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Executive Summary

There is an ever-growing need for clean renewable energy in modern day society. Currently, major develop-
ments are being made on Decentralised Power conversion systems that use renewable energy sources. The
application of ORC radial inflow turbines in Decentralised Power conversion applications seems promising,
however, application of this technology is still sparse.

There is a significant technological gap between large and small power plants. Due to this lack of knowl-
edge of the mini-ORC turbine design, the design cycle of ever new mini-ORC turbine design has an extensive
duration. The design cycle of ORC (radial inflow) turbines is rather complex, because the organic fluids have
a wider range of thermodynamic properties, which not only give more flexibility to the design, but also in-
crease the effective design space that needs to be explored during the design cycle.

To greatly reduce the time required to complete one design cycle, Knowledge-Based Engineering (KBE)
could be applied in the (radial inflow) turbomachinery design process. Therefore, the purpose of this thesis,
is to reduce the duration of the design cycle, which can lead to a faster transition towards Decentralised Power
Generation to help meet the increasing energy demands.

The design cycle of (radial inflow) turbomachinery consists of four main phases, which lead to a final
design. The preliminary design phase has been thoroughly researched and will not be discussed in this thesis.

Throughout this thesis the methods used for, the parametrisation phase, where the blade geometry is
constructed using a Computer-Aided Design (CAD) tool, and the meshing phase, the phase in which the
geometry is meshed are thoroughly discussed. Finally, the thesis has validated the methods by testing the
results in a Computational Fluid Dynamics (CFD) solver to analyse the performance.

The investigated methods are combined in a modular and user friendly design tool, which provides a solid
and accessible basis for further development of the (radial inflow) turbomachinery design cycle. These meth-
ods include: the definition of the meridional channel curves using a set of BSpline curves, the transformation
of the 2D channel curves into the 3D camberlines through the blade angle integrator, and the projection
of a thickness distribution onto the 3D cambersurface. The added fitting capabilities enable the tool to re-
construct a given geometry from a set of distributions and coordinates. The tool fits 2D meridional curves to
provided coordinates, and it fits the blade angle and thickness distribution curves to reconstruct full 3D blade.

The application and automisation of the well-established AutoGrid software, accessible within the tur-
bomachinery design tool, proves to be a solid and valid implementation of mesh generation software in the
turbomachinery design cycle. The integrated software package is able to generate high-quality meshes for
the (sub-sonic) stator, rotor and diffuser.

The design tool also provides capabilities for mesh generation using ANSYS TurboGrid and Salome. Sev-
eral rules-of-thumb for mesh generation’ are implemented in the Salome package. These methods resulted
in a Salome mesh package that can produce high-quality hybrid grids.

With the application of the tool on the design process of the RIT ORCHID blade, the design tool has proven
to be a valuable tool for the Turbomachinery department at the faculty of Aerospace Engineering. It not
only provides the means to easily reconstruct any given rotor blade, it also provides more insight into the
geometrical aspects of the flow passage and the blade geometry compared to the well-established ANSYS
BladeGen module.

The tool can analyse both the area distribution of the blade passage, as well as the curvature distribution
of the blade passage bounds (the blade, hub and shroud). These two parameters are deemed most important
for flow characteristics as they can influence flow expansion and flow acceleration.

The meridional channel definition seems to have the greatest influence on the Meridional and the 3D
area distribution, while the blade angle distribution primarily influences B2B area distribution. The optimi-
sations, however, have shown that the performance is not only driven by the area distribution.The 3D effects
and other flow effects that are not captured by the expansion or contraction of the flow area seem to have
significant effect on the turbine performance. The relation between geometry of the flow passage and the
flow characteristics should be investigated to a further extend.
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Introduction

The dramatic increase in world-wide energy consumption has given rise to environmental problems and a
significant shortage in energy resources.[24] Consequently, there is an ever-growing need for clean renewable
energy in modern day society. The power plant industry is steadily expanding and evolving to meet those
needs.

The branch of ‘Decentralised’ or ‘Embedded’ Power Generation (DPG), is gaining more momentum; DPG
is likely to become an essential part of the clean energy supply in the near future. Advantages of Decen-
tralised Power Generation over Centralised Power Generation are: the possibility to use more heterogeneous
energy sources (among which are renewable energy sources), the possibility of using co-generation, and the
lack of distribution losses. One major disadvantage, however, is that it is a much less developed technology
compared to Centralised Power Generation. Currently, major developments are being made on Decentralised
Power conversion systems that use renewable energy sources. A wider application of this kind of power plants
could greatly decrease the environmental impact of energy production, provide a solution for the dwindling
energy supply, and simultaneously promote a more competitive energy market. [10]

Decentralised power conversion generally provides a low power output (1kW-1MW). Among the various
technologies, Organic Rankine Cycle (ORC) generators seems to be one of the most promising technologies
for low power decentralised power conversion. ORC generators use organic fluids rather than steam as a
working fluid for their thermodynamic power cycles. This overcomes the challenges of the low mass flow and
relatively high expansion ratios (characteristic for a lower power output expander) that would be present if a
regular steam expander was to be used. [6] The ORC allows the use of ‘relatively low-temperature’ renewable
energy sources by using the thermal heat from applications such as solar, thermal, geothermal, waste-heat
and biomass-combustion energy, which increases the applicability of Decentralised Power Generation to a
variety of energy sources. [18]

In 2015, Colonna et al. has highlighted the renewed interest in the concept of low capacity (3 to 50kW)
mini-ORC power plants.[6] However, the technological development of high capacity ORC power plants has
already reached maturity, but the development of low capacity power plants has not. Therefore, there is a
significant technological gap between large and small power plants.[3]

High speed turbines are generally used as the expander for small-scale power generators because of their
high power conversion efficiency, their compact size and their low weight. [23] Currently, axial, radial inflow
and radial outflow turbines are widely used for ORC power generation, but according to Bahamonde, for
low power mini-ORC applications, the radial inflow turbine has a higher turbine efficiency and allows for
higher pressure levels, which ensures that a higher level of efficiency of the whole power generation system is
achieved. The use of a single radial inflow turbine is much simpler and more cost-effective compared to the
use of a corresponding three-stage axial turbine that would be needed for a 10kW ORC turbogenerator.[3]

The application of such ORC radial inflow turbines in small-scale power applications, however, is still
sparse, primarily due to the lack of knowledge of the design which results in an extensive duration of the
design cycle for this new concept.

The design cycle of ORC (radial inflow) turbines is rather complex, because the organic fluids have a wider
range of thermodynamic properties, which not only give more flexibility to the design, but also increase the
effective design space that needs to be explored during the design cycle.



2 1. Introduction

The design cycle of (radial inflow) turbomachinery consists of four main phases, which lead to a final
design; the cycle is depicted in fig. 1.1. It starts of with a set of initial requirements which leads to a preliminary
design. The blade geometry is constructed using a CAD tool, and once the CAD design has been completed
the geometry is meshed and tested in a CFD solver to analyse the performance. In general, this design cycle
is alengthy process and requires adequate expertise in the fields of computer-aided design, mesh generation
and fluid dynamics.[13]

CFD Geometry
Analysis Meshing
Preliminary CAD Final
Design Modelling Design

Figure 1.1: Overview of the aspects of design cycle

To greatly reduce the time required to complete one design cycle, KBE could be applied in the (radial
inflow) turbomachinery design process.

KBE is a design philosophy in engineering which aims to collect all the necessary engineering knowledge
of multiple fields into one system, maximizing the use of design rules and rules of thumb, and minimizing
the interdisciplinary delays. Using KBE, the knowledge of different fields would be captured in one integrated
tool, to greatly reduce the design time and increase the performance of a turbomachinery blade. An example
of KBE can be a design tool with a set of predefined formulae that computes the required mesh resolution
for any application, depending only on a small set of flow parameters defined by the user. This circumvents
the need of expertise knowledge on mesh generation, and allows the focus to be directed to other parts of the
design phase. Ultimately, the coupled CAD tool combined with a mesh generator and designated CFD soft-
ware can, if used in an iterative manner, become a integrated platform capable of optimizing turbomachinery
blades.

Reduce the duration and improving the efficiency of the design cycle, which can lead to a faster and eas-
ier transition towards Decentralised Power Generation to help meet the increasing energy demands while
simultaneously reducing emissions.

The main focus of this thesis will be to investigate and improve the radial inflow turbomachinery design
cycle and reduce the cycle duration where possible, by using KBE.

1.1. Research Questions and Scope

While the main focus of this thesis is on the Design Cycle of Radial Inflow Turbo-machinery, this thesis can-
not encompass every aspect of this topic. The research questions and main objectives of this study will be
discussed in section 1.1.1, while section 1.1.2 goes into more detail on the scope of the project.

1.1.1. Research Question

Due to the relatively broad topic of this thesis, the thesis will be guided by two research questions. The pri-
mary research question, which is mainly focused on the CAD modelling aspect of the design cycle, is as fol-
lows:

“What is the most flexible and aerodynamically sensible parametrisation technique to model
radial inflow turbomachinery blades in CAD, accounting for subsequent CFD analysis, design
and optimisation?”

The following set of sub-questions will help answer the main research question:

¢ What parametrization techniques for turbomachinery blades are currently available; how are they de-
fined and what makes them robust and computationally efficient?
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e What are the best practises for mesh generation in turbomachinery for subsequent CFD analysis of
turbomachinery blades?

e What is the best way to handle and implement geometrical uncertainties?

The second research question is posed to help cover the full scope of the thesis. This question is more
focused on the geometry analysis after the CAD modelling phase and is stated as follows:

“How can a parametrised turbine blade be successfully optimised based on geometrical char-
acteristics, before any computationally intensive CFD analysis is conducted?”

The following set of sub-questions lead up to answering the secondary research question:
¢ What geometrical characteristics influence the flow characteristics, and which are the most influential?
e Which design parameters have the biggest influence on these geometrical characteristics?

* What are the desired geometrical characteristics of a radial turbine, within the bounds of the design
space?

1.1.2. Scope

The scope of this study entails several different concepts which will be introduced and discussed separately.
The topic of the thesis is the improvement of the turbomachinery design cycle. The first phase, the prelim-
inary design, has already been realised by Pini et al. in the recently developed 1D preliminary design tool
(zTurbo). To combine the rest of the aspects of the design process of radial turbomachines into one tool, each
of the parts of the design process should be researched separately. This regards the three other phases of the
design process:

Parameterization of a preliminary design The scope of this study is to construct a set of methods and links
to describe a stator or rotor geometry, using only the preliminary design parameters. During th study,
the construction methods will be analysed on their accuracy, computational efficiency and their ro-
bustness. The parametrisation methods will be integrated in the design tool

Meshing of parametrised geometry The scope of the meshing study is to construct a set of methods that
create the fluid domain for the stator or rotor geometry. The methods used in the subsequent meshing
of this fluid domain, are thoroughly analysed. The meshing capability methods will also be integrated
in the design tool.

CFD coupling and analysis The CFD phase will only be discussed briefly. While the design tool will be cou-
pled in such a way that a full design cycle can be executed, the settings and methods used in the CFD
solver will not be discussed. The use of correct flow conditions and turbulence models essential to com-
pare the flow solution with experimental data, this however, requires extensive knowledge and testing
of the CFD software, and is beyond the scope of this thesis.

The methods and theories investigated in this manuscript provide a new view on the radial turbomachin-
ery design cycle. Not only does it combine multiple methods from radial turbomachinery design and surface
modelling, but it also applies methods used by the neighbouring field of axial turbomachinery design. The
investigated methods are combined in a modular and user friendly tool, which ensures adding to the body of
knowledge by providing a solid and accessible basis for further development of the (radial) turbomachinery
design cycle.

Within the scope of this thesis, the main research objective is to:

“Suggest a possible improvement in performance design of turbo-machinery, by develop-
ing an integrated, expandable turbomachinery KBE tool which is able to effectively construct
the blade geometries using CAD tools and subsequently analyse and optimise these geometries
through CFD"

This goal is achieved through the accomplishment of the following deliverables:

1. Develop 3D parametric design for radial turbomachinery blades (both rotor and stator) that:
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¢ constructs any blade based on the preliminary design parameters

¢ constructs the corresponding fluid domain for subsequent meshing and CFD analysis
2. Develop meshing tools and/or coupling for the fluid domain (Salome, AutoGrid, TurboGrid)
3. Develop a coupling between the design tool and the CFD analysis tool (SU2, CFX).
4. Develop a geometric analysis method that performs a flow channel analysis in both the 2D and the 3D
5. Validate the functionality of the tool by:

¢ reconstructing several geometries that are available in the literature

¢ performing CFD analysis on the reconstructed geometries

1.2. Report OQutline

First, some essential background information on the topics discussed in the thesis is presented in chapter 2.
Second, an elaborate decomposition of the software used and of the design tool that has been developed
for this thesis is provided in chapter 3. Third, the methodology of: the parametrisation, the geometrical
analysis and the meshing that has been applied in the design tool are described in chapters 4 to 6. Fourth,
The validation of the developed design tool using geometry and performance data that is available in the
literature, is discussed in chapter 7. Fifth, the application of the design tool is presented in chapter 8, by
reproducing the design cycle of a design case that is available in the literature. Finally, the thesis is concluded
in chapter 9 and section 9.3 by presenting the conclusions and providing a number of recommendations for
future research opportunities.



Literature Review and Background
Information

In the early days radial turbomachinery was often used for aviation propulsion. However, nowadays, radial
turbomachinery is mainly applied in power generation solutions and as previously stated, radial turboma-
chinery is an excellent choice for small-scale power generation applications. In support of this statement,
some background information is given in section 2.1 on the fundamentals of turbomachinery power genera-
tion, the ORC thermodynamic cycle, and the preliminary design parameters that can be obtained from this.
Following the preliminary design, the first two of the three other phases of the design cycle: parametrisa-
tion and meshing are thoroughly described in sections 2.2 and 2.3 The advanced settings and model for the
theCFD analysis are beyond the scope of this thesis and will therefore not be discussed.

2.1. Preliminary Turbomachinery Design
Compared to an intermediate design, a preliminary design can be com-
puted fairly quickly; the computation is usually based only on funda-
mental and thermodynamics equations and rules-of-thumb for turbo-
machinery design. The fundamentals, the thermodynamics and the L e
resulting preliminary design parameters will be described in the next
three sections, but none of them can be explained properly until the
naming convention used throughout this report has been presented.
The sections listed below are illustrated in fig. 2.1 and will be used in
subscripts throughout the remainder of the report.

Volute

Section 1 Volute (3)
Section 2 Stator Inlet ()
Section 3 Stator Outlet (3)
Section 4 Rotor Inlet (4)
Section 5 Rotor Outlet (5)

Figure 2.1: Section definition in radial
inflow turbine, source:[24]

2.1.1. Fundamentals

The main design purpose of a turbine is to extract mechanical work from the potential and kinetic energy
of a flowing fluid, whilst for its counterpart, the radial compressor, the main purpose is to add potential and
kinetic energy to the flowing fluid. The work extraction is realised by applying a reduction in the fluid velocity
(kinetic energy) - both in terms of the direction and the magnitude - and a reduction in pressure (potential
energy) over the turbine stage.

The change in velocity can be further illustrated through the use of velocity triangles. Due to the curvature
of the hub and shroud, which curve the flow from radially inwards to axially outwards, the velocity triangles
for radial turbomachinery are mapped into two planes: a radial and an axial plane. Both planes and their
corresponding velocity triangles are depicted in fig. 2.2. Each velocity triangle shows three main velocity
vectors: Absolute Flow Velocity, Relative Flow Velocity and Rotor Blade Velocity, denoted as C, W and U. The
magnitude of these velocities can fully determine the power extraction or addition as illustrated by eq. (2.1).

5
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Note that the equation only requires the flow velocity magnitudes, which are simply a result of the abso-
lute and relative flow angles (a and f respectively) and U. These are the driving parameters in radial turbo-

machinery design and they will be further discussed in section 2.1.3.

Figure 2.2: Velocity Triangle of radial inflow turbine

Equation 1.1 holds for both axial and radial turbomachinery. In the case of axial turbomachinery, the first
term on the right hand-side (U, f - U52) is equal to zero, whilst for radial turbomachinery, the same term is
greater than zero. The power output of an axial turbomachine is only related to the changes in W and C,
while a radial turbomachine can also extract work from the change in U. This makes a single stage radial
turbine slightly more effective at extracting power than a single stage axial turbine with equal flow conditions

and rotational speeds.

2.1.2. Thermodynamic Cycle

While the thermodynamic cycle traditionally used for radial turbine
power generation is the Joule-Brayton Cycle using air, new develop-
ments regarding clean renewable energy, have spiked the interest
in the use of a new form of the Rankine Cycle. Traditionally, the
Rankine Cycle is a relatively simple cycle consisting of an expan-
sion turbine (expander), a condenser, a pump, an evaporator and a
super-heater. The cycle converts high-temperature thermal energy
into electricity. The newly developed Organic Rankine Cycle allows
for the use of organic fluids (such as the R245fa, R236ea or R141b
fluids, and even Butane-gas[30]) with a wide variety of molecular
weight and no need for a super-heater (see fig. 2.3), which presents
several advantages over the traditional stream-driven Rankine Cy-
cle. The increased fluid density allows for many changes in the de-
sign of the turbine (expander); it allows for down-scaling; it reduces
maintenance costs by avoiding impingement problems; it allows a
blade loading greater than one; and it allows a reduction both in

Heat In

Electrical Power

-

Evaporator

Pump Generator

Condenser dixbine

S

Rejected Heat

Figure 2.3: Basic Organic Ranking Cycle,
source:[27]

pressure and temperature, which in turn reduces the mechanical stresses on the turbine.[23]

According to Bahamonde, the

The down-scaling and maintenance reduction, allow for a reduction in both initial operational costs. The
lower mechanical stresses in the turbine allow for non-zero blade angles (with respect to the radial direction).
Not only does this non-zero blade angle possibility increase the design flexibility, it also increases the C veloc-
ity possible for constant U and W velocities, as can be seen in fig. 2.4. This increase in C will directly increase
the theoretical power output of the turbine. An example of such a set-up is the application of a supersonic
stator, where an absolute flow velocity (Cy) of above Mach 1.0 is achieved at the rotor inlet, see [1].
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(a) Zero blade angle (b) Non-zero blade angle

Figure 2.4: Regular vs. Non-zero blade angle, source:[23]

Besides increasing the theoretical power output of the turbogenerator, the ORC turbogenerators also pro-
vide higher thermal efficiency compared to the traditional steam turbogenerators.[12] They also enable the
expander to use a low number of stages, because of the small specific work; in the case of the radial turbine
it even allows for a single stage. However, the ORC also poses several design challenges, mainly concerning
the expander which, according to Pini et al., ‘represents the most critical component in terms of efficiency,
compactness and cost.’[22]

Due to the limited number of stages, relatively high expansion ratios per stage are required. This can cause
problems when organic fluids are used as the working fluid. The combination of high expansion ratios and
the lower speed of sound of organic fluids results in trans-sonic and supersonic flows within the turbines.
Alongside complex transonic flow conditions, the thermodynamic state of the fluid also poses a challenge.
The fact that the fluid expands under conditions in which the thermodynamics deviate from the ideal gas
behaviour, makes the flow analysis more challenging and increases the uncertainty, thereby complicating the
design process.[22, 27]

While the use of organic fluids can increase the efficiency and flexibility of the turbine design, it also
complicates the thermodynamic calculations. The wide variety of organic fluids that can be used for the
different applications increases design space. This increases the computational time of a single design cycle,
due to the additional selection process of the organic fluids.

