it is difficult to say that an optimized blade shape is reached.
Also, due to using only one operating point for the optimization process, SU2 de-
formed the blade incidence angle to perform better at that operating point, which
is not a desired outcome since the blade has to operate in an interval of operating
points.

There are several downsides of SU2 that are discovered throughout this study.

e The most crucial one for the turbomachinery applications was the lack of
mass flow outlet boundary condition. Due to this, it was not possible to
simulate some operating points in the operating range of the compressors

used.

e The calculation of abnormal temperature and density values at the trailing
edge of the cut-back type impeller blade prevented the usage of higher order
numerical schemes in the simulations. This issue was posted to the official

GitHub page of SU2, although it did not find a solution®.

e SU2 would calculate faulty mass flow rates at arbitrarily shaped surfaces/interfaces.
However, this would not effect the actual solution, which suggests that the
issue is related only to the output rather than the values used in the calcu-

lations.

e Most of the objective/constraint functions listed in the SU2’s setting did not
work out of the box. The only two objective/constraint functions working
were drag and lift. In order to make total pressure functional as an objective
function for the outlet as it is explained in this work, some minor changes
in the code had to be made, which only included some name changes for the

recognition of the objective/constraint functions.

thttps://github.com/su2code/SU2 /issues /1337
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There are some issues that were experienced and was fixed in this study as

well.

e An issue related to the parallelization of turbomachinery cases in SU2 was
experienced. In its subroutine before the simulation, SU2 would calculate
faulty numbers of spanwise points when it is run in parallel mode above
some number of cores. This was an old issue that was reported before? as
well but was still apparent during this work. To avoid this, a crude fix was
implemented by hardcoding the number of points in spanwise direction for
inlet and outlet. Later on, a fix that solved this issue is published® by SU2
developers that cleared away the need of hard coding number of points in
spanwise directions and compiling the whole code again every time the mesh

is changed.

e Using periodic faces with a 2D mesh would generate faulty results. This
issue was first experienced during the trials for 2D optimization study for
the diffuser vane blade. It was reported together with the help of a colleague*

and was fixed later on®.

SU2 is a very strong CFD and design suite that has a great potential to grow.
There is a growing community of active users and developers, which contribute
more and more to SU2 by finding and/or fixing the issues as it is shown with
examples above. The great part of being an open-source project is that it will
always keep growing as it gains more and more popularity. In regards to turbo-
machinery, even with its downsides explained here, SU2 is proved itself to be a

worthy alternative for commercial tools.

Zhttps://github.com /su2code/SU2 /issues/990
3https://github.com /su2code/SU2/pull /1221
4https://github.com/su2code/SU2 /issues/1562
Shttps://github.com/su2code/SU2/pull/1563
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APPENDIX A

CONTOURS FOR CASE#1
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Figure 50: Ptp% at the Comparison Station rl for Case#1 at a Lower n - SU2
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Figure 54: Ptp% at the Comparison Station rl for Case#1 at a Higher n - SU2
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Figure 55: TtT% at the Comparison Station rl for Case#1 at a Higher n - SU2
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Figure 60: % Around Trailing Edge for Case#1 at a Lower n

Figure 61: % Around Trailing Edge for Case#1 at a Higher n



APPENDIX B

CONTOURS FOR CASE#2

Figure 62: % Around Impeller Leading Edge for Case#2 at a Lower n

Figure 63: % Around Impeller Leading Edge for Case#2 at a Higher n
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Figure 64: Around Impeller Trailing Edge for Case#2 at a Lower n

Figure 65: % Around Impeller Trailing Edge for Case#2 at a Higher n
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Figure 66: % Around Diffuser Vane Leading Edge for Case#2 at a Lower

Figure 67: % Around Diffuser Vane Leading Edge for Case#2 at a Higher n



Figure 68: % Around Diffuser Vane Trailing Edge for Case#2 at a Lower 7

Figure 69: PP - Around Diffuser Vane Trailing Edge for Case#2 at a Higher n
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Position: Internship Trainee Istanbul / Tiirkiye
- CATTA, Nastran-Patran and MATLAB applications are exercised under Intern
Engineer Programme (SMP).

Turkish Aerospace Industries Inc. July 2017 - October 2017
Position: Internship Trainee fstanbul/ Tiirkiye
- Necessary requirements of propulsion system of a VLA type aircraft are stud-
ied. Regarding this requirements, adequate candidate engines are selected. Most
suitable engine is chosen via comparison. Propulsion system architecture of the
selected engine is formed.

- Candidate propellers are determined, and comparisons of candidates are done.
Propeller that can supply the best performance is chosen among the candidates.
TUSAS Engine Industries Inc. July 2017 - August 2017
Position: Intern FEskisehir/ Tiirkiye
- Researches about turbochargers are done. The tip clearance and rotor dynamics
of a turbocharger are studied in regards of their effect on the performance.

Ak Ziraat Aletleri July 2016 - August 2016
Position: Intern fzmz'r/ Turkiye
- Welding, cold working, leveling.

- Observations and studies have been done regarding to forming machine parts,

welding, and assembly process.
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