2.1.3. Preliminary Design Parameters

In view of the previously described challenges in ORC turbine design, ‘improved designs of ORC turbines are
nowadays of significant interest; these improvements require the development of specific design procedures
and the evaluation of non-conventional architectures.’[22] Improving the design process and consequently
also the optimisation process of the turbine (expander) is therefore essential.

For the optimisation design of an ORC turbogenerator, the two main subjects are the (organic) working
fluid and the geometrical design of the turbine. The selection of the optimal working fluid remains beyond
the scope of this project, however, the selection procedure has been extensively researched and is available
in the literature.[5, 24, 30] Regarding the geometrical design of the turbine, the preliminary design phase
has also been thoroughly investigated by Pini et al., however, there is very limited literature available on the
detailed design of ORC turbines.

The detailed design requires the preliminary design parameters as input to respect the preliminary design.
For the preliminary turbine design, zTurbo, a fully validated 1D design-analysis code, will be used. While
zTurbo can evaluate multiple conventional and non-conventional turbine architectures, within the scope of
this thesis only the design of a radial inflow turbine (RIT) will be assessed. Besides the wide applicability of
the RIT for small-scale power generation, the RIT design is also the most complicated geometry to implement
in CAD, it is therefore one of the more desired architectures to parametrise to ensure a faster design cycle.

For the purpose of ORC expander design, zTurbo implements the treatment of real gases and different
loss models to generate an efficient and realistic preliminary ORC turbine design, with only a 2% error in effi-
ciency compared to in the literature.[2] The program uses multi-variable optimisation to output the following
parameters which serve as the input to the high-fidelity design:

P4 Relative inflow angle at rotor inlet
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Ps Relative outflow angle at rotor outlet

R4 Radius at Leading Edge / rotor inlet

H, Blade Height at Leading Edge / rotor inlet
Rs, Radius at Trailing Edge / rotor outlet

Hs Blade Height at Trailing Edge / rotor outlet

chord 4, Axial chord-length of the rotor
Ar interspace distance between stator trailing edge and rotor leading edge
Np amount of blades uniformly distributed with constant pitch in the radial plane

Figures 2.5a and 2.5b present the geometrical description behind the coefficients, projected on an arbi-
trary radial inflow turbine.

z
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(a) Meridional Channel showing radii and heights (b) Indication of the blade angles of the rotor

Figure 2.5: Geometry Parameters

2.2. Parametrisation

Current ORC Radial-inflow turbines usually feature a supersonic stator and a highly loaded rotor due to the
high expansion ratios they both have to handle. This thesis, however, will only focus on the development of
the highly loaded rotor, since the parametrisation of the supersonic stator has already been addressed in the
thesis of Anand, N. [1].

It is the process in which the preliminary design parameters are used to create an initial Computer-Aided
Design (CAD) geometry, which will be useful both for visual inspection, and for the topology data necessary
for the subsequent meshing and Computation Fluid Dynamics (CFD) phases of the design cycle. This section
will explain which numerical scheme will be used and how a blade geometry can be constructed in CAD in
such a way that it is well set up for consecutive analyses.

2.2.1. NURBS

It is the computation and construction of curves and surfaces that forms the bases to all CAD operations. The
parametric form of the curves and surfaces (egs. (2.2a) and (2.2b) respectively) that is generally used, due to
the numeric nature of the CAD applications.

C(u) = [x(w), y(u), z(u)] (2.2a)
S(u,v) = [x(u, v), y(u, v), z(u, V)] (2.2b)

Splines are widely used in CAD applications, since they provide an easy and relatively computationally
inexpensive way of defining the referred to curves and surfaces using the parametric form. In particular a B-
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Spline is the prevalent method nowadays; comprising piece-wise polynomials in the parametric form, which
allow for good control of the curve. The B-Spline consists of a Basis Function, Control Points and a knot-
vector to form the parametric curve. For any B-Spline curve, p is the degree, n + 1 is the number of control
points, and m + 1 is the number of knots; these parameters are related by: m=n+p+1

While the B-Spline already provides excellent local control, they are still not able to represent every possi-
ble shape. Particularly conics and circles cannot be parametrised using simple B-Splines. This lack of control
can be overcome by applying weights to the Basis Function. From this, a subset of B-Splines is formed known
as the Rational B-Splines, which are able to represent conics and circles. The corresponding weighted Basis
Function is defined using eq. (2.3a); the complete parametric representation of a Rational B-Spline is shown
in equation eq. (2.3b).

p N () w;
RP(u)= ———— (2.3a)
Z Np(u) w;
]_
Cu) = Z R'(wP; asus<b (2.3b)

i=0

In general, the knot-vector that serves as input for the Rational B-Spline is equally spaced, i.e. each knot-
span [u; : u; + 1] is of constant length. Should one require even more flexibility in parametrisation, a non-
uniformly-distributed knot-vector can be used. A Rational B-Spline that uses such a vector is called a Non-
Uniform Rational B-Spline (NURBS), an example of which can be seen in fig. 2.5. NURBS curves and surfaces
will be predominantly used throughout the thesis project due to their geometric/trigonometric/algebraic
properties and their intuitive and excellent control.
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___,)

/

-

(a) NURBS Curve (b) NURBS Basis Function

Figure 2.6: NURBS curves, source:[21]

Several of the algebraic properties are particularly useful for fluid-dynamic design in CAD. It is mainly
the direction and curvature of the curve (i.e. the derivatives of the curve) that is useful in determining the
direction and acceleration of the flow. Due to the numerical definition of a NURBS curve, the derivative can
be easily evaluated at any point along the curve. This derivative can, for example, not only be used to define
the tangent or the normal vectors along the curve, but it can also be useful for the blending of different splines,
both of which are very common procedures in fluid-dynamic design. The first and higher order derivatives
of a NURBS curve are defined in egs. (2.4a) and (2.4b) respectively.

Cluy =AW _w“(’u()u)c(”) (2.42)

AP (1) — Zf—l (]f) w(w)® k=D (1)

c® () = = e (2.4b)

Another excellent property of a NURBS curve, in relation to its derivatives, is the level of continuity of the
curve. The continuity and differentiability of a NURBS curve follow from the basis function Nj ,(u), since the
curve is simply a linear combination of the basis function. Therefore, the curve is infinitely differentiable with
the knot interval, while having continuity of p — k at a knot of multiplicity k. This allows for the design of very
smooth curves, which directly affect the presence of super-velocities along the blade, effectively reducing the
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occurrence of shockwaves or separation, both of which are detrimental to the aerodynamic performance of
the turbomachine. Section 2.2.3 will go into more detail on these effects.

The ability to create conics and circles, combined with the desired derivatives and continuity properties
makes NURBS curves the perfect method for the parametrisation of blade profiles. Nowadays, conical and
circular shapes play an intricate part in the parametrisation of leading and trailing edges of blade profiles. It is
therefore useful to gain insight into the parametrisation of a circle using a NURBS curve. In figs. 2.7a and 2.7b
below. One can see how a NURBS curve can parametrise a partial circle using three or more control points.
Figure 2.7a shows how applying a weight of e/ f (= cos(8)) to P; constructs a circular arc with tangency at Py
and Py. It is essential that the triangle formed by the control points in bilateral. These circular arcs can be
pieced together, as can be seen in fig. 2.7b, to create semi-circles or more.

wy =1

P

wy =1 \
PD \
(a) Weight determination for a circular arc with an

arbitrary sweep angle (b) NURBS parametrisation of a partial circle by piecing
together circular arcs of equal sweep angle

e M

Figure 2.7: NURBS curves, source:[21]

When piecing together curves, at the location of the joining of the curves, the knot multiplicity should
be raised to equal the degree, as can be seen in the knot vector in fig. 2.8b. While this allows the exact in-
tersection of particular points on the NURBS curve, which are necessary to create conics or circles, the Basis
Function has only a Cj continuity as seen in property described above. However, discontinuous functions can
sometimes be combined into a continuous curve by the proper placement of the control points. In fig. 2.8a,
a NURBS circle with degree 2 (p = 2) is shown. This quadratic curve has several knots with a multiplicity
of 2 (k = 2), hence it should have a Cy continuity (p — k = 0) at the knot (also visible in fig. 2.8b where the
basis function is Cy continuous). However, due to proper control point placement, those knot locations are
actually C; continuous.

Py P2 Py

P! T
Py=Pg

= {120, 20, 21,2,

(a) Control Points and Weights (b) NURBS Basis Function and Knot Vector

Figure 2.8: NURBS parameters for a 9-point circle, source:[21]
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Where the curve was a function of one independent variable u, a surface is a function of two indepen-
dent variables, u and v, which creates a grid of u by v in the R? domain that is translated into the (x, ¥,2)
coordinates in the R3 domain, i.e. ‘it is a mapping of a domain D = R2 to R3”.[9]

While a B-Spline surface is essentially a stacking of B-Spline curves in the v-direction, a B-Spline surface
does not necessarily intersect with all the B-Spline curves that it uses. The lofting operation, commonly used
in CAD, uses the set of Control point of the B-Splines as the basis for the Control Net, which, when com-
bined with the corresponding basis functions does not ensure intersection with the aforementioned B-Spline
curves. While this lofting operation is computationally efficient and relatively accurate, for high-fidelity Fluid-
Dynamic analyses the deviation from the curves might be unacceptable. To ensure exact correspondence of
the basis B-Spline curves, two NURBS surface fitting methods can be used: the surface skinning method and
the Spine path fitting method.

The surface skinning method tries to blend the section curves into one surface, much like the widely-
used lofting operation. The blending process first ascertains that the different section curves are compatible,
which might require degree raising and knot-insertion. The section curves are then interpolated to raise the
amount of CPs per curve, to create enough CPs for the skinned surface. Then, finally, the skinned surface
is constructed from the new CPs. The skinning method generally increase the amount of CPs dramatically
to ensure proper fitting. The skinning method is used in the construction of the cambersurface from the
camberlnine, as will be discussed in chapter 4.
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(a) Cross Sections (b) Compatibility (c) Control Points (d) Skinned Surface

Figure 2.9: Skinning Method, source:[21]

Another advanced method for fitting a surface to a set of points (based on the skinned surface fitting
method) is the Spine Curve Fitting Method. A similar set of section curves, cross-sections in plane, are given,
and a spine or path curve is defined. The section curves are placed along the predefined path, so that the
section’s planes are perpendicular to the direction (tangent) of the spine curve. The section curves are inter-
polated, and at each CP the derivative vector is computed, see fig. 2.10b. The surface is skinned using the CPs
and it is forced to be parallel to the derivative vectors at the CP locations, see fig. 2.10d.

Spine curve

Cross-sectional curves

V5o~

(a) Spine + Curves (b) Derivatives (c) Control Points (d) Spine Surface
Figure 2.10: Spine Curve Method with Controlled Interpolation, source:[21]
It was found that while this method is very useful in many CAD operation for added control, but for the

parametrisation of the rotor in particular this method cannot be used. The complex geometry of the rotor
has no planar profiles or curve in any of it’s surface parametrisations.
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2.2.2, Meridional Channel and Camber-Surface

Ass discussed above, for the parametrisation of the rotor NURBS curves and surfaces are extensively used.
First the 2D curves constructed during the meridional channel parametrisation. This parametrisation con-
cerns itself with the shape of the 2D flow passage from the rotor inlet to the rotor outlet. The most commonly
used method is the ‘mean-line method’, which follow the mean streamline throughout the rotor flow passage.
This streamline is used to define the hub, tip, inlet and outlet boundaries.

In general, the mean line method starts off by defining the coordinates of the leading edge and trailing
edge points at both the hub and tip of the blade in the meridional (2D, radial-axial) plane to define the inlet
and outlet boundaries, which requires the preliminary design parameters. Subsequently, the curves, which
flow from a radial inwards direction towards the axial outwards direction, of both the hub and tip boundaries
are defined. The shape of the curve often represents a circular or elliptical arc, but can also be defined using
NURBS curves and a set of Control Points as shown in fig. 2.11.

—o— NURBS control points
—— Shape lines

Figure 2.11: Meridional Channel curves, defined using Control Points, source:[16]

The (NURBS) curves defining the 2D meridional channel are then mapped into the 3D plane to form a
3D surface called the camber surface. This surface is particularly complex, because it shows curvature in
two directions. Mueller used the geometrical relation between the blade angle () and the wrap angle () in
eg. (2.5) to convert the B-distribution which, according to Derakshan, is of great influence on the performance
of the blade[8], into a O-distribution which is geometrically much easier to implement into a CAD model.

R-df =tan(f)-dm (2.5)

The B-distribution was parameterised using a B-Spline (see fig. 2.12), to ensure that the integral that fol-
lows from eq. (2.5) can be numerically solved using a high discretisation.

Blade Angle B

0 25 w 75 |

rel. meridional length [-]

Figure 2.12: B-distribution, and derivation of Wrap Angle, source:[19]



2.2. Parametrisation 13

2.2.3. Blade Profile

Considerable research has been conducted into the aerodynamics field of aerofoil and blade profile parametri-
sation. Particularly the areas of aerofoil and axial blade aerodynamics have been thoroughly investigated,
because the performance of axial blades is greatly influenced by changes in the profile shape. In the case of
general radial inflow turbine, the profile shape is of secondary importance compared to the beta-distribution
as described by Derakshan, however, for turbines with transonic flows, which are more frequently present
in ORC applications, the thickness distribution has a significant effect on the performance.[8, 22] Due to the
novelty of the ORC radial inflow turbines, limited research regarding the profile parametrisation of radial in-
flow turbine blades is available. Therefore, the theories and methods discussed below are mainly related to
profile parametrisation studies for axial turbine blades, but it si assumed they are also applicable to radial
inflow turbines.

A general blade profile is constructed by projecting a thickness distribution perpendicular to the cam-
berline, or, in case of an RIT, a cambersurface. Mueller used an (eight-point) B-Spline curve to define the
thickness distribution, which ensures a smooth profile curve along the camberline, see fig. 2.13 for an exam-
ple of the thickness distribution and the corresponding construction of the profile curve.[14, 19]

TE

(a) Thickness Distribution (b) Thickness Projection onto Camberline

Figure 2.13: Blade Profile from Thickness Distribution and Camberline, source:[19]

Near the leading edge and trailing edge, a blending operation can be applied, since often specific shapes
such as circular or elliptical arcs (which can be described using NURBS) are used for improved aerodynamic
performance. Many of the earlier profile parametrisation methods would define the leading edge using a
circular arc. An elliptical arc is found to be better suited for the leading edge, as it generally creates less of a
pressure spike and separation near leading edge, mainly due to a smoother transition between the leading
edge arc and the profile thickness distribution.[15, 29] Research has been conducted into improving the tran-
sition of the leading and trailing edge curves into the profile thickness distributions. One particular method
has shown promising results regarding the problem at hand.

The (CIRCLE) method devised by Korakianitis[15], ensures that a highly efficient profile design with good
aerodynamic performance will result, by defining 2D and 3D blade shapes which are fully continuous along
the surface in terms of both their curvature and slope of curvature. The method is based on a published
blade-design method, allowing for the use of circular or elliptical shapes on the trailing and leading edges.
It provides an innovative and new way of designing both 2D and 3D turbine and compressor blades, by de-
coupling the thickness and camber definitions which are generally used in conjunction throughout the blade
design process.

The curvature and slope of curvature of a blade surface both have an impact on the aerodynamic effi-
ciency performance of the blade, because they directly influence the boundary layer development. To ensure
continuity in this slope of curvature, the blade surface is required to be third derivative continuous. However,
most parametric splines and surfaces are only first and second derivative continuous, due to third derivative
discontinuities at the spline knots.

These third derivative discontinuities can often be found in surface pressure distributions, recognizable
by the ‘kink’ in the distribution, which tends to indicate reduced aerodynamic performance. Such disconti-
nuities frequently occur when a blended circle or ellipse (usually applied in connection with manufacturing
considerations) is used for the leading edge, but the CIRCLE method has shown that it can fully remove these
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discontinuities, thereby ensuring better aerodynamic performance. The CIRCLE method uses the algebraic
definition of curvature as seen in eq. (2.6a), and of which the derivative with respect to x is taken, to get the
slope of curvature, (eq. (2.6b)).

R D A (2.6a)

TR [1+(y)2eP -
" VAR /04,112

o= 4C _ Y"1+ (N7 -3y'") (2.6b)

S dx 1+ (326

At the trailing edge, a circular arc and a third degree polynomial are defined. The polynomial coefficients
are optimized to ensure continuity up to the third derivative. The leading edge, which has the greatest impact
on aerodynamic performance, has a circular arc and an additional parabolic construction line, perpendic-
ular to which a thickness distribution is projected. Here, the thickness distribution is optimized to ensure
third derivative continuity. The optimisation of coefficients at both the leading and trailing edge, ensure a
continuity in terms of curvature and slope of curvature.

While this method is primarily applied for axial turbomachinery and uses a simple y(x) polynomial to
describe the curve, the method described can be combined with NURBS curves to be applied for raidal tur-
bomachinery as well. When applying this method to a NURBS curve, one has to ensure not y"'(x) continuity,
but C" (u) continuity.

2.3. Meshing

The second aspect of the design cycle is the meshing of the CAD geometry. Meshing is the process in which
the geometry is discretised in preparation for a quantitative numerical analyses. The topology of the CAD
file is used to generate a grid or data set of cells or volumes, which can be used to solve Partial Differential
Equations (PDEs), both for FEM or CFD analyses. A FEM analysis of the blade is outside the scope of this
project, so for this thesis the meshes are generated for CFD analyses only, i.e. for solving the Navier-Stokes
PDEs. This section will explain how a grid of cells is generated in such a way that it is well set up for a CFD
analyses; this includes a description of the full domain of the mesh, the type of grids used and the quality and
quantity of the cells used.

2.3.1. Meshing Domain

The fluid domain of a radial turbine is more complex than most other turbomachinery blade architectures.
Not only does it change from a radial direction to an axial direction, it also has a bi-directional curvature in
its periodic boundaries, an example of which can be found in fig. 2.14. These periodic boundaries surround
the rotor blade geometry, but also extend outwards at both the inlet and outlet of the rotor.

Figure 2.14: Meshing Domain of Turbine Impeller, source:[27]

At the inlet, one has to consider the interspace between the stator and the rotor of the turbine. Oftentimes,
a separate stator mesh is added to the rotor mesh, which enables the computation of the interference and
mixing effects between the stator and rotor. However, for this computation both meshes have to be combined
into a single mesh domain, requiring increased computational time.

At the outlet of the rotor, the domain is extended to simulate the wake of the flow. The domain should
directed axially just behind the rotor outlet to ensure a better simulation of the wake and to reduce the vol-
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ume of the meshing domain. When combining this approach with the periodic boundaries, the wake can be
simulated multiple times in one periodic mesh, as indicated by the flow pattern in fig. 7.8b.
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Figure 2.15: Wake in Meshing Domain

Generally, a centered-blade topology is used instead of a passage-centered topology. This tends to el-
eminate some solver stability issues, because it avoids the location of the periodic boundary at critical flow
locations such as the leading and trailing edges where high gradients in flow conditions are present.

The periodic boundary condition is essential in the meshing of turbomachinery. Therefore great care
should be taken in the proper definition and matching of the periodic boundaries. The construction of the
periodic boundaries is quite difficult due to the complex geometry of the rotor. Not only does the rotor have
curvature in multiple directions, which makes one-to-one matching of nodes very difficult, it also tends to
have a high stagger angle at the trailing edge, which could provide difficulties is generating a smooth mesh.

2.3.2. Structured Grids

A structured grid is a ‘set of points distributed over a calculation field formed by the intersections of curvi-
linear coordinate surfaces.[31] These points then are connected to form quadrilateral cells or hexahedral
volumes, see figure fig. 2.16a. Due to the structured nature of this grid, the connectivity does not need to be
stored explicitly, since connectivity can be deduced from the locations of the points. This ensures not only
reduced data storage, but also provides a less computationally intensive solution and generally increased
accuracy compared to an un-structured grid.[28]

While the reduced storage and computation time are always desirable, the structured nature of the grid
does pose several challenges. Due to it being limited to quadrilateral and hexahedral shapes, both of which
provide limited flexibility, complex geometries are very difficult to mesh. Itis also impossible to add extra cells
in particular areas of the mesh to increase the mesh resolution, because all grid lines must be conserved. To
overcome these limitations, zonal or multi-block grids were developed to enable refined meshing of complex
geometries (fig. 2.16b).
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Figure 2.16: Structured Grid examples, source:[32]

The multi-block grid generation method creates several simple structured meshes, one for each (often
user-defined) block/partition. After this initial grid generation, the algorithms need to make sure that at
the intersections between the blocks the connectivity points are compatible, i.e. number of nodes and their
locations must be the same.[7] Unfortunately, this method is considered tedious and requires a certain level
of expertise.

Figure 2.17b provides some examples of some widely-used multi-block layouts. These layout generally
use a combination of the three main Topology patterns shown in fig. 2.17a: the H-grid, the O-grid, and the
C-grid.
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(a) Nomenclature for Grid Topology patterns, source: [17] (b) Multiblock Grid Topologies in AutoGrid

Figure 2.17: Structured Grid Topology Definitions and Examples

2.3.3. Un-Structured Grids

An un-structured grid is ‘a set of points distributed over a calculation field formed with no relation to coordi-
nate directions’. The unstructured mesh generally consists of triangles and tetrahedra in 2D and 3D, respec-
tively, in its most basic form, but may be made of hexahedra or elements of any shape in general.[31] These
shapes provide more freedom and are particularly useful in handling shapes with high curvature, allowing for
the meshing of rather complex shapes, see fig. 2.18. However, contrary to the structured grids, the connectiv-
ity of the points in an un-structured grid do need to be stored explicitly. The un-structured grid generation
therefore is more computationally intensive and has more data overhead.
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Figure 2.18: Unstructured Grid example, source: [14]

2.3.4. Hybrid Grids
A hybrid grids combines meshing algorithms of both structured and unstructured grids. It allows the meshing
of complex geometries, while applying a local refinement using structured grids. In 2D meshes, this is a
simple transition from Triangular elements to Quadrangular elements, see fig. 2.19a. In 3D meshes, however,
a prism element (or sometimes pyramid element) is used to bridge the structured and unstructured meshes.
A common application of a hybrid grid is a global unstructured grid, with a local refined structured grid
at the boundary layer location. A stretching algorithm is applied to the structured mesh to ensure that the
velocity profile of the boundary layer can be properly simulated, see fig. 2.19b. This is often called a viscous
layer grid, since it is mainly used in viscous computations where boundary layer development is present.
The development of the boundary layer is dependant on flow characteristics and surface conditions such
as viscosity and wall shear stress. As the boundary layers develops, it transitions through different layers with
different levels of viscous effects and turbulence effects. The y* parameter determines in which of these
layers the mesh elements are located, and therefore in which layer flow computations are performed. A y*
parameter of 1 indicates a high mesh-refinement which has elements within the lowest layer, the linear sub-
layer. A y* of 30 or higher has elements located primarily in the log-law layer. Further explanation on how
the y* parameter determines the Ay, will be discussed in chapter 6.
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Figure 2.19: Hybrid Grid examples






Programme Set-up of Design Tool

The thesis project output, the integrated turbomachinery design tool, is set-up as an extensive Python (2.7)
programme, implementing the methods described chapters 4 to 6. The integrated design tool will be able to
execute several aspects of the radial inflow turbomachinery design cycle. The design tool uses input from an
external preliminary design software package. The integrated turbomachinery design tool THEN takes care
of the CAD and Meshing operations. subsequently the the design tool provides input for an external CFD
software package. For the execution of a full design cycle, one will make use of the following tools:

zTurbo An external 1D design tool in Fortran that Computes the Preliminary Design
Parapy An integrated turbomachinery design tool in Python consisting of:

¢ OCC A wrapper for the Parametric Design (CAD)
¢ Salome A wrapper for the Mesh Generation (Mesh)
¢ SciPy A Python library for the Design Optimisation (Optimisation)

SU2 An external open-source CFD solver in C++ that performs flow simulations of the Design geometry

zTurbo is a Fortran tool developed at the Delft University of Technology by Pini et al. [22], and will be used
to quickly generate a preliminary design for a radial turbomachinery setup.

ParaPy is a software tool originally developed at the Delft University of Technology that provides a set
of (Python 2.7) libraries that can apply CAD modelling and meshing in a python based environment. The
CAD geometry creation will be realised using Open CASCADE (OCC) version 6.5, which is embedded in the
ParaPy: Knowledge-Based Engineering Software Tool (ParaPy) software package. The Salome mesher mod-
ule, SALOME 6.3, will take care of the meshing operations and is also implemented in the ParaPy software.
The SciPy 0.18.1 python library is used for the optimisation and fitting algorithms used in the design tool.

SU2 is the open-source (C++) CFD solver that is used for all fluid flow simulations. For this thesis, SU2
version 4.3.0 is used.

Simultaneous to the development of the integrated design tool, an extensive documentation of the tool
will be logged, using the built-in ParaPy documentation system. All the programming and documentation
will be done on a Windows 10 operating system.

Since the tool will only be using theoretical calculations and analysis tools, the complete tool and its
capabilities will be validated with geometry and perfomance data from the literature and other validated
software tools. Examples of these validation cases are: reproducing the geometry and CFD results of the
papers by Sauret and Jones. [11, 27]

Another tool that houses the capability of running a full design cycle is ANSYS. ANSYS is heavily used in
industry, particularly for the design of turbomachinery blades. Therefore, for the application of the newly de-
veloped design tool, a comparison of a testcase, which has been previously conducted in ANSYS, will be done.
This will serve both as a validation of the tool, as well as shows how the tool can be applied for performing a
design cycle.

19
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3.1. Design Tool Programme Setup

The main focus of the Design Tool, is to provide a flexible and accurate approach in modelling or parametris-
ing all parts of radial inflow turbine. This includes the parametrisation of the stator, the rotor and the diffuser.
Figure 3.4 below presents an UML diagram of the parametrisation classes used to create a full radial inflow
turbine.

Next to the parametrisation phase, the design tool also provides capabilities for preliminary flow passage
and geometry analysis and preliminary optimisation. These are defined in two separate packages. The UML
diagrams of both packages are presented in figs. 3.1 and 3.2.

Finally design tool is able to generate a fluid domain and a corresponding mesh for the parametrised
blades. The UML diagram of the Meshing package is shown in fig. 3.3.

Radial_Turbomachinery Analysis

Analysis_Meridional

-rotor: obj
-nr_pts: int
-nr_planes: int

Calculates and plots the Area
Distribution in the Meridional

Rotor
plane
-channel: obj Inheritance’
-beta_list: list
-thickness_dist: list
Uses the meridional channel Analysis_B2B

curves and beta_list to construct
the cambersurface
Uses the thickness_dist and

cambersurface to construct the
blade Calculates and plots the Area

Distribution in the B2B plane

-cptl_desired_crv: float
-cpt2_desired_crv: float
-interp_desired_crv: float

Analysis_F3D

Calculates and plots the Area
Distribution in the full 3D passage

Figure 3.1: Analysis package

Analysi imisati
nalysis Optimisation

-optimisation_type: str
-geometry_baseline: list

-Mer_Area_Distribution -channel_params_baseline: list
-bounds: list
-B2B_Area_Distribution -weights: list
-span_range: list
-F3D_Area_Distribution -nr_planes: int

Performs optimisation on a baseline rotor
geometry. The objective function aims to
achieve the desired B2B and F3D area
distributions

Figure 3.2: Optimisation package
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Radial_Turbomachinery

Stator

-channel: obj
-thickness_dist: list

-
Uses the nozzle channel curves to

construct the cambersurface
Uses the thickness_dist and
cambersurface to construct the
blade

»

Rotor
-channel: obj
-beta_list: list

-thickness_dist: list

Uses the meridional channel
curves and beta_list to construct
the cambersurface

Uses the thickness_dist and
cambersurface to construct the
blade

Diffuser

-channel: obj

Uses the diffuser channel curves
to revolve the hub and shroud
curves into surfaces

Meshing

Domain

-blade: obj
-nr_blades: int
-nr_pts: int

Generates the fluid domain for a
given blade, and links the faces to
the boundary condtions

Salome

-fluid_domain: obj
-blade_type: str
-boundary_definitions: dict

Generates the mesh on the
provided fluid domain. Mesh
includes a viscous layer at hub,
shroud and blade.

TurboGrid

A

-stator: obj
-rotor: obj
-nr_stator: obj
-nr_rotor: obj
-nr_pts: int

Exports the rotor/stator to
TurboGrid format

AutoGrid

-stator: obj
-rotor: obj
-nr_stator: int
-nr_rotor: int
-nr_pts: int

Exports the rotor/stator to
AutoGrid, automatically performs
the mesh generation and exports
the mesh

Figure 3.3: UML Class diagram of Meshing package
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radial_turbomachinery

Stator

-channel: obj

-thickness_dist: list

Uses the nozzle channel curves to
construct the cambersurface
Uses the thickness_dist and
cambersurface to construct the
blade

Profile_2D

-camberline_2D_centripetal: obj
-thickness_distribution: obj
-normal_vectors: list

Constructs a blade profile by
projecting the thickness
distribution normal to the
camberline

Cambersurface3D_Stator

-channel: obj

-surface_ext: float
-right_hand_rotate: Boolean
Constructs an Interpolated Surface
from all 3D camberlines

Camberline_2D_Centripetal

-LE: parapy.geom.Point

-TE: parapy.geom.Point
-alpha_in: float

-alpha_out: float

Constructs the 2D camberline
curve for the nozzle

Nozzle

-b2: float

-b3:float

-chord: float

-alpha2: float

-alpha3: float

-stagger: float

-radiusTE: float

Constructs the hub, tip, shroud
and camberline curves of the
nozzle channel

Thickness_Distribution

-nr_pts: int

-ps_pts: list

-ss_pts: list

Defines a Thickness Distribution
using a BSpline for a specified
number of points

2

1
(Angle) Distribution

-values_in: list

-nr_pts: int

-dist_type: str

Calculates Interpolated or BSpline
distribution of beta, theta, or
thickness, and plots the

distribution
-memberName

Radial_Inflow_Turbine

-nr_stators: int

-nr_rotors: int

-stator: obj

-rotor: obj

-diffuser: obj

-disc: obj

-shroud: obj

Constructs all parts of the Radial
Inflow Turbine

Rotor
-channel: obj
-beta_list: list

-thickness_dist: list

Uses the meridional channel
curves and beta_list to construct
the cambersurface

Uses the thickness_dist and
cambersurface to construct the
blade

Profile_3D

-camberline_3D: obj
-thickness_distribution: obj
-normal_vectors: list

Constructs a blade profile by
projecting the thickness
distribution normal to the
camberline

2.5

Cambersurface3D

-channel: obj

-beta_list: list/None

-theta_list: list/None

-theta_0: float

-dist_type: str

-surface_ext: float
-right_hand_rotate: Boolean
Constructs an Interpolated Surface
from all 3D camberlines

Meridional

-nr_crvs: int
-nr_cpts: int

-r4: Type

-r5h: float

-b4: float

-b5: float

-chord: float

-dr: float

-wake: float
-cone_angle: float
-sweep: float
-alpha4: float
-alphabs: float
-interpLE: float
-interpTE: float
-ax_clearance: float
-rad_clearance: float
-blade_ext: float
Constructs the hub, tip, shroud
and camberline curves of the
meridional channel

Shroud

-channel: obj

Uses the meridional channel to
construct the shroud

Disc

-channel: obj

Uses the meridional channel to
construct the disc

Diffuser

-channel: obj

Uses the diffuser channel curves
to revolve the hub and shroud
curves into surfaces

Diffuser_channel

-channel: obj

-bulb_type: str

Uses the meridional channel to
construct the connecting diffuser
channel

Camberline_3D

-nr_pts: int

-camberline2D: class

-beta_list: list/None

-theta_list: list/None

-theta_0: float

-dist_type: str

-right_hand_rotate: Boolean
Calculates the Wrap Angle
distribution and transforms the 2D
camberline into the 3D camberline

Camberline_2D

-LE: parapy.geom.Point

-TE: parapy.geom.Point
-alpha4: float

-alpha5: float

-interpLE: float

-interpTE: float

-interpMidx: float
-interpMidz: float

-weights: list

Constructs the 2D camberline
curve for the meridional channel

Figure 3.4: UML Class diagram of Radial Turbomachinery Parametrisation package
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3.2. Workflow

In the workflow diagram below, an elaborate work flow of the design tool is presented. The workflow is divided
into several function lanes, each shows the combined function or goal of the processes in that particular lane.

First the meridional channel or nozzle channel is defined for the rotor or stator respectively. Then this
channel is transformed into a 3D Cambersurface using a Blade Angle or Wrap Angle distribution. Subse-
quently, using a Thickness Distribution, 3D blade profiles are constructed perpendicular to the cambersur-
face. A blade surface is formed using the 3D blade profiles. At this point, the rotor or stator has been created
and the user can opt for creating a mesh of the fluid domain, or perform an analysis on the newly created
geometry.

If the blade design is deemed acceptable, a 'Blade-Centered’ fluid domain is created from the meridional
channel and blade surfaces. This fluid domain is then meshed using a hybrid meshing alogrithm, which
applies an ustructured grid, with an added viscous layer.

Finally this mesh will be exported to SU2, which performs the full 3D CFD simulations.
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The geometry can be inspected and analysed first before performing CFD simulations. For the analysis
several curves and surfaces are extracted from the blade geometry and the area distribution and curvature
distribution of the flow passage is inspected. This analysis workflow can be used in a preliminary optimisation
process, where the flow passage is optimised to a prescribed area distribution.

Optional Analysis and Optimisation Workflow
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Figure 3.6: Flowchart of Analysis and Optimisation Workflow of the design tool




Parametrisation of Radial Inflow Turbines

Once the preliminary design is completed, the parametrisation phase start. This is an important part of the
turbomachine design cycle, because it not only converts the preliminary design parameters into the geo-
metric CAD model, but it also prepares the geometry for any subsequent meshing and CFD analysis. The
use of smart and flexible parameterization techniques ensures a solid foundation for the other design tool
capabilities and helps reduce the duration of a full design cycle.

4.1. Cylindrical Coordinate System

The first parameterization decision made, was the conversion from the Carthesian Coordinate system to a
Cylindrical (radial) Coordinate system. The Carthesian system is generally used in CAD modelling, because
for the general public is the most intuitive coordinate system. For turbomachinery, however, it is not the
most applicable coordinate system, due to the fact that turbomachinery blades and the flow around them are
generally described in a rotating reference frame. It is therefore more suitable to apply a rotational coordinate
system instead of a translational coordinate system. The (rotational) cylindrical coordinate system, as can be
seen in fig. 4.1b, describes all Three-dimensional (3D) coordinates through the following three variables: r,
0, and z. Their relation to the Carthesian Coordinate system is described in egs. (4.1a) to (4.1c).

X =rcosf (4.1a)
y=rsinf (4.1b)
z=2z (410)

Therefore, within the design tool, two new class definitions were defined, see eqs. (4.2a) and (4.2b), that use
r, 8, and z as an input and convert this to Carthesian coordinates for the ParaPy geometry-kernel to interpret.
These definitions will be used throughout the rest of the report.

cPoint(r, 6, z) — Point(x,y,z) (4.2a)
cVector(r, 6, z) — Vector(x,Y,z) (4.2b)

25
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(a) Cylindrical coordinate system,
source:[20]

(b) Rotating (around z-axis) system

Figure 4.1: Rotating Coordinate System

As will be evident further on, this coordinate system not only useful in defining the meridional channel
and cambersurface of the rotor as a function of r, 8, and z, but it is also particularly useful in the definition
and parametrisation of the centripetal stator.

4.2. Meridional Channel Definition

For the parametrisation of the meridional channel, the two main operations are the placement of the inlet
and outlet boundares of the rotor and the subsequent placement of the hub, tip and shroud boundaries.
The inlet is generally directed into the radial inward direction and the outlet is generally directed into the
axial outward direction, but these orientations may be adjusted with the sweep and cone angle parameters
respectively. The channel definition is started by defining the hub LE and TE coordinates.

4.2.1. Inlet and Outlet definitions

The leading and trailing edge coordinates of the hub, dependant on the r4, r5h and z-chord, are used as
the basis from which the rest of the coordinates is computed. From these coordinate points, a vector with a
magnitude of the local blade height and a direction of the local sweep or cone angle is used to define the blade
tip coordinates. Similarly, the shroud coordinates are computed by increasing the vector magnitude with the
axial or radial clearance, as can be see in fig. 4.2. An example of the computation of the shroud coordinates
using the cylindrical reference frame, is given in eqs. (4.3a) and (4.3b) below.

TE

shroud
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shroud

Figure 4.2: Definition of the Inlet, Outlet and tip clearance boundaries
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4.2. Meridional Channel Definition

LE roud = CPoint (r4pyp, 00, 20) + cVector (cos(Acone), 0, Sin(Acone)) - (Hi + €ax)
TEshroua = cPoint (r5p,p, 600, 2c) + cVector (sin(Acone),0,cos(Acone)) - (Hs + €r44)

(4.3a)
(4.3b)

4.2.2. Hub and Shroud Curve definition (2D)

While the Leading Edge and Trailing Edge boundary points have already been defined for the meridional
channel, the particular channel is shape is defined by the camberline. Using the boundary points and «;,
and a,,; parameters, the inlet and outlet vectors were constructed. At the intersection of both vectors an
intersection point was defined. A linear interpolation that uses an interpolation parameter between 0.0 and
1.0, was applied between the edge points and intersection point in order to define two intermediate con-
trol points. Using the edge points, the control points and a set of four weights, a Rational B-Spline Curve is

constructed between the leading and trailing edge.

Figure 4.3: Camberline Control Point Construction

The NURBS (see section 2.2.1) ascertains that the directional vectors at the start and end of the camber-
lines curve have an angle of a;, and a,,; respectively, by placing the two intermediate control points along
the inlet and outlet vectors. The influence of the a;,,@,,:, weights and interpolation parameter are shown in

figs. 4.4b and 4.5b.
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(a) Initial Meridional Channel (b) Influence of a;,, and a oy

Figure 4.4: Influence of camberline parameters

(a) Influence of interpolation par. (b) Influence of weights

Figure 4.5: Influence of camberline parameters

Next to these three curves, a minimum of two blade curves are defined in a similar way so that the blade
boundaries slightly extend the hub and tip boundaries. If more than two curves are desired, a linear interpola-
tion will be applied along the span-wise-directional inlet and outlet vectors, ensuring a straight (2D) Leading
and Trailing Edge at all times.

4.3. Camberline definition (3D)

The numerical conversion of a 2D camberline into a 3D camberline requires a piece-wise rotation of the 2D
camberline around z-axis with an angle of ;. This Wrap angle (0) is geometrically the easiest to parametrise
in CAD, but for preliminary turbine design, the blade angles give a much better indication of the influence on
the fluid flow. The blade angle (or ) distribution is therefore the distribution to be used during parametrisa-
tion.

Construction of the 3D camberline is done by applying an axial rotation over an angle of theta at a discrete
set of points along the 2D camberline. Note that for this transformation into the 3D camberline, the r and
z coordinates remain the same as for the 2D camberline, while the theta changes along the curve to create
a new set of control points. As previously stated, this particular transformation is much easier in a radial
coordinate system.

cPoint(r,p, 0, z2p); — Point(x3p, ¥ap, 23p); (4.4)

An example of a conversion from the 2D meridional channel camberline (red) to the 3D cambersurface cam-
berline (yellow) can be seen in fig. 4.6.
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Figure 4.6: Conversion of 2D (red) to 3D (yellow) camberlines

4.3.1. Blade Angle to Wrap Angle

The beta-distribution can be either represented using a simple Bezier curve, for which a set of control points
is determined, or by fitting a curve through the provided set of points (Interpolated Curve). An example of
both types of fitting are given in figs. 4.7b and 7.4a respectively.

Blade Angle Distribution Fitting Blade Angle Distribution Fitting
407 x . Ref Data 407 x :Ref Data
—— :B-Spline —— : Fitted
351 -m- : control Points 2 351
30 4 30 4
25 A 25 A
Z 20 = 20
- -
15 4 15 4
10 4 10 4
54 5
0 0
[).‘l) [).‘2 U:4 [):6 [).‘ 1.‘(1 U.‘[) [).‘2 [):4 [):ﬁ [).‘ 1.‘(1
m[-] m [-]
(a) B-Spline fitted beta distribution (b) Interpolated beta distribution

Figure 4.7: Types of beta-distribution

The beta-distribution can be supplied by zTurbo and is converted into a wrap-angle distribution (6-
distribution), using the method as discussed in section 2.2.2. A numerical integration of eq. (2.5) is applied,
resulting in a recursive formula as illustrated in eq. (4.5). The corresponding theta-distribution is shown in
fig. 4.8.

b0 ifi=0 ws)
C 00+ d6; =0, + BN sy '
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Figure 4.8: Computed theta distribution

By looking at the last few points in fig. 4.8, one can see that a very minor error is present. The theta-
distribution method discussed above is prone to propagating errors along the meridional line, hence it af-
fects the last few points in particular. Although the beta-distribution is provided as a continuous function,
the numerical integration is performed discretely with a step size of dm. If a low discretisation is used of
for example 10 points, the dm is relatively large, and the theta is only evaluated at 10 different beta angles,
see fig. 4.9b. Due to the cumulative nature of the integration, the truncation error propagates along the full
meridional line, resulting in a relatively high error compared to the analytically deduced answer. Increas-
ing the discretization will reduce the total error significantly, as can be seen in fig. 4.9b, however, at the cost
of added computational time. The computational time of subsequent CAD operations, particular the Solid
operations, rises dramatically when increasing the discretisation of the wrap angle distribution. This is pri-
marily due to the use of the cambersurface (with a lot of control points) as a cutting tool for solid partitioning
operations.

Wrap Angle Distribution (20 pts) Wrap Angle Distribution (200 pts)
—— hub: Computed —— hub: Computed
hub: Ref. Data hub: Ref. Data
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— 30 4 — 30
@ @
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(a) Theta distribution, low discretisation (nr. points=10)  (b) Theta distribution, high discretisation (nr. points=200)

Figure 4.9: Error in theta-distribution for low and high discretisation

Table 4.1 shows the computational time of ParaPy performing a Solid cutting operation for different levels
of discretization. Taking both the error and increased computational time into consideration, a discretization
in the range of 100 to 200 number of points was deemed optimal for an accurate yet reasonably quick opti-
misation. One could consider increasing or decreasing the discretisation when a more accurate or a faster
optimisation is required.
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Nr. of Points [-] | Rel. Error (%] | Comp. Time [ms]
10 14.178 7.00

20 7.350 11.0

50 3.976 33.0

100 2.960 66.0

200 2471 256

500 2.184 671

1000 2.089 2158
2000 2.042 7963
5000 2.014 48475

Table 4.1: Discretisation level vs. Computational Time

Notice how the relative error converges to roughly 2% even at high discretisation. There seems to be an
initial error, which is independent of the discretisation. This could be due to an inaccuracy in the fitted beta
distribution (an example of the to-be-expected beta distribution for the reference wrap angle distribution will
be shown in the next section.) The error of 2% is not very large and only signficant near the trailing edge, and
will geometry-wise not be visible to the naked eye. It can however have an impact on the meshing and CFD
analysis. It could particularly influence the outflow angle and with that the throat area of the flow passage.
This should be taken account during the CFD analysis.

Generally, the beta distribution is supplied and the wrap angle distribution is computed as a result, how-
ever, in literature, sometimes the wrap angle distribution is also presented. The user can then opt for import-
ing the wrap angle directly, avoiding any error that might arise through the conversion of blade angle to wrap
angle. A example of a BSpline fitted directly to a wrap angle distribution is given in fig. 7.4b. Note that both
angle distributions are defined along the length of meridional line of the 2D camberline.

Wrap Angle Distribution Fit: ORCHID Optimised (camberline 3)
15

2 =10.99959
—— : Discr. B-Spline
10 : Control Points
Reference data

20 40 60 80 100
m [%]

Figure 4.10: BSpline fitted theta distribution

4.3.2. Wrap Angle to Blade Angle

The conversion of the blade angle into the wrap angle is essential for the blade design tool, because the
geometry parametrisation is primarily dependant on the wrap angle distribution. For analysis and research
purposes, however, it is useful to be able to extract the blade angle distribution from a given wrap angle
distribution, e.g. in order to reproduce the input parameters of a specific design. Therefore, when a wrap
angle distribution is given, the corresponding blade angles are determined using the inverted formula of
eq. (2.5), as illustrated in eq. (4.6). The numerical formula of this is given in eq. (4.7). Similar to the Blade
Angle distributions, the provided Wrap Angle Distribution can be either a Bezier Curve or a Fitted Curve. An
example of a reproduced Blade Angle Distribution from a given Wrap Angle Distribution can be found in
fig. 4.11.

pB = arctan ( R-do ) (4.6)
dm
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4.7)
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Figure 4.11: Blade Angle Distribution Computed from the provided Wrap Angle distribution

Similar to the computation of the Wrap Angle Distribution, this distribution computation shows some
signs of propagation errors in the m > 0.9 region. While the curve tends to follow the rather complex shape
of the reference data, yet again, an error is present near the trailing edge. This might even show that the
reference beta distribution from the literature is incorrect, since it does not seem like a slowly propagating
error, but rather an abrupt deviation in the m > 0.9 region. While it is useful to perform this back-ward
computation as a sanity check, and to possibly find any errors in the provided data, the computed blade
angles will not be used in the rest of the design phase. Any error present is therefore much less significant
than those in the wrap angle distribution.

4.4. CamberSurface

The cambersurface is constructed from a set of 3D camberlines. As discussed in section 2.2.1, there are several
methods of constructing a NURBS surface from a set of NURBS curves. The lofting operation will be avoided,
since this operation only uses the control points of each B-Spline Curve and therefore does not ensure that
the surface fully intersects with each curve of the set. An Interpolated BSpline Surface will be used ... The
resulting cambersurface is not only necessary for the blade parametrisation, but is also used in analysis tools

4.5. Blade Profile

The parameterization of the blade profile requires both a camberline, as described in section 4.3 and a thick-
ness distribution as input. Using both inputs, a thickness is projected onto the camberline, as discussed in
chapter 2, to construct a 3D blade profile. The tool has the option to apply circular and elliptical shapes to
the leading and trailing edges of the blade profile, however, this does show some curvature problems, as will
be discussed below.

4.5.1. Thickness Distribution

Similar to the beta distribution, the thickness distribution can be defined using either a B-Spline constructed
from a set of control points, or using a Interpolated Curve through a data set. The distribution is provided for
each camberline.
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Figure 4.12: B-Spline thickness distribution

The resulting B-Spline thickness distribution will be discretized to a number of points. Along the cam-
berline, an equal amount of equi-spaced points will be projected normal to the camberline, using the local
normal vectors of the cambersurface. This ensures that the blade profiles are always perpendicular to the
blade span-wise direction.

4.5.2. Leading Edge and Trailing Edge Construction

Blade profiles are often constructed using conical shapes such as circular or elliptical arcs at the blade edges.
The design tool makes extensive use of the properties of NURBS curves (as described in chapter 2) for the
construction of these conical shapes at the local leading or trailing edge. It was decided to use a circular arc
with an angle of 180°, to make the derivative vectors parallel to the camberline at the transition point between
the arc and the rest of the profile. The leading edge circular arc is constructed by constructing a 90° arc at both
the pressure and the suction side of the profile.

The 90° arc is constructed using a isosceles triangle of control points with a 90° angle an isosceles sides of
length equal to the arc radius. The middle control point has a weight of ‘/75, to ensure the circular shape.

The elliptical arc is constructed using the same method, however, the side of the control point triangle
that is parallel to the camberline is extended and its length is equal to the sei-major axis of the ellipse.

In order to connect this arc properly to the rest of the NURBS curve blade profile, the control point triangle
is added to the set of control points, and the knot-vector of the curve is adjusted in such a way, that the
multiplicity of the second knot (located at the transition point) is elevated to a level equal to that of the degree
of the curve.
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Figure 4.13: Circular Leading Edge
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Figure 4.14: Elliptical Leading Edge

Note that, when the mulitplicity of the knot, and the degree of the curve are equal, the basis function
is only CO continuous. Figures 4.13 and 4.14 above show a C1 continuous curve, by using proper control
point placement. However, the curvature distribution projected over the profile still shows discontinuities.
Ensuring proper control point placement can reduce this even further.

4.5.3. Continuous curvature (CP placement)

According to Korakianitis, by ensuring continuous curvature (C3 continuity) through correct Control Points
placement, the several flow characteristics such as separation or high flow acceleration can be avoided along
the blade profile. This gives a better blade loading along the rotor by avoiding big pressure spikes. As can be
seen in figs. 4.13 and 4.14, the curvature is not continuous at the transition points between the conic shapes
and the rest of the profile.

The method used to connect the arc and the profile reduces the continuity at the knot to C0O continuity.
This means that the three subsequent control points are constraint in their placement, to ensure a C3 con-
tinuity of the curve. At the transition point, the first, second and third derivative of both NURBS curves are
defined. These derivatives should be equal for both curves to ensure the continuity up to the third degree. In
the equations below, the derivatives are expressed as a function of their control points.

C'0) =—L— (P, - Py) (4.8)
Up+1

Cl)=—2P (P, -Pp) (4.8b)
1-um-p-1
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P(P-1)( P (Up+1 + Up+2) P,
C”(O) _ ( ) ( 0 \Hp+l p+ P, + 2 ) (4.9a)
Up+1 Up+1 Up+1 Up+2
pPP-1 P (Up+1 + Upt2) p,_
crqy=LED ( no o P 4+ 2) (4.9b)
1= tm—p-1 \Up+1 Up+1 Up+2
nn-1)(n-2 1 (Up+1+Up+2) (Up+1+Upt2) 1
¢y =M= D =2) ( py 3P TP g P TR PO) (4.10a)
Up+1 Up+1 Up+1 Up+1 Up+2
nn-1)(n-2 1 (Up+1 + Up+2) (Up+1 + Up+2) 1
c" = ( )( ) ( P,_3 _3Mpn_2 +3Mpn_l + pn) (4.10b)
1—utm—p-1 Up+1 Up+1 Up+1 Up+2

By setting C'(0) = C’'(1) for all three derivatives, the Py, P1, P, and P3 control points after the leading
edge transition can be computed, based on the last 4 control points before the transition. fig. 4.15 below
shows a joining of a leading edge ellipse with a subsequent mid-section curve. The curvature distribution
is projected over this composed curve and seems to be fully continuous. The graph depicted in the figure,
shows the curvature and the slope of curvature along the composed curve. This shows that the curve is nearly
third-degree continuous, but shows a light kink in slope of curvature. This kink is so small, however, that this
discontinuity is most likely due to numerical errors in ParaPy, or perhaps the joining method used to combine
the two curves.

Geometry View
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Figure 4.15: Continuous Curvature Piece-wise curves

While this methods seems to help in reduce the discontinuity in the curvature, the constraints applied
to the subsequent 4 control points after the transition constrain the mid-section curve in such a way that it
becomes very difficult or nearly impossible to apply this to a relatively straight blade with a low stagger angle.
Some more investigation should be conducted on the set of constraints imposed on the curve when using
this method, to see if the challenges discussed can be overcome.

4.6. 3D Rotor

For the construction of the full 3D rotor, the blade profiles are discretised and an Interpolated Surface is
created through all of the discretized points. This ensures a proper fit of the blade surface through each of the
profiles.

The profiles have been placed in such a way, that the blade surface extends slightly beyond the hub and
shroud curves. These curves are used as a rotating cutting tool to cut away slices of the extended blade sur-
face. This ensures that the resulting blade surface has constant radius at the hub and tip profiles, which
ensures that the blade surface can be placed on a disc or inside a shroud. To model the tip-clearance of the
rotor, the tip curve will be used as the cutting tool, to cut away the tip of the blade surface.
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4.7. 3D Stator

While the rotor is by far the most complex geometry to be parametrized, also for the centripetal stator several
smart parametrisation methods were needed. Even though the stator is a non-rotating part, the cylindrical
coordinate system is still applied. This is because in the stator nozzle, the fluid is moving in a (centripetal)
rotational reference frame, where the inflow and outflow angles are dependent on the radius and radial chord
length (Chord,,4) and stagger angle.

Since the interspace parameter (Ar) has quite some effect on the flow interaction between the rotor and
the stator, the Trailing Edge of the stator is defined at a distance of r4 + Ar from the origin. The Leading Edge is
then determined at the cross-section of a circle with a radius of r, + Chord, 4 and the stagger line directed
from the Trailing Edge. In this coordinate system, the stagger angle is defined with respect to the tangent at
the Leading Edge.

Figure 4.16: Nozzle channel definition of the Stator, in the Centripetal Frame

Camberlines are defined using a BSpline curve through three control points: the Leading Edge point, the
intersection of the inflow and outflow lines, and the Trailing Edge point. The use of the intersection point as a
control point, ensures that the start and end of the camberline curve are tangential to the inflow and outflow
lines.

Using the same method as for the parametrisation of the rotor, the blade profiles of the stator are con-
structed using the camberlines, the normal vectors of the cambersuface and a thickness distribution. These
blade profiles are then used to generate the 3D blade surface of the stator, as can be seen in fig. 4.17
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Figure 4.17: Definition of the Stator, in the Centrifugal Frame

4.8. Diffuser

The diffuser is parametrised by extending the wake at the rotor outlet and connecting the hub curve with a
bulb curve, and connecting the shroud curve with a diverging diffuser wall curve. The shroud curve of the
diffuser is a simple BSpline curve that starts off, tangent to the shroud curve of the rotor and then slowly
transitions to a straight line with a specified wedge angle, as can be seen in figure fig. 4.18.

Figure 4.18: Diffuser Channel Definition

The bulb at the hub curve is slightly more complex. Due to the many different types of bulb that are
applied in industry, four options were created to parametrise the hub hub at the bulb. Two types of bulb offer
a relative smooth transition from the rotor wake into the diffuser area, while the other two are more abrupt.
Each type is described and presented in table 4.2 and fig. 4.19.

Bulb Type Description
Rounded Single Smooth transition at rotor wake towards zero-radius symmetry point
Smooth Double smooth transition from rotor wake towards zero-radius symmetry point
Corner Abrupt transition from rotor wake towards zero-radius symmetry point (90 degree corners)
Sharp Abrupt transition from rotor wake towards zero-radius symmetry point (60 degree corners)

Table 4.2: Diffuser bulb types
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Figure 4.19: Diffuser bulb geometry options

Diffuser: Addition of hub and shroud curve after the rotor wake Option to select different type of bulb (1-4)
Running simulations to see if it provides more accurate result Currently only mesh generated using AutoGrid

Conclusion: Diffuser is a simple addition that could greatly improve CFD analyses Need to do some more
research into to level of increased accuracy

4.9. Blade Geometry Fitting

The parametrisation methods described above provides all the tool to generate almost any feasible turbine
new design, completely from scratch. However, the design tool does not only provide the means to design a
turbine from scratch, but it is also able to accurately reproduce current turbine designs given a certain set of
input parameters and distributions. The fitting procedures that ensure that a fully reproduced turbine can be
generated from a given data set, will be explained below.

Using an initial guess of the parameters, an initial camberline is constructed in ParaPy. Subsequently, the
‘'minimum_distance()’ method of the constructed curve is applied to each point in the respective data set.
The distances for each point are summed to give the function value. A minimisation algorithm ('SLSQP’) is
used change the input parameters in order to minimize the distance between the camberline curve and the
data set points. Once the minimization is complete, the current camberline and data set are compared and
the 'r?’ parameter is calculated using eq. (4.11)

1 n
J==2 i (4.11a)
nizo
n
SSi0c= Y (yi—7) (4.11b)
i=0
n 2 n
SSres=Y. (yi—fi) =) ¢ (4.11¢)
i=0 i=0
p2 o SSres 4.11d)
SStot

4.9.1. Meridional channel fitting

First, the 2D fitting of the meridional channel will be considered. For reproduction purposes, a data set of the
hub and shroud curves is often provided in the literature. This data set, generally defined in the R-Z plane
is used for the fitting procedure. The inlet and outlet boundaries are parametrised using several geometric
parameters such as r4, b4, r5h, b5, etc. These parameters are generally given for a turbine, but can also be
extracted from the provided meridional channel data set by looking at the start and end coordinates of the
curves. The camberline curves are parameterised with several parameters that cannot be directly extracted
from the data set. Therefore, a quick fitting algorithm needs to be applied to fit the: a;,,a,;, weights and
interpolation parameters.

4.9.2. Distribution fitting

The fitting of a Wrap Angle, a Blade Angle Distribution or even a Thickness Distribution is very similar to the
Meridional Channel fitting. Instead of producing the camberline from the input parameters, a Bezier Curve
is generated from an initial guess of control points. Note that, due to the nature of the Bezier Curve, the initial
and the final control point should coincide with the initial and final point of the distribution; these points
are therefore extracted from the data set up front. The fitting of the distribution is a universal method, but it
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allows to generate both a proper cambersurface as well as a proper blade profile, depending on which type
distribution is fitted.

4.9.3. CAD geometry fitting (check)

If provided, a CAD geometry file (.stl, .stp, .igs) can be imported into ParaPy. A scaling factor is applied for
easy conversion of metric units, which sometimes differ between the CAD files. Once properly scaled, the
CAD model and the parametrised model can be visually compared. It is a relatively quick final check to verify
the fitting processes have been performed correctly, before the parametrised model goes through the time-
consuming meshing and CFD phases.

Figure 4.20: CAD Model fitted to parametrised model for visual verification






Preliminary Geometrical Analysis of
Parametrised Turbine Blade

One a geometry is fully constructed, the designers may find it useful to inspect the geometrical properties
of the blades, before resorting to a very time-intensive CFD analysis to analyse the full flow conditions. For
the purpose of increasing the feedback of the design during the preliminary design phase, several analysis
tools were added to the Optiblade design tool. The designers can make use of these analysis tools to further
increase the performance of the preliminary design before going to the high fidelity optimisation phases.
Alternatively, one could use these tools on a pre-existing design to evaluate the geometrical properties to
search for areas of improvement. Analysis tools for the meridional channel, the Blade-to-Blade channel and
the full 3D geometry are presented in sections 5.1 to 5.3 below.

5.1. Meridional Analysis

The Meridional channel design has a great impact on the overall performance of the turbine. The channel
does not only increases the meridional (1D) flow area as seen by the flow, to accommodate for a proper mass
flow from inlet to outlet, it also curves the flow from the radial direction into the axial direction. Therefore,
two particular geometric characteristics of the channel are of interest: the meridional area distribution and
the curvature distribution.

5.1.1. Area Distribution

In order to calculate the area distribution of the meridional channel, first the mean meridional line is deter-
mined using a linear interpolation of the control points and weights of the hub and shroud curves. Along
this mean meridional line, a specified number of equally spaced planes are placed; they are oriented per-
pendicular to the meridional line direction. These planes represent the 1D frontal area as seen by the flow,
when moving through the meridional channel. The intersections between the planes and the hub and shroud
curves define the area lines within the meridional channel, see fig. 5.1a. The length of these area lines can be
plotted against the percentage of the meridional line, as can be seen in fig. 5.1b.

41
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Area Distribution along meridional line at half-span
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Figure 5.1: Meridional Area Distribution Analysis produced in ParaPy

5.1.2. Curvature Distribution

The curvature distribution of the meridional channel presents the level of curvature at the hub curve, the
mean meridional curve, and the shroud curve. The curvature at a specified number of points along each curve
is determined using a ParaPy-build-in ’curvature_at_point()’ method. Then, in order to properly visualize
this geometrical characteristic, several curvature lines are projected perpendicular to the curve, the length
of which is directly related to the level of curvature at that particular point. The curvature and its derivative
can also be plotted against a percentage of the meridional line, to quantitatively inspect the curvature and
check for irregularities in the curvature-derivative, which might instantiate local separation in the channel.
An example of the projection and plot are given in figs. 5.2a and 5.2b
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Figure 5.2: Meridional Curvature Analysis produced in ParaPy

5.2. Blade-to-Blade (B2B) Analysis

When looking at the Blade-to-Blade plane of a turbine, two particular geometry characteristics are interesting
for turbomachinery design. The Area Distribution gives an indication of the general expansion or compres-
sion of the channel flow, while the Curvature Distribution gives an indication of the acceleration of the flow
near the blade surfaces, which can be related to flow characteristics such as separation or shockwave forma-
tion.
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5.2.1. Area Distribution

The B2B area distribution is found by cutting two blades using a ‘Blade-to-blade’ surface, which is a revolved
meridional line. This meridional line line can be defined at any span wise location and will be a linear in-
terpolation of the control points and weights of the hub and tip BSpline curves. The span-wise location is
defined as a fraction of the span, ranging from 0.0 at the hub to 1.0 at the tip. A cambersurface is placed in
between the two blades; this surface defines the mean streamline at any point along the span. The inter-
section of the ‘Blade-to-blade’ surface and the center cambersurface determines the mean streamline at the
specified span. Along this mean streamline, a specified number of planes are placed equally spaced along
the streamline curve and are oriented perpendicular to the streamline direction. These planes represent the
frontal area as seen by the flow, when moving through the rotor channel. The intersection of these planes, the
‘Blade-to-Blade’ surface and the bounding rotor blades, define the 1D area curves that the flow sees in that
particular ‘Blade-to-Blade’ plane.

The mean-streamline and the suction side blade are extended to construct the ‘virtual’ flow channel that
is outside of the blade boundaries, but is still ‘seen’ by the flow. The extension at the leading edge resembles
an outward moving spiral, where the curve angle with respect to the origin, remains constant. At the trailing
edge, the extension resembles a helix with a ‘helix angle’ equal to the outflow angle.

B2B Geometry Definition Area Distribution at 90% span

rotor blade 74
—— aux. blade

——- area curves (1D) /

4 —— periodic-line

Area (1D) [mm]
w

76‘5 0:0 0:5 l:O l:S
m[-]
(a) B2B Area lines along the mean streamline
(b) B2B flat projection and area distribution plot at 50% span, 19 blades

Figure 5.3: B2B Area Distribution Analysis produced in ParaPy

The 1D area curves can be exactly constructed using a series of intersection and trimming operations,
or the 1D area curves can be approximated using a line segment between the two intersection points at the
bounding blades, as illustrated in fig. 5.4a. The line segments are computationally less intensive, but are sim-
ilarly less accurate in describing the area distribution. A small analysis has been conducted to see which of
the two methods is more applicable for the B2B analysis. In this analysis, both methods are compared for
different span (i.e. radius) and different pitch, the two factors that directly influence the length of circum-
ferential lines. In indication of the difference between the two methods can be seen in figures 1 and 2. The
errors and computational times are tabulated in table 5.1
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Sensitivity Analysis: Area Distribution Definition [80% span, 12 blades]

— straight lines
— curved lines

11 4

10 +

Area 1D [mm]

-0.5 0.0 0.5 1.0 15
mI-]

(a) Curved vs. Straight lines at 80% span, 12 blades

(b) Area Distribution at 80% span, 12 blades

Figure 5.4: B2B Area Distribution Analysis produced in ParaPy

Span [%] | Nr. of blades [-] | Error [mm] | Rel. Error [%] | A comp. time [s] | Rel. comp. time [%)]
20 11 0.0338 0.301 2.612 19.791
50 11 0.0435 0.379 1.317 12.627
80 11 0.0715 0.603 1.501 14.293
20 15 0.0128 0.159 1.865 14.556
50 15 0.0166 0.200 2.002 15.948
80 15 0.0272 0.319 1.873 13.142
20 19 0.0091 0.144 2.058 17.863
50 19 0.0110 0.170 2.384 16.181
80 19 0.0184 0.278 2.061 19.865

Table 5.1: Errors and Computational time for Exact and Approximated Method

The difference in errors is so marginal (being less than 0.4%), that the reduction in computational time
(10% to 20%) is much more essential to the user compared to the slight increase in accuracy. It is therefore
decided that the Approximated straight lines method is preferred over the more exact curved lines method.
Particularly, when the user want to iteratively evaluate the influence of small adjustments to the geometry on
the B2B area distribution, the shorter computational time is preferred over the improved accuracy. The exact
curved line method is available as a secondary option.

5.2.2. Curvature Distribution

The curvature distribution is determined using the same method as for the meridional channel analysis. The
curvature is evaluated at a given number of points on the cross-sectional blade profile, along the meridional
line. Both the pressure and the suction side curvature is projected and plotted. The plots and projections will
show a particularly high peak at the leading and the trailing edges.
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Curvature and Slope of Curvature
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(a) B2B Curvature lines along the local blade profile

(b) B2B curvature and slope of curvature plot at 50% span, 19
blades

Figure 5.5: B2B Area Distribution Analysis produced in ParaPy

As can be seen in fig. 5.5a, the curvature is defined perpendicular to the cambersurface. The curvature
in the direction of the meridional channel curvature is removed from distribution by projecting the profile
curvature vectors onto the normal vectors of the cambersurface. The change in magnitude of the projected
vector is also reflected in the curvature plots.

5.3. 3D Analysis

A three-dimensional analysis is slightly more computationally intensive than the Blade-to-Blade analysis, but
is still much faster than performing a simple CFD analysis on the rotor blade geometry. For the full 3D analysis
of the rotor blade, the channel bounded by two blades along the full span is analysed. For the 3D analysis,
only the area distribution is calculated. It is very difficult to calculate the curvature of a 3D surface since it has
curvature in multiple directions. This also makes it very difficult to visualize over the full 3D blade and makes
it also very difficult to interpret. The area distribution provides more significant information about the flow
characteristics, particularly about regions of expansion and compression for the flow.

For the 3D analysis, the mean stream line is computed at half-span. Similar to the B2B area distribution,
a set of planes is placed perpendicular along this mean streamline. The hub, mid and tip camberlines curves
are extended using the same method as for the B2B analysis. These curves are combined to obtain the leading
edge and trailing edge extension surfaces. Subsequently, the intersection curves between the planes and the
bounding blades and extension surfaces are computed. Several ruled surfaces are constructed using pairs of
the intersection curves, as can be seen in fig. 5.6a. The corresponding area of each surface is plotted against
the mean streamline in fig. 5.6.
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Area Distribution along meridional line at half-span
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(a) Three-Dimensional Area Distribution
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(b) Area Distribution diagram

Figure 5.6: Area Distribution

Note that the color change of the area surfaces in fig. 5.6a match the shape of the Area Distribution curve
as presented in fig. 5.6. The blue surface has the lowest area, the dark red surface has the highest area.

5.4. Area Distribution Comparison

As can be clearly seen, the 2D B2B Area Distribution differs significantly from the 3D Area Distribution in
its general trend. This is of course due the to fact that the 3D area distribution is intuitively an integration
of the meridional area distribution and the Blade-to-Blade area distribution combined. The significant area
increase of the meridional combined with the relatively smaller area decrease of the B2B channel, lead to an
increasing 3D area distribution. Figure 5.7 shows how each distribution relates to the others.

Area Distribution Comparison: Mer vs. B2B vs. F3D
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Figure 5.7: Comparison of Meridional, Blade-to-Blade and Full 3D Area Distribution



Mesh Generation

When parametrised geometry is analysed and it geometrical characteristics are deemed acceptable, the next
step in the RIT design cycle is the meshing of the parametrised geometry. Throughout the thesis, two different
meshing software packages were used: Salome 6.3.0 and AutoGrid5 TM. Salome was extensively used as the
main software package responsible for the meshing phase in the turbine design cycle. AutoGrid was mainly
used for the validation of the parametrisation methodology and accuracy. The main considerations discussed
here will be related to the Salome software package, but the AutoGrid procedure will also briefly be discussed
in section 6.2.

6.1. Salome

6.1.1. Domain Definition
A proper definition of the fluid domain is required for generating a high quality mesh with correct boundary
conditions. A fluid domain similar to the domain defined in section 2.3, is created in ParaPy.

The bounding surface that is used to partition the circular domain, is composed of the blade’s cambersur-
face, a radially outward extended surface at the leading edge, and an axially outward extended surface at the
trailing edge. A ‘blade-centered’ domain was chosen, hence this bounding surface is rotated to a half pitch in
both clockwise and counter-clockwise direction, effectively bounding the blade at both sides at the center of
the respective blade channels.

(a) Fluid Domain Definition (b) Split of Fluid and Blade domain

Figure 6.1: Fluid Domain partitioning
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6.1.2. Fully Structured Meshing

Due to the complex shape of the rotor blade, a fully structured mesh was deemed to complex to create, re-
quiring significant solid partitioning operations which are not only very computationally intensive, but are
also prone to numerical instabilities in the ParaPy geometry kernel. Often, these solid partitioning operations
led to crashes of the ParaPy software, therefore extensive use of these operations is avoided.

When using Salome, structured meshes could be generated, but due to the limited number and poor
quality of the multi-block partitions, the design tool could never realise a high quality structured mesh, see
fig. 6.2. While currently, the design tool does not have the fully integrated capability of generating high-
quality structured meshes, fortunately, current software packages such as AutoGrid or ANSYS TurboGrid do
provide a good capability to construct these high quality structured meshes. The coupling between these
meshing programs and the design tool has been fully implemented, so even if Salome cannot be used for the
structured meshing, the design tool is able to generate a high-quality mesh fully automatically using AutoGrid
(as will be discussed in section 6.2).

Figure 6.2: Poor Quality Multiblock partitions

6.1.3. Hybrid Meshing

The complex shape led to the usage of a hybrid grid for the integration of Salome into the application. Since
a high-quality structured grid is too difficult to generate, the unstructured mesh is chosen. For this meshing
procedure, both 2D and 3D meshing algorithms are defined, these include the Tri-hypothesis, which defines
the 2D triangular meshing elements, and the Tetra-hypothesis, which defines the 3D tetrahedral meshing
elements.

Next to the basic meshing algorithms, several hypotheses are also defined. The hypotheses represent
boundary conditions which will be taken into account by meshing algorithms’[25] These hypotheses mainly
define the number of nodes per edge boundary or face boundary, or define the maximum element size. One
particular hypothesis, however, is what makes the applied mesh a hybrid mesh. This is the ViscousLayer mix-
in hypothesis. This hypothesis adds prism elements to the mesh to connect the unstructured and structured
parts of the mesh.

Viscous Layer

The application of a viscous layer is particularly essential for the correct modelling of the boundary layer in
CFD. The ORC turbine applications can have fluid flows with high levels of turbulence. Since the SU2 solver
will use a K-epsilon turbulence model in the calculations, a y+ value of 1.0 is desired.

To generate a viscous layer that satisfies y™ = 1.0, the user puts in several flow characteristics, such as:
density (p), viscosity (u) and free-stream velocity (Uy). Parameters such as the reference length (L) are di-
rectly extracted from the geometry. Using egs. (6.1a) to (6.1e) the Ay corresponding to a y* value of 1.0 is
computed, and will be used as the thickness for the first layer of the viscous layer mesh. The total viscous
layer mesh thickness is determined using the first layer thickness, the user-specified expansion ratio (Rexp)
and the user-specified number of layers (n) in the viscous layer mesh, using the formula as illustrated in
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eqg. (6.2).
UsoL
Rey = 7 6.1a)
0.0592Re; /5 if 5-10% < Rey < 107
Cr={ (2-log10(Re,) —0.65)>* if 107 < Re, < 10° (6.1b)
0.370-log10(Re,) 2% if Re, > 10°
1
Tw=Cf'§ono (6.1c)
ut= | (6.1d)
0
.
ay=EL (6.1€)
pu
n .
tyiscous =AY+ Z Réxp (6.2)
i=0

The viscous layer hypothesis is an addendum to the previously discussed Tetra-hypothesis. It requires not
only the number of layers and layer thickness to be specified, it also requires a set of boundary wall on which
to project the viscous layer.

(a) Definition of the  (b) Example of the Viscous Layer around (c) Example of the Viscous Layer at the shroud of the
Viscous Boundary Walls the blade only inlet boundary

Figure 6.3: Viscous Layer examples

Periodicity Matching
As previously described, the periodic boundary condition is essential for CFD simulations of turbomachinery,
and cannot be created in SU2 without matching geometrical topology and matching periodicity.

Periodicity matching is more difficult for unstructured grid, because each grid node location is stored sep-
arately, therefore each node location cannot be determined with respect to a neighbouring node. Combining
this with non-planar boundary faces makes the periodicity matching even more complex.

Fortunately, Salome has a function that can project mesh edges and mesh faces. The mesh face of the
suction side periodic boundary is projected onto the pressure side periodic boundary. This method is added
as an argument to the meshing algorithm and it ensures a matching periodicity during the mesh generation.

6.2. AutoGrid

The main meshing capabilities of the design tool were created in ParaPy Salome. However, for validation
purposes, the quality and applicability of the Salome mesh output is currently not sufficient for validation
purposes. Therefore, use was made of the AutoGrid5 TM software, to validate various geometry parametrisa-
tion aspects of this design tool. The validation process will be discussed further in chapter 7, but the meshing
process in AutoGrid will be discussed below.
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6.2.1. Blade Definition

The fluid domain is defined by Autogrid itself. The user only needs to input the hub and shroud curves, and
the cross-sectional curves along the span. In order to construct a feasible fluid domain, the blade, which is
produced from the set of cross-sections, and the hub and shroud curves always need to intersect fully. It is
therefore decided to apply a small spanwise extension to the blade at both the hub and shroud. This ensures
that the hub and shroud curves remain the same, thereby ensuring that a matching meridional channel is
produced. Finally, a tip clearance may be added, which will be off-set inwards from the defined shroud curve.
Figure 6.6 shows both the ParaPy defined points and the corresponding AutoGrid Meridional Domain defini-
tion. The subsequent definition of the full 3D volumetric fluid domain is handled by the AutoGrid, therefore
no volumetric operations are required in ParaPy.

MERIDIONAL

(a) Hub, shroud and profile curves in  (b) Definition of meridional channelin  (c) Definition of 3D blade surface in
ParaPy, to be exported to AutoGrid AutoGrid, including tip clearance AutoGrid

Figure 6.4: ParaPy to Autogrid Conversion

6.2.2. Structured Meshing

While much of the AutoGrid software is automised, several parameters are selected by the user to ensure that
a high quality grid for the particular turbine is generated. Since AutoGrid uses structured grids to generate
the mesh, a lot of local control is available to the user. The number of nodes for each mesh block can be fully
defined. Through some scripting, this topology definition can already be defined from the ParaPy interface.
The tool uses the default AutoGrid topology, which is an HOH-grid surrounded by two additional H-grids at
the pressure and suction sides. Note that, in order to create a proper cyclic boundary condition in SU2, the
mesh should have a matching periodicity.
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(b) Topology Definition of number of nodes per grid-block

(a) Number of spanwise nodes defining the flow paths

Figure 6.5: Meridional and B2B topology definitions

Once the grid topology and the number of spanwise flowpaths are defined by the user, both the B2B and
3D mesh are generated by AutoGrid. For the rotor blade, the high stagger angle optimisation is selected.
Examples of the generated structured meshes are given in figs. 6.6a and 6.6b. The 3D mesh can be exported
and can subsequently be used in the SU2 CFD solver.

(a) Autogrid Mesh B2B (b) Autogrid Mesh 3D

Figure 6.6: Resulting Autogrid Meshes

6.2.3. Additional Diffuser Mesh
AutoGrid has a built-in option that recongnizes when a diffuser shroud and diffuser bulb are added to the
fluid domain. It will then make a cut in the wake between the rotor geometry and the diffuser. It can then
mesh the diffuser and rotor separately in a multi-block grid. Figure 6.7a shows partitioning of the fluid do-
main and the division of the flow paths throughout the rotor and diffuser.

The wake discretization can be defined by the user and AutoGrid will ensure that the grid block have a
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smooth and continuous connection. The wake discretization is dependant of the bulb-type used. The three
type are: the sharp, the round, and the radial-straight bulb. See fig. 6.7b for an example of the bulb-types and
the wake discretisation options.

Note that SU2 cannot handle zero-radius rotational domains. Therefore, the last row of elements near the
zero-radius line need to be removed.

Topology Type:

&

Smoothing Steps

(a) Diffuser mesh in Autrogrid

(b) Diffuser Bulb-type in Autogrid

Figure 6.7: AutoGrid Diffuser Options



Validation of Turbomachinery Design Tool

The Turbomachinery Design Tool needs to be thoroughly validated. The turbine dimension of a RIT rotor
and stator setup from literature are compared with the geometry of the design tool. Also high-fidelity CFD
analysis from literature will be used to validate the analysis capabilities of the design tool. The first reference
RIT design is described in the paper by Sauret, which provides “a fully open set of data to reproduce the exact
geometry of the high pressure ratio single stage radial-inflow turbine used in the Sundstrand Power Systems
T-100 Multipurpose Small Power Unit.” [27].

7.1. Geometry Reconstruction of the RIT

For the reconstruction of the exact geometry of the high pressure ratio radial-inflow turbine, several input
parameters are fitted for the stator, the rotor and the diffuser geometries.

S6Y

,/ :
;/,/

| B
; :
FNURNISPPR i B P S
le — . 239 | 1575
(a) Turbine sketch (not to scale), source: [26] (b) Blueprint of the T-100 MPSPU Power Module, source: [11]

Figure 7.1: Sauret Turbine Geometry
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Stator I Rotor I Diffuser |
Input Params | Dimension [mm] Input Params | Dimension [mm] Input Params | Dimension
I 74 T4 58.2 Is, 15.2 [mm)]
3 63.5 Is, 15.2 Is, 36.8 [mm)]
b, 6.35 rs, 36.8 s, 49.5 [mm]
b3 6.00 by 6.35 Chord, 157.5 [mm)]
TEtnickness 0.51 TE:thickness 0.76 Rwedge 12 [°]
Chord 38.9
Clearances
Axial 0.4
Radial 0.23

Table 7.1: Turbine Geometric Dimensions

7.1.1. Stator Reconstruction

For the reconstruction of the stator, the readii and blade height could be found in the literature. The stagger
angle, however, had to be extracted from the provide ‘Nozzle blade profile’ data set (see fig. 7.2a). For this
calculation, the conversion from a carthesian to a cylindrical reference frame has to be kept in mind. Note
that the leading edge is not located at x = 0 mm. An initial rotation of 8y also was applied.

The inflow and outflow angle were determined in such a way that the created a nearly straight camer-

line in the carthesian refernce frame. The profile thickness was projected along the camberline using the
Bezier/BSpline fitted Thickness distribution, fig. 7.2b.

Nozzle Blade Profile

76 : Distribution Fitting

Jones Stator Blade Profile —&—
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|
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0.4 0.6
x [mm] Interpolation points [0.0-1.0]

() Imported Profile Thickness Stator with B-Spline Fit (b) Corresponding Profile Thickness using a B-Spline Fit

Figure 7.2: Stator Fitted

7.1.2. Rotor Reconstruction

Due to the fairly complex 3D geometry, the reconstruction of the rotor is a tedious process. First the 2D
meridional channel curves were fitted with the provided hub and shroud curve coordinates. Then the Blade
Angle distributions were fitted, and finally the thickness distribution was fitted.
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Meridional Channel Fit: Sauret Rotor Input Params. Hub Tip Unit
hub: 1 = 0.99997 Sweep angle | -10.14 | N/A [°]
B t e Coneangle | 0.00 | N/A | []
N T e nflowangle | 050 | 0.7 | [
25 ¢ —— hubs fitted BSpline Outflow angle 0.00 -3.0 °]
- ) tip: fitted Bpline LE interp. 062 | 047 | [-]
£% ik TE interp. 051 | 0.70 | []
15 4 ! L
104 weights
tl 0.63 0.58 [-]
*1 wl 210 | 140 | [-]
0 ‘ w2 2.00 2.20 [-]
" t2 055 | 0.58 | [-]

Figure 7.3: B-Spline fitted beta distribution (hub and tip)

Blade Angle Distribution Distribution Fit: Rotor (hub & tip)

Table 7.2: Fitted Meridional Channel Parameters
Figure 7.3 above shows a high level fit of the channel curves. Table 7.2 provides the corresponding design

parameters. With a r? of 0.9997 and higher, this was considered a proper fit.

Wrap Angle Distribution (150 pts)
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(a) B-Spline fitted beta distribution (hub and tip)
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Figure 7.4: Angle distributions fitting

T
100

Figure 7.4a presents the blade angle distribution with a 5 point Bezier curve and the corresponding com-
puted wrap angle distribution. While the blade angle distribution shows a high level of fit, the wrap angle
distribution shows a minor deviation from the literature data. Errors of a few degrees are present near the
trailing edge. The impact of these errors will become evident in the CFD analysis. The figures below show a fit
of the Thickness Distributions of the hub and shroud curve of the rotor. These distributions were fitted using

the same method as for the stator.
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Thickness Distribution Distribution Fit: Rotor (hub) Thickness Distribution Distribution Fit: Rotor (tip)
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(a) B-Spline fitted thickness distribution (hub) (b) B-Spline fitted thickness distribution (tip)

Figure 7.5: Thickness distributions fitting

7.1.3. Diffuser Reconstruction
While the Sauret did not model the diffuser in the 2012 paper [26], her subsequent 2014 paper shows a full
CFD analysis and validation including the diffuser, as shown in fig. 7.6b.

Note how, after the rotor mesh, which has a relatively short wake mesh, the diffuser is modelled as a
partial cone ranging along the full radius, i.e. the hub radius is zero. However, looking at fig. 7.1b, there is
a more gradual, staircase-like, decrease in hub radius. The 90 degree angle at the transition from the rotor
to the diffuser mesh, as modelled by Sauret, was avoided, since such abrupt geometrical changes can cause
numerical instabilities in the mesh and CFD solution. Therefore, a BSpline curve was constructed at the hub
of the diffuser inlet, to gradually reduce the hub radius to zero and to try to more closely match the actual
experimental setup.

(a) ParaPy Generated Diffuser Model  (b) Diffuser Model by Sauret, source: [27]

Figure 7.6: Diffuser Comparison

7.2. Geometry Visual Check

For a visual inspection, the produced geometries are compared with the set of coordinates extracted from the
mesh provided in the literature. While this is only a qualitative comparison, it gives a good estimate of the
level of fit of the full 3D geometry, instead of looking only at fitted 2D distributions.
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(a) Stator Fitted to the 3D Stator Coordinates (b) Rotor Fitted to the 3D Rotor Coordinates

Figure 7.7: CAD Comparison

7.3. Mesh Validation

As discussed in chapter 6, for the validation process, the commercial and thoroughly validated AutoGrid5
TM meshing software was used. The AutoGrid meshing process has already been discussed in chapter 6;
the resulting meshes are briefly validated using visual inspection. While a visual comparison is not a proper
quantitative validation, it provides a quick way to find minor errors or deviations in the mesh construction,
misalignment, or any other errors in topology.

Mach Number
1.05

(b) Mesh used by Sauret, source:[27]

(a) B2B Mesh produced using Autogrid

Figure 7.8: B2B meshes produced in AutoGrid

Note that Sauret has chosen to extend the wake mesh in the outflow direction instead of the axial direc-
tion. AutoGrid directs the wake mesh into the axial direction to capture multiple wakes in one single fluid
domain. This difference in mesh construction might show minor differences in the CFD solution, but both
wake meshes are extended by roughly the same length, which will result in similar outflow conditions.
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(b) Mesh used by Sauret, source:[27]
(a) 3D Mesh produced using Autogrid

Figure 7.9: Comparison of Mesh Grid

7.4. CFD Validation

With the geometry reconstructed and the mesh created, the validation of the reconstructed turbine perfor-
mance was performed using the SU2 CFD solver.

For both the stator domain and the rotor domain, the periodic boundaries are coupled with a periodic
interface. The two domains are connected through mixing-plane interface. The coupling of interfaces are
computed in SU2, by linking the proper boundary faces in the SU2 config file. In table 7.3 below, the nomen-
clature of all boundary faces are defined, including the interface boundaries are tabulated.

A rotational reference frame is used to resolve the rotor flows. No tip-clearance is applied for the rotor
domain. The diffuser domain has not been added for this validation.

I Nomenclature \
Boundary Stator Rotor (Diffuser)
Inlet inflow inmix (inmix1) (inmix2)
Outlet outmix (outmix1) outflow (outmix2) (outflow)
Hub hubl hub2 (hub3)
Shroud shroud1l shroud2 (shroud3)
Pressure Side Periodic perl per3 (per5)
Suction Side Periodic per2 perd (per6)
Interfaces
Periodic perl, per2 per3, perd per5, per6
Mixing Plane(1) outmix(1) inmix(1); (outmix2) (inmix2)

Table 7.3: Mesh Boundary Nomenclature used in .su2 meshes

SU2 config and mesh files used for the simulations can be found in appendix B.

The flow solution parameters that are defined in the SU2 config file are presented in table 7.4 below. The
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| FlowParameter [ Value | Unit

Turbulence Model SST -
Math Problem Direct -
Gas Model Ideal Gas -
Viscosity Model Sutherland -
Mach Number 0.05 -

Pressure 400,000 Pa
Temperature 470.5 K

Density 1.7418 Kg/m3

Turbulence Intensity 0.05 -
Reynolds Number 600,000 -

Table 7.4: Flow Parameters used for SU2 simulations

7.4.1. CFX Comparison

During the reconstruction of the geometry the fitting results were deemed quite successful, and also the visual
inspection showed little deviation in geometry. However, there was quite an error in the initial comparison
with the CFX data. It was therefore considered likely, that the discrepancy originates from the difference in
meshes and not from the geometry itself. This was investigated further, by first extracting the exact blade
geometry from the Literature TurboGrid mesh. Then, this geometry was meshed in AutoGrid using the same
meshing approach as the ParaPy reproduced geometry.

The resulting two meshes are both analysed in SU2, so that both geometries are analysed using the same
meshing software and the same CFD solver. This method allows for a proper validation of the parametrisation
aspects of the turbomachinery design tool. This method, however, does not provide the means to validate
the CFD results with respect to experimental data, simply because there is too much uncertainty in the CFD
solver. A study of the settings and parameters of the CFD solver necessary to match the experimental data, is
beyond the scope of this thesis.

7.4.2. SU2 Comparison with identical Mesh Setup
The SU2 comparison with the an identical mesh set-up shows much better results with respect to the CFX
solution. Both simulations have performed 10,000 iterations and showed converged flow solutions. For this
validation, no grid convergence study has been performed.

First, a qualitative comparison of the flow is made. Figures 7.10a and 7.10b show the mach contours in
the Z-plane at stator midspan (3.125 mm), 20 mm and 42 mm in the Z-direction.

\\ Mach

(a) Mach Contour Sauret (b) Mach Contour ParaPy

Figure 7.10: Mach Contours plots of APU turbine at design speed
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The Mach contours clearly show that the flow fields are nearly identical. The main difference, which is
already difficult to find by visual inspection, is the slightly increased area of the (1.2-1.3) mach contour at the
suction side of the rotor, near the leading edge. The ParaPy reproduced geometry shows a slightly increased
Mach 1.2 area, but the surrounding mach contours are identical for both simulations.

The efficiency of the turbine is computed for three speeds at or around nominal speed. The efficiencies
and the relative errors between the ParaPy reproduced turbine and the Sauret turbine are tabulated in ta-
ble 7.5 below. The relative errors very small, with the biggest error being 0.2457%. Errors of this order show
that the parametrisation methods used are of such accuracy that the difference in performance and flow
fields is negligible.

Speed ParaPy reproduced | Sauret Rotor | Relative Error
0.95 Nominal 89.43 89.34 0.1007%
1.00 Nominal 89.77 89.59 0.2009%
1.05 Nominal 89.76 89.54 0.2457%

Table 7.5: Comparison of Turbine Performance

In short, the reconstruction of the blade and the parametrisation techniques applied have a high level of
accuracy and allow for the generation of a high-quality structured mesh.



Application of Design Tool

This chapter will discuss the possibilities in application of the Optiblade Design Tool. The recent research
into the RIT ORCHID developed at the TU Delft, provided a good set of data useful for ORC RIT design and
was therefore used as a reference design.

8.1. Reproducing the ORCHID Blade (optimisation) design cycle
The ORCHID project has been set-up by the Propulsion Department of the Aerospace Engineering Faculty
at the TU Delft. An initial Baseline ORCHID design was already defined, and M. Burigana has optimised this
initial design, by changing the number of blades, the meridional channel curves, and the blade angles. [4]
His work focused on improving the efficiency of the rotor, and achieve this improvement CFX and BladeGen
were extensively used.

The purpose of applying the turbomachinery design tool to this test-case, is to try to reproduce the design
and reduce the duration of the cycle. This will both validate the design tool with respect to ANSYS (a design
tool heavily used in industry), and it will show the capabilities of the analysis tool-set.

8.2. Reconstruction of the ORCHID rotor blade

Similar to the validation case, as discussed in chapter 7, both the 2D meridional channel, and the 2D wrap
angle distributions are fitted to the supplied reference data, see figs. 8.1a and 8.1b respectively. The resulting
3D fit will be thoroughly analysed in section 8.4.

Wrap Angle Distribution Fit: ORCHID Optimised (camberline 3)
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—— : Discr. B-Spline
10 Control Points
% Reference data

10 4

EAA—A-———::'::.;:;?;-':‘J-‘:- x|

Z [mm]

N
N
hub: r? = 0.99999 AN
ip: 12 =
tip: r* = 1.00000 _104
% hub / tip: reference pts
—-m- hub /tip: Control Points
o4 — hub fitted BSpline N
tip fitted BSpline N e m—— -
interpolated camberlines

154

T T T T T T T T
7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 20 0 50 80 100
R [mm] m [%]

(a) Fit of Meridional Channel (b) Fit of Wrap Angle Distribution

Figure 8.1: 2D fitting of Optimised ORCHID blade, using 4 Control Points
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The fitting was again performed using the 'SLSQP’ method, which provided r? values above 0.9999 for
each fit. See appendix A for the Wrap Angle Distribution fit of the each of the five camberlines.

8.3. CFD Analysis Comparison

For an in-depth analysis of the accuracy of the blade-modeler functionality of the Optiblade tool, a compari-
son was made in the commercial ANSYS Workbench environment using two CFX CFD workflows. Workflow 1
consists of the Geometry component which created the RIT blade, the TurboGrid component, the CFX com-
ponent, and the Results component. Workflow 2 has the same elements, but the Geometry component has
been replaced with the Optiblade blade-modeller component, which provides the TurboGrid components a
set of files defining the full geometry.

- A - B - = - D

; B :

2 @) ceometry 2 @ TurboMesh " 4 2 @ Setup v ‘—/—-2 @ Results " 4
4

3 |lpd Parzmeters Ref: 19 Blades, no tc, 0.25M 3 Solution a Ref: Results
13 Blzdes Reference Geometry Ref: 3000 iter, First Order, Upwind

- E

b8 %5 TurboGrid

X @ Turbo Mesh

Stator Mesh 0.25M

- F - G - H
2 @ TurboMesh 2 Q Setup v ‘_/.2 @ Results "
ParaPy: 19 Blades, no tc, 0.25M 3 Solution v a ParaPy: Results

ParaPy: 3000 iter, First Order, Upwind

Figure 8.2: ANSYS Workbench, showing both CEX workflows; upper - Workflow 1; lower - Workflow 2

Workflow 1 serves as a benchmark, since it is a workflow that has been used and validated for optimisation
design. [4]. Both Workflows have a TurboGrid setup using roughly 250000 nodes for the rotor blade, with a
v+ based optimised grid. For the CFX analyses, the following boundary conditions and solver options were
used:

Boundary Definition Value
Inlet Subsonic pressure inlet
pressure 18.093 bar
temperature 300°
Outlet Subsonic pressure outlet
Average Static Pressure 0.443 bar
Pressure Profile Blend 0.05
Stator-Rotor Interface General Connection -
Stage (Mixing-Plane) -
Stage Average Velocity -
Periodic Interface Rotational Periodicity -

Table 8.1: Boundary Conditions in CFX
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Solver Options Value
Analysis Type Steady State
Advection Model Upwind
Turbulence Numerics | First Order
Number of Iterations 3000
Timescale Factor 0.4

Table 8.2: Solver Options in CFX

8.3.1. Solution Convergence

First, the convergence of both solutions is compared. While the numerical stability of the solution does not
provide any information on the performance of the design, a comparison of the convergence is a great first
check to see if both designs are in the same numerical region, and it serves as the first check that the data that
will be investigated in the next section is a feasible solution. As a rule of thumb, when looking at the general
residuals variables for turbomachinery fluid dynamics, a Residual decrease around 4 to 5 orders of magnitude
is accepted as a converged solution.

For both workflow solutions, the residuals dropped by more than 4 orders of magnitude, as can be seen
in fig. 8.5. The residual monitors for both workflows are nearly identical, showing that both solutions satisfy
the rule of thumb, and are therefore considered 'converged..

e I

10002

10003 0e03 -

Varable Vlue
Varable Vi

1.0e04 -

10005 |

. L o] N 1111

T T T 1 r T T T

T T T
° 500 1000 1500 2000 2500 3000 o 50 1000 1500 2000 2500 3000
Acumuated Tme Step Acamuiated Time Step

— RiSPAass RMS UMom_—— RS V-Mom RS Wom — RisPass RMS Uom_ —— RIS V-om RS W-tom
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Figure 8.3: Solution Convergence: Residuals

Another qualitative check for the solution convergence, is to check that the efficiency reaches a plateau.
Clearly, as can be seen in fig. 8.4, this is the case for both solutions. The initial plateau at 100% is where
computations did not yet produce a feasible solution. Then the drop in efficiency is in the region where
significant mass-flow difference are still present.
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Figure 8.4: Solution Convergence: Efficiency plateau / Steady State

The final convergence check is generally the check of the Mass-flow difference. This Mass-flow difference
converges to specific points as can be seen in fig. 8.5. This point is not equal to zero, due to the difference in
number of stators and rotors. The Massflow difference is calculated using a single stator and rotor domain
and normalised with respect to the stator domain mass flow, thereby leading to a massflow ratio of 12/19 at
the rotor domain. Therefore the mass-flow difference converges to (1 - 12/19) = 0.3684, which is visible in
both plots.
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Figure 8.5: Solution Convergence: Massflow difference plateau

These three sets of plots indicate that both solutions have converged to a reasonable numerical result.
Note that the simulations performed are for comparative purposes only. The results from the simulation are
not an accurate representation of real life.
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8.3.2. Solution Results

The results of both CFD simulations are discussed in this section using several tables and figures. The general
performance characteristics are first compared in table 8.11 below, after which the flow characteristics will be
discussed.

Performance Parameter ORCHID blade ParaPy blade Relative Error
Power 106932 [W] 107042 [W] 0.1029 [%]
Torque 0.0574 [Nm] 0.0573 [Nm] 0.1031 [%]
Isentropic Expansion Efficiency (t-s) 0.848675 [-] 0.848031 [-] 0.0759 [%]
Mass flow (total) 0.137112 [kgs~'] | 0.137111 [kgs™'] 0.0007 [%]

Table 8.3: Performance Comparison between work-flows

The boundary conditions for both work flows are identical, so several parameters such as the inlet to
outlet pressure ratio, which are enforced by the boundary conditions, are identical and are therefore not
tabulated.

The relative error in efficiency is less than 0.08%. From this data, it can be concluded that the rotor of the
optimised ORCHID design and the replacement rotor that is generated using ParaPy Optiblade are not only
geometrically very similar, but they also have similar turbine performance characteristics.

In order to have a closer look at the quantitive flow, several plots of important Turbomachinery flow pa-
rameters are presented below. fig. 8.6 plots the flow streamlines along the full 3D domain, fig. 8.36 presents
a contour plot of the Mach Number in the Blade-to-Blade plane at mid-span. Finally, fig. 8.37 compares the
rotor Blade Loading between the two blades.

ANSYS e ANSYS
R17.1 I e Ri71
Academic - QA Academic

(a) Optimised ORCHID Rotor (b) ParaPy Reproduced Rotor

Figure 8.6: Comparison of the 3D streamlines using ANSYS CEX Results

Both simulations have an indentical number of streamline seeds. The resulting streamlines are identical,
showing only minor visible differences half-way of the suction side of the rotor.
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Figure 8.7: Comparison of Blade-to-Blade Mach Contour using ANSYS CFX Results

The contour plots in figs. 8.36a and 8.36b above clearly indicate that the Mach Numbers of the flow at
any point in the flow domain are very similar. The two main difference in Mach contour for the ParaPy blade
compared to the ORCHID blade are the slight increase in the red area (Mach Number = 2.0-2.2) near the
rotor leading edge and the slight decrease in Mach Number at the pressure side just behind the trailing edge.
Fortunately, at both these areas, the contour plot changes by only one contour level, which shows that the
differences could be a maximum of 0.2 in Mach Number.

The contour plots indicate very similar flow patterns between the two blades, but a more quantitive com-
parison of the Mach Numbers have been tabulated in table 8.12 below.

Location ORCHID Optimised M,,; Mgps) [-] | ParaPy Reproduced M, o; Mgps) [-]
Stator Inlet 0.0259371 0.0259367
Stator Outlet 1.97464 1.99867
Rotor Inlet 0.542248 (1.98652) 0.569557 (2.0107)
Rotor Outlet 0.953754 (0.473172) 0.907224 (0.486794)

Table 8.4: Local Relative Mach Numbers

The blade loading of the rotor blade often gives a good indication of the flow patterns along and close to
the blade surface. Particularly the pressure distribution is often used in the literature for comparing blade
performance. In fig. 8.37, the blade loading pressure along the meridional line is plotted for both blades. The
static pressure is normalized with respect to the outlet static pressure.
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Figure 8.8: Comparison of Blade Loading using ANSYS CFX Results (normalised w.r.t. P at the outlet)

Figure 8.37 indicates that the ParaPy blade has a slightly reduced blade loading starting from the leading
edge up to 90% of the meridional line, for both the suction and the pressure side. This pressure reduction is
in line with the Mach contour plot, which showed a slight increase in Mach number near the leading edge of
the rotor. The difference in blade loading is only marginal, with the biggest relative difference of 5.94% at the
leading edge suction side, but the difference is more apparent than the differences in overall performance.
To further investigate the blade loading, area under both curves has also been determined. The ORCHID
Optimised blade loading curve had an area of 1.0199 and the ParaPy reproduced curve had an area of 1.0302.
This shows that the blade loading has a relative error of only 1.01%. While being a relatively small error,
this error is still significantly bigger than the errors in other performance parameters. Apparently, a small
difference in overall turbine performance can cause an error to arise already upstream of the rotor, as can
be seen in the contour plots, which then has a more significant effect on the blade loading of the rotor. This
shows that any minor changes located anywhere in the fluid domain, can have significant effects on almost
any other location in the fluid domain. The exemption here anywhere upstream of where the flow is chocked,
e.g. at the supersonic stator throat.

Allin all, with the highest error being only a 1.01% difference in blade loading and with the efficiency error
at only 0.0759 %, the data shows that the results of the ParaPy reproduced blade are very comparable to the
results of the Optimised ORCHID blade.
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8.4. Optimised ORCHID Design Cycle Analysis

Now that it is known that the geometry produced using ParaPy is not only very similar to the ORCHID geome-
try, but also has similar fluid characteristics, the analysis tool of ParaPy can be used to analyse the Optimised
ORCHID geometry. The fitted blade was used in the following Blade-to-Blade analyses. The blade was cut
along the meridional line, at a fraction of the blade span, and subsequently the resulting blade cross-section
was projected to a flat plane. Figures 8.9a and 8.9b present the Blade-to-Blade projection and the correspond-
ing Area Distribution along the meridional line at 30% and 70% span.

(B2B) Area Distribution along meridional line at 30% span (B2B) Area Distribution along meridional line at 70% span
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(a) Blade-to-Blade Analysis of Optimised ORCHID blade at (b) Blade-to-Blade Analysis of Optimised ORCHID blade at
30% span 70% span

Figure 8.9: Blade-to-Blade Area Distribution Comparison

As can be clearly seen in the Blade-to-Blade Area Distribution, at the inlet the 1D area first increases
slightly (flow compression), after which, at roughly 25% to 35% of the mean line, the channel starts to con-
verge again and the area decreases (flow expansion). Obviously, this compression of the flow should be
avoided in a turbine (expander), as this reduces the flow expansion and therefore reduces the work done
by the turbine.

8.4.1. Design and Performance Comparison with the Baseline ORCHID

To see the effects of the B2B Area distribution on the overall performance of the rotor, the Area distribution
of the Optimised ORCHID Rotor is compared with the initial Baseline ORCHID Rotor. Of both these rotors,
the overall performance has already been computed and is tabulated in table 8.5. The Baseline geometry is
reproduced in ParaPy, but now with a total of 19 blades. It was assumed that the reproduction of the Baseline
geometry in ParaPy is accurate enough, such that a comparison of the ParaPy generated Baseline and the
Optimised geometry is deemed acceptable.

Performance Parameters Baseline Optimised
Power 101594 [W] 106932 [W]
Torque (per blade) 0.0544957 [-] 0.0574 [Nm]
Isentropic Expansion Efficiency (t-s) 0.813014 [-] 0.848675 [-]
Mass flow 0.137112 [kg/s] | 0.137112 [kgs™!]
Geometry Parameters Baseline Optimised
Number of Blades 19 [-] 19 [-]
Pitch 0.331 [rad] 0.331 [rad]
Hub curve length 22.863 [mm] 20.865 [mm]
Tip curve length 10.947 [mm)] 10.406 [mm)]

Table 8.5: Performance Data of Baseline and Optimised

Not only are the number of blades increased for the Optimised geometry, the meridional channel has also
been adjust, keeping only the inlet and outlet boundaries constant. Particularly the shape of the hub curve
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has changed dramatically, as can be seen in fig. 8.10. The different lengths of the hub and shroud curve are
given intable 8.5.
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Figure 8.11: Blade Angle Distributions Comparison

8.4.2. Area Distribution Comparison

The corresponding meridional area distributions and B2B area distributions are compared in figs. 8.12 and 8.13.
The channel shape mainly influences the meridional area distribution, whilst the blade angles affect the B2B

area distribution. The full 3D area distribution is affected by both the channel shape and blade angle distri-
bution, which will be discussed further on.
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Figure 8.13: Blade-to-Blade Area Distribution Comparison

It is very interesting to see that the figures indicate that the Optimised ORCHID blade shows more com-
pression along the meridional line compared to the Baseline blade. Particularly at low span, the Baseline
compression region is completely absent, whereas the 'Optimised blade’ compression region is quite evident
in the 10% to 30% meridional length interval. It is, however, also useful to see how these compression regions
relate to the overall expansion ratio of the blades, because the plots indicate that the 'Optimised blade’ has a
slightly higher expansion ratios compared to the 'Baseline blade’.

Span Area Ratio [-] Overshoot [mm] Rel. Overshoot [%]
Baseline | Optimised | Baseline | Optimised | Baseline | Optimised
10% 4.2798 4.6685 0.0000 0.0794 0.0000 1.7016
50% 2.6441 2.7870 0.0765 0.2254 2.8918 8.0871
90% 1.8922 2.3165 0.2777 0.4797 14.6783 20.7067

Table 8.6: Area Ratio and Area Peak Overshoot

Finally, the 3D area distribution should be analysed, to see where the performance increase of the opti-
mised geometry comes from.
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Area Distribution along meridional line at half-span
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Figure 8.14: Comparison 3D Area Distribution

Here we notice that the area peak is much greater for the Baseline geometry. This area peak was not clearly
visible in the B2B area distribution; in fact, the Baseline B2B area distribution looked better better than that
of the Optimised ORCHID. However, the Baseline meridional area distribution gave a hint that the full 3D
area distribution would show a higher frontal area from m=0.2 onwards. The mach contours of the flow field
and the blade loading of the Baseline are investigated to see if this area peak can be seen in the flow data.
Figures 8.15a and 8.15b show the CFX anlysed Mach Contour and Blade Loading diagram of the Baseline
ORCHID blade, using the same boundary conditions as the Optimised ORCHID analysis.
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Figure 8.15: CFD Results of Baseline ORCIHD using ANSYS CEX

When looking at the blade loading in fig. 8.15b, the slight drop in pressure on suction side of the blade, in
the m = 0.225 to 0.6 interval, gives an indication that the flow is forced to expand in such a way that, as in this
case is also visible in the B2B mach contour, the flow separates and flow recirculation occurs. It is very likely
that the high area peak that is visible in fig. 8.14 is causing this recirculation, simply by expanding the flow
too quickly, creating an adverse pressure gradient that causes separation.

8.5. Preliminary Optimisation Cycle

The applicability and usability of the Optiblade design and analysis tool can really be tested when using it
in an optimisation design cycle. As a proof of concept, we want to reproduce the optimisation conducted
by M. Burigana, who started with the ORCHID Baseline geometry. He first performed an optimisation of the
Meridional channel, after which he optimised the blade angles using the new channel as a basis. The number
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of blades was also increased from 15 to 19, but an optimisation of the number of blades will not be part of
this study.

First a low fidelity (or preliminary) design optimisation is conducted by analysing and optimising for the
Blade-to-Blade and Full-3D area distributions, after which this design is used in a high-fidelity fluid dynamics
computation by CFX.
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Figure 8.16: B2B optimisation linked to the ANSYS CFX workflow

8.5.1. Minimization Algorithm

For the minimization of the objective function, the SciPy library of python provides several minimization
algorithms and functions. Not all of these algorithms are applicable for this particular application. Two al-
gorithms, COBYLA and SLSQP, provide the option of adding constraint functions, which is essential for our
current optimisation. For this particular optimisation, the 'SLSQP’ algorithm was chosen, since this is the
same algorith applied in the fitting methods. This algorithm is even applied in parts of the SU2 CFD compu-
tations.

8.5.2. Objective Function

In order to optimise the Blade-to-Blade area distribution of the rotor, one must first determine the desired
output. For the expander, a linearly decreasing area distribution would provide a steady expansion along the
channel, which reduces not only compression losses, but it also reduces the chance of shock-waves and flow
separation. The desired linear area distribution is plotted against the current area distribution, as shown in
fig. 8.17a.
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Figure 8.17: Desired Area Distributions

The to be optimised objective function can be defined as the difference between the linear curve and the
computed curve. Note that the computed distribution is calculated from the geometry, which is generated
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using the design variables and reference values. Similarly, the Desired (Linear) distribution is defined using
the inlet and outlet area of the generated geometry. Hence, they are both a function of the design vector X.

ComputedDist(X); — DesiredDist()*(),-)2

n
forjX) =) ( (8.1)
i=0 n

One has to take into consideration the fact that the blade angle at inlet and outlet are optimized consid-
ering the flow field (i.e. the rotor inlet flow angle and the rotor flow deflection are optimized, while trying
to avoid flow recirculation). However, in this particular optimisation, the blade angle change from inlet to
outlet is optimized taking into account the physical consideration of the area distribution. In that sense,
only optimising for area distribution could result in a less optimal flow field. It is therefore necessary to not
only correctly define which parameters are the design variables, but it is also important to define several
constraints and bounds to retain a proper flow field.

8.5.3. Design Variables and Bounds
For the optimisation of the area distributions, it was decided to minimize the number of design variables, and
limit the design space to only the meridional channel parameters and the blade angles. In order to investigate
the influence of each of the design variables, the optimisation is split into several smaller optimisations, were
only a partial design space was explored.

The first optimisation only used the meridional channel parameters for the hub and shroud curves in the
optimisation. The inlet and outlet coordinates are fixed, but the parameters that define the shape of the curve
are variable, as can be seen in fig. 8.18a
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T
X= [(X4h, A4, As5p, A5,y pLEhr pLESr pTEhr pTEX! pMIDrhr pMIDer pMIDZh’ pMIDZ,-]

The second optimisation only used the blade angle distribution of the hub, mid and shroud camberlines
in the optimisation. An example of the blade angle distribution that will be explored for camberline 3, is given
in fig. 8.18b. Note that the start and end points of the distribution is fixed. This is to ensure that the optimised
solution is an improvement of the current design and not a completely new design.
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The third optimisation used the combined design variables of optimisation 1 and 2.
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Figure 8.18: Distributions to be explored; Camberline 3
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These design variables differ all in type (angles, ratios, and simple floating points) and in bounds. There-
fore, each parameter has been normalised with respect to its upper and lower bound (UB and LB) in such
a way that the parameter is defined within the interval [0.0, 1.0], as illustrated in eq. (8.2). The using a nor-
malised design vector, the Optimisation function now weights each variable each by apply a relative change
with respect to their base value, instead of an absolute change with respect to their base value.

x—LB

Xnorm=Trp—p — X=Xnorm (UB-LB)+LB 8.2)

8.5.4. Optimisation convergence

While the this particular optimisation is far less complex compared to a CFD analysis in ANSYS, the solution
convergence can be assessed just as well. Every optimisation returns a scalar function value, which is to be
minimized, hence, when the objective function reaches a minimum plateau, the optimisation has converged.
The function value is plotted against the iteration count for each optimsation in fig. 8.19 below.
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Figure 8.19: Optimisation Function Value Convergence

8.5.5. CFD Analysis of Preliminary Optimised Design

The optimisation module described above has been applied only in the preliminary design phase, before any
meshing or CFD operations have been performed. When this preliminary optimisation cycle is completed,
the resulting geometry is exported to ANSYS, where it will go through the TurboGrid meshing and CFX anal-
ysis modules.
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Figure 8.20: The ANSYS CEX workflow
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8.6. Optimisation 1: Meridional Channel Optimisation

The first optimisation solution produces a feasible blade design. The resulting geometry and area distribu-
tions of the ParaPy optimisation are provided in the next section, and the CFD results of the geometry are

provided in the section thereafter.

8.6.1. Area Distribution Optimisation Results

Figures 8.21 and 8.22 below show the resulting meridional channel and corresponding area distributions of

the first optimisation.
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Figure 8.22: Original and Optimised 3D and B2B Area distributions
8.6.2. CFD Results

In order to see if the area distribution optimisation has improved the performance of the turbine, the original
Baseline blade CFX results are compared with the ParaPy Optimised blade CFX results.

The results of both CFD simulations are discussed in this section using several tables and figures. The gen-
eral performance characteristics are first compared in table 8.11 below, after which the flow characteristics

will be discussed.
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Performance Parameter ORCHID blade | Optimised blade | Relative Improvement
Power 101698 [W] 102108 [W] +0.40315 [%]
Torque 0.0545516 [Nm] | 0.0547711 [Nm] +0.40237 [%]
Isentropic Expansion Efficiency (t-s) 0.813627 [-] 0.81417 [-] +0.06673 [%]
Mass flow (total) 0.137112 [kgs™'] | 0.137111 [kgs™'] +0.0 [%]

Table 8.7: Performance Comparison between work-flows

The simulations are very similar in performance, but the optimised blade is slightly better. An improve-
ment of only 0.07% is not a lot, and it might even be contributed to numerical errors. It seems that, quanti-
tatively, the new geometry does not really improve the performance. However, a closer look at the qualitative
flow characteristics, improvements can be found. Figures 8.35 and 8.36 present contour plots of the Mach
Number in the Meridional plane and in the Blade-to-Blade plane at mid-span. Finally, fig. 8.37 compares the
rotor Blade Loading between the two blades.
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Figure 8.23: Comparison of Meridional Mach Contour using ANSYS CFX Results
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Figure 8.24: Comparison of Blade-to-Blade Mach Contour using ANSYS CFX Results
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The contour plots above clearly show that the optimised geometry removes most part of the low Mach
number contours. This indicates that the separation and flow recirculation is removed in the optimised ge-
ometry. This will reduce the entropy creation and should therefore improve the flow conditions and overall
turbine performance.

The averaged Mach numbers, at the inlet, outlet and mixing planes are tabulated in table 8.12 below. The
data shows that at the stator outlet, the Mach numbers are slightly higher for the optimised blade, which is
generally beneficial for the power output.

Location ORCHID Baseline M,,; (Mgps) [-] | ParaPy Optimised M;.o; M gps) [-]
Stator Inlet 0.0259277 0.0259468
Stator Outlet 2.04249 2.01605
Rotor Inlet 0.605547 (2.04234) 0.575926 (2.01494)
Rotor Outlet 0.78836 (0.576789) 0.769843 (0.575842)

Table 8.8: Local Relative Mach Numbers

The blade loading of the rotor blade is increased dramatically for
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Figure 8.25: Comparison of Blade Loading using ANSYS CFX Results (normalised w.r.t. P at the outlet)
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8.7. Optimisation 2: Blade-to-Blade Channel Optimisation

Before the blade angle optimisation, an exploration of the design space per camberline was conducted. Each
camberline has 2 design variables, hence a simple contour was created per camberline, to inspect the local
minima, see fig. 8.26. Note that a function value of 50 indicates an infeasible design.
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Figure 8.26: Contours of the blade angle design space, per camberline

Only the changes to camberline 2 sometimes produce infeasible designs. Each camberline has one par-
ticular local minima and not more than that The big difference in values and contours indicate that it might
not be feasible to completely decouple each of the camberlines, and rather optimise all at once, and assess
the area distributions at multiple spans.

The next two sections will therefore show the optimisation of all three blade angle distributions together.
The meridional channel has been kept the same as the original Baseline blade. Note that, while the original
Baseline blade had 5 camberlines, for this optimisation only the hub, mid and tip camberlines are used.

8.7.1. Area Distribution Optimisation Results

Figure 8.27 below shows the (original) meridional channel and optimised blade angle distributions. The cor-
responding area distributions of the optimisation are shown in fig. 8.28. Note that for this optimisation, the
objective function weighted the B2B area distribution higher than the 3D area distribution.
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Figure 8.27: Optimised Meridional Channel and Blade Angle Distributions
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Note that the 3D area distribution shows worse results. The kinks in the curve indicate that during the
construction of the flow passage area planes, some local minor numerical instabilities arose. However, these
do not disturb the overall trend of the area distribution curve. The B2B area distribution shows a slightly
smaller area peak, which should improve the flow in the B2B plane.

8.7.2. CFD Results
The CFD results of the second optimised geometry are shown in the tables and figures below.
Performance Parameter ORCHID blade | Optimised blade | Relative Improvement
Power 101698 [W] 100670 [W] -1.0108 [%]
Torque 0.0545516 [Nm] 0.0539997 [Nm] -1.0117 [%]
Isentropic Expansion Efficiency (t-s) 0.813627 [-] 0.806484 [-] -0.8779(%]
Mass flow (total) 0.137112 [kgs™!] | 0.137111 [kgs™!] 0.0 [%)]
Table 8.9: Performance Comparison between work-flows
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Figure 8.29: Comparison of Meridional Mach Contour using ANSYS CFX Results
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ANSYS

(a) Original ORCHID Rotor (b) ParaPy Optimised Rotor

Figure 8.30: Comparison of Blade-to-Blade Mach Contour using ANSYS CFX Results

Location ORCHID Optimised M;; (Mgps) [-] | ParaPy Optimised M;o; M gps) [-]
Stator Inlet 0.0259371 0.0259617
Stator Outlet 1.97464 2.04726
Rotor Inlet 0.542248 (1.98652) 0.611639 (2.04652)
Rotor Outlet 0.953754 (0.473172) 0.75609 (0.597496)

Table 8.10: Local Relative Mach Numbers

The blade loading of the rotor blade often gives a good indication of the flow patterns along and close to
the blade surface. Particularly the pressure distribution is often used in the literature for comparing blade
performance. In fig. 8.37, the blade loading pressure along the meridional line is plotted for both blades. The
static pressure is normalized with respect to the outlet static pressure.
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Figure 8.31: Comparison of Blade Loading using ANSYS CFX Results (normalised w.r.t. P at the outlet)
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8.8. Optimisation 3: Combined Meridional and Blade Angle Optimisation

The sections below describe the results of the optimisation where both the meridional channel and the blade
angle distributions were optimised simultaneously.

8.8.1. Area Distribution Optimisation Results

Figures 8.32 to 8.34 below show the resulting meridional channel, the resulting blade angle distributions and
the corresponding area distributions of the final optimisation.
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Figure 8.33: Blade Angle Distribution and corresponding and B2B Area distributions
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8.8.2. CFD Results

The general performance characteristics are compared in table 8.11 below. The data shows a significant de-
crease in performance of the turbine. Not only does the efficiency drop by 9%, but also the power is signifi-
cantly less.

Performance Parameter ORCHID blade | Optimised blade | Relative Inprovement
Power 101698 [W] 92761.9 [W] -8.7868 [%]
Torque 0.0545516 [Nm] 0.049758 [Nm] -8.7872 [%]
Isentropic Expansion Efficiency (t-s) 0.813627 [-] 0.740815 [-] -8.9491 (%]
Mass flow (total) 0.137112 [kgs™!] | 0.137111 [kgs™!] 0.0 [%)]

Table 8.11: Performance Comparison between work-flows

So, according to this data, the performance has decreased significantly. The figures of the mach contours
of the meridional and B2B planes below show the origin of this performance drop.
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Figure 8.35: Comparison of Meridional Mach Contour using ANSYS CFX Results
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Figure 8.36: Comparison of Blade-to-Blade Mach Contour using ANSYS CFX Results

The meridional mach contour plot shows a channel with almost fully super-sonic flow speeds. A slight
peak in the mach number is present near halfway of the shroud curve. The plot does not show significant flow
problems. However, the B2B contour plots above clearly show that the optimised geometry is worse than
the original Baseline blade. The separation and recirculation of the flow is more evident in the Optimised
plot. This suggests that the efficiency will drop significantly compared to the Baseline, which is indeed the
case. The separation is most likely caused by the slightly converging duct near the inlet of the meridional
channel. This increased the local mach number, which caused an adverse pressure gradient that instantiated
separation.

Location ORCHID Optimised M,; (M) [-] | ParaPy Optimised M;o; (M gps) [-]
Stator Inlet 0.0259371 0.0259495
Stator Outlet 1.97464 1.78998
Rotor Inlet 0.542248 (1.98652) 0.403793 (1.7848)
Rotor Outlet 0.953754 (0.473172) 0.880772 (0.585065)

Table 8.12: Local Relative Mach Numbers

In fig. 8.37, the blade loading pressure shows significantly higher pressure near the leading edge of the
Optimised blade. This is also quite evident in the B2B mach contours, since the mach number at that location
is much lower for the optimised geometry, hence the pressure is increase significantly. The steep adverse
pressure gradient visible in blade loading plot is a good indication that separation of the flow is likely to
occurs. The pressure side pressure distribution is affected by the significant suction side pressure drop of the
neighbouring blade.
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Figure 8.37: Comparison of Blade Loading using ANSYS CFX Results (normalised w.r.t. P at the outlet)

It can be concluded, that this particular optimisation was not successful. While the 3D area distribution of
the geometry has improved, the changes in shape were detrimental to the overall performance of the turbine.



Conclusions & Recommendations

The mini-ORC radial inflow turbine has proven to be one of the most efficient and cost-effective expanders
available for low power decentralised power generation. However, this type of turbine is still rarely applied
due to the gap in technology of miniature ORC radial inflow turbines. As such the design process of such a
blade is also complicated and time consuming. Considering the decreasing time-frame of design projects, the
use of prescribed methods and assumptions in an integrated KBE design tool to bride the gap, can provide a
better alternative to the current design process. The integrated turbomachinery design tool, produced during
this thesis, has done just that.

9.1. Conclusions

This thesis has attempted to present all current state-of-the-art methods and KBE approaches in parametri-
sation, geometrical analysis and mesh generation of radial inflow turbomachinery blades. The methods and
theories investigated provide a new view on the radial inflow turbomachinery design cycle. It combines mul-
tiple methods from radial turbomachinery design and advanced curve and surface modelling techniques in
a flexible manner to accommodate for a wide range of exotic architecture radial inflow turbomachinery de-
signs.

The investigated methods are combined in a modular and user friendly design tool, which provides a solid
and accessible basis for further development of the (radial inflow) turbomachinery design cycle. These meth-
ods include: the definition of the meridional channel curves using a set of BSpline curves, the transformation
of the 2D channel curves into the 3D camberlines through the blade angle integrator, and the projection of a
thickness distribution onto the 3D cambersurface.

The tool has a set of fitting capabilities, that enable the tool to reconstruct a given geometry from a set of
distributions and coordinates. It uses a Least-Squares algorithm to fit 2D meridional curves to coordinates
from literature, and it fits the blade (or wrap) angle and thickness distribution curves for each camberline, to
the provided data sets. The combination of these fitting processes result in a fully reconstructed 3D blade.

The application and automisation of the well-established AutoGrid software, accessible within the tur-
bomachinery design tool, proves to be a solid and valid implementation of mesh generation software in the
turbomachinery design cycle. The integrated software package is able to generate high-quality meshes for
the (sub-sonic) stator, rotor and diffuser. For these meshes, the Autogrid default grid topology (HOH-grid
with additional H-grids at the periodic boundaries) is used, which tends to produce good quality meshes.
The skewness and aspect ratio of the elements are also well within the bounds necessary for a quality mesh.

The design tool also provides capabilities for mesh generation using ANSYS TurboGrid and Salome. While
ANSYS TurboGrid is a well-established and validated mesh generator, it provides less flexibility in meshing
compared to the open-source Salome mesh generator. The design tool has implemented several rules-of-
thumb for mesh generation’ into the Salome package, such as the number of elements per region, or the
calculation of the viscous layer thickness for a proper y+ parameter. These methods resulted in a Salome
mesh package that can produce high-quality hybrid grids.
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With the application of the tool on the design process of the RIT ORCHID blade, the design tool has proven
to be a valuable tool for the Turbomachinery department at the faculty of Aerospace Engineering. It not
only provides the means to easily reconstruct any given rotor blade, it also provides more insight into the
geometrical aspects of the flow passage and the blade geometry compared to the well-established ANSYS
BladeGen module.

The tool can analyse both the area distribution of the blade passage, as well as the curvature distribution
of the blade passage bounds (the blade, hub and shroud). These two parameters are deemed most important
for flow characteristics as they can influence flow expansion and flow acceleration.

The meridional channel definition seems to have the greatest influence on the Meridional and the 3D area
distribution, while the blade angle distribution primarily influences B2B area distribution. It has been shown
that reducing peaks in the 3D area distribution reduces the occurrence of flow separation at the suction side of
the rotor. This is backed-up by the fact that the geometry with the lowest area peak has the highest efficiency.

From this we hope to conclude that it is simply a matter of removing the peaks and steep gradients in
the area distribution. The optimisations, however, have shown that the performance is not only driven by the
area distribution, in fact, an area distribution with lower peak could still produce geometries with much lower
performance. The 3D effects and other flow effects that are not captured by the expansion or contraction of
the flow area seem to have significant effect on the turbine performance. The relation between geometry of
the flow passage and the flow characteristics should be investigated to a further extend.

9.2. Outcomes

While this thesis has already attempted to cover all research questions posed in the introduction, several
outcomes and highlights have not yet been covered properly. The following outcomes should be highlighted:

¢ the parametrisation methods used provide a means to accurately reconstruct any type of radial inflow
turbine architecture (both with zero and non-zero blade inflow angles) with performance errors less
than 0.25%.

¢ the pre-CFD geometrical analysis of the parametrised geometry can provide a means to improve a ge-
ometry up-front before moving to the computationally intensive CFD simulations

¢ the prescribed curvature method can also be applied to radial turbomachinery blades to try to improve
performance, but the method severely constrains the shape of the blade profile, it might therefore be
better to analyse the curvature after the initial blade profile construction and then try to optimise. This
will allow the tool to be more flexible in the blade profile construction.

¢ the multi-block grid generation method is currently too difficult to implement in the design tool due to
the complex shape of the rotor, but the unstructured mesh with additional viscous layer (hybrid mesh)
used in the design tool gives a decent result.

In the end, the integrated turbomachinery design tool is user-friendly and modular tool, that is able to
generate an optimised or predefined radial inflow turbine design.

9.3. Recommendations

Throughout the course of the thesis, many challenges were encountered, new information was discovered,
and new conclusions were drawn, which paved the way for the course of the project. Not every pathway in
this thesis has been investigated or attempted, due to lack of time or being outside of the scope of the project.
Therefore many paths can still be taken to follow-up on the research of this thesis. To give a brief overview of
the possible paths that can be taken, the following recommendations are presented:

Validation of the Salome Hybrid mesh - While the meshes created for validation of the parametrisation
were generated using AutoGrid, the tool supports the capability of generating high-quality hybrid meshes
using Salome. It is recommended that these hybrid meshes are compared with their structured AutoGrid
counterpart, to assess the quality of the mesh. The use of hybrid meshes allows for very unconventional
blade architectures to be meshed with relative ease. Therefore, should the assessment of the hybrid meshes
capability prove that the meshes produced are of reasonable quality by providing reasonable CFD results, this
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capability could be utilised for the more exotic turbine architectures.

Development of strategic partitioning methods for Salome Structured mesh - Unfortunately, the use of
Structured Grids within the Salome environment did not yet produce meshes of sufficient quality for a suc-
cessful CFD analysis. The primary reason for the low quality of the structured meshes, was the low-quality
definitions of the the multi-block grid. Particularly the partitions of the blocks at the trailing edge were so
poorly defined, that the grid in the rotor wake could not be properly discretised. It is very much recom-
mended to start looking into the partitioning of the grid block, particularly for highly staggered configura-
tions. Many methods are available in the literature, so it may be wise to assess several of them and see which
block topology can be implemented and ensures a high quality discretisation. Care should be taken with the
periodicity; the partitioned multi-blocks should match in periodicity.

Evaluate grid convergence for ORC specific flow simulations - The meshes generated using Salome use
KBE by applying several prescribed 'rules-of-thumb’ during the meshing process, these rules are defined for
general turbomachinery meshing purposes. These rules may be less valid for simulations regarding ORC tur-
bines, as the flow solutions may require different mesh-refinement or mesh-quality levels for an accurate
flow simulation. It is therefore recommended to assess the meshes produced for both regular and organic
fluids, to see if mesh quality can be increased. This can be assessed by performing a grid convergence study
for several different fluids.

Investigate and Validate the CFD configuration in SU2 - Should this research be continued, it is recom-
mended that the focus is shifted towards the CFD solver part of the cycle. The tool currently has only been
validated with respect to other computed models, and not with respect to experimental results. The results
of the CFX comparison clearly indicate that there is a great difference in calculated efficiency, compared to
experimental results. This type of validation however, is beyond the scope of the thesis, as it not only relies on
proper parametrisation and meshing of a geometry; it also requires very extensive knowledge of all CFD solver
models and settings. This is particularly difficult for ORC turbomachinery flow solutions, for which the flow is
highly turbulent, it involves both subsonic and supersonic flow regions, and non-ideal gas thermodynamics
is necessary.

Since the design tool can reproduce blade architectures from a given data set, several sets of experimental
data can be used to analyse and compare the CFD solutions of SU2 with the experimental results. By investi-
gating how the flow parameters and flow models affect the CFD solutions, an effort can be made to approach
the experimental data. The knowledge gained from these investigations can be implemented as a set of meth-
ods and design-rules in the design tool. This can be implemented as a separate modular CFD package similar
to how the AutoGrid, Salome and TurboGrid packages were implemented.

Implementation of the design tool in the TU Delft computational cluster - The optimisation module
currently implemented in the design tool only performs a preliminary optimisation, based on geometrical
properties only. While this is a computationally cheap optimisation, it does not directly optimised the overall
turbine performance, and is therefore not accurate enough for a high-level optimisation. It has been shown
that the design tool can perform one full design cycle, so for the final high-level optimisation of the blade,
which iterates over the full design cycle, highly intensive CFD computations will need to be performed to
assess the turbine performance directly. Therefore the design tool should be made compatible with the Com-
putational Cluster of the TU Delft. The current optimisation module can be appended to included several
advanced optimisation schemes.

While currently, the ParaPy software tool only runs on a Windows operating system, the software package
will soon be expanded to both Macintosh OS and Linux. This will allow the ParaPy software to run on the TU
Delft computation cluster. This will allow the parametrisation and meshing to be conducted in ParaPy and
subsequently, the newly produced mesh can be analysed in the cluster using SU2.

This thesis has shown many promising results, but is has also shown many areas for improvement. The
use of the ParaPy software package, which has been licensed by the TU Delft, ensures the possibility of con-
tinuation of this research project. The Flight Performance and Propulsion Master Track provides an extensive
core course on this software package. This helps towards the continuation of this project, as it removes the
initial effort of learning to use the software package. The design tool has been set up and is documented in
such a way that the tool can be easily improved and extended.






ORCHID fitting

The figures below show the full fitting of the ORCHID Optimised blade.
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Figure A.1: Fit of Meridional Channel

The fitted BSplines of the Wrap Angle distributions are presented in the figures below.
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Wrap Angle Distribution Fit: ORCHID Optimised (camberline 1) Wrap Angle Distribution Fit: ORCHID Optimised (camberline 2)
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% %
% SU2 configuration file %
% Case description: AACHEN turbine 3D 1.5 stage %
% Author: S. Vitale %
% Institution: Delft University of Technology %
% Date: Feb 28th, 2017 %
% File Version 5.0.0"cardinal" %
% %

T SIS SISIISIIII Vo
%

%

% ———————— DIRECT, ADJOINT, AND LINEARIZED PROBLEM DEFINITION ———MM ———%
%

% Physical governing equations (EULER, NAVIER_STOKES,

% WAVE_EQUATION, HEAT EQUATION, LINEAR_ELASTICITY,
% POISSON_EQUATION)

PHYSICAL_PROBLEM= RANS

%

% Specify turbulent model (NONE, SA, SST)

KIND_TURB_MODEL= SST

%

% Mathematical problem (DIRECT, ADJOINT, LINEARIZED)

MATH_PROBLEM= DIRECT

%

% Restart solution (NO, YES)

RESTART _SOL= YES

%

%

% COMPRESSIBLE FREE-STREAM DEFINITION %
%

% Mach number (non—dimensional, based on the free—stream values)

MACH NUMBER= 0.05

%

% Angle of attack (degrees, only for compressible flows)

AoA= 0.0

%

% Free—stream pressure (101325.0 N/m*2 by default, only Euler flows)
FREESTREAM_PRESSURE= 400.0E+03
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%

% Free—stream temperature (273.15 K by default)

FREESTRFAM_TEMPERATURE= 470.5

%

% Free—stream temperature (1.2886 Kg/m3 by default)

FREESTREAM_DENSITY= 1.7418

%

% Free—stream option to choose if you want to use Density (DENSITY_FS) or Temperature (TEMPERATU
FREESTREAM_OPTION= TEMPERATURE_FS

%

% Free—stream Turbulence Intensity

FREESTREAM_TURBULENCEINTENSITY = 0.05

%

% Free—stream Turbulent to Laminar viscosity ratio
FREESTREAM_TURB2IAMVISCRATIO = 100.0

%

% Reynolds number (non-dimensional, based on the free—stream values)
9%REYNOLDS NUMBER= 6.0E5

%

%Init option to choose between Reynolds (default) or thermodynamics quantities for initializing
INIT_OPTION= TD_CONDITIONS

%

% REFERENCE VALUE DEFINITION %
%

% Reference origin for moment computation

REF_ORIGIN_.MOMENT X = 0.00

REF_ORIGIN. MOMENT Y = 0.00

REF_ORIGIN. MOMENT Z = 0.00

%

% Reference length for pitching, rolling, and yawing non-dimensional moment
REF LENGTH MOMENT= 1.0

%

% Reference area for force coefficients (0 implies automatic calculation)
REF_AREA= 1.0

%

%

% Flow non—-dimensionalization (DIMENSIONAL, FREESTREAM_PRESS EQ_ONE,

% FREESTREAM_VEL EQ MACH, FREESTREAM_VEL EQ_ONE)
REF_DIMENSIONALIZATION= DIMENSIONAL

%

%

% EQUATION OF STATE %
%

% Different gas model (STANDARD_AIR, IDEAL_GAS, VW_GAS, PR_GAS)
FLUID_MODEL= IDEAL_GAS

%

% Ratio of specific heats (1.4 default and the value is hardcoded

% for the model STANDARD_AIR)

GAMMA VALUE= 1.4

%

% Specific gas constant (287.058 J/kg+*K default and this value is hardcoded
% for the model STANDARD_AIR)

GAS_CONSTANT= 287.06

%

% Critical Temperature (273.15 K by default)

CRITICAL_TEMPERATURE= 514.71
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%

% Critical Pressure (101325.0 N/m*2 by default)

CRITICAL_PRESSURE= 6268000.0

%

% Acentri factor (0.035 (air))

ACENTRIC _FACTOR= 0.646

%

%

% VISCOSITY MODEL %
%

% Viscosity model (SUTHERIAND, CONSTANT_VISCOSITY).

VISCOSITY_MODEL= SUTHERLAND

%

% Molecular Viscosity that would be constant (1.716E-5 by default)

MU_CONSTANT= 1.35E-5

%

% Sutherland Viscosity Ref (1.716E-5 default value for AIR SI)

MU _REF= 1.716E-5

%

% Sutherland Temperature Ref (273.15 K default value for AIR SI)

MU_T REF= 273.15

%

% Sutherland constant (110.4 default value for AIR SI)

SUTHERLAND _CONSTANT= 110.4

%

%

% THERMAL CONDUCTIVITY MODEL %
%

% Conductivity model (CONSTANT CONDUCTIVITY, CONSTANT PRANDTL) .
CONDUCTIVITY_MODEL= CONSTANT PRANDTL

%

% Molecular Thermal Conductivity that would be constant (0.0257 by default)
KT_CONSTANT= 0.035

%

%

% BOUNDARY CONDITION DEFINITION %
%

% Navier—Stokes wall boundary marker(s) (NONE = no marker)

MARKER HEATFLUX= (bladel, 0.0, shroudl, 0.0, hubl, 0.0, blade2, 0.0, shroud2, 0.0, hub2, 0.0)
%

%

9%QVIARKER SHROUD= (shroud2)

% Periodic boundary marker(s) (NONE = no marker)

% Format: ( periodic marker, donor marker, rot_cen_x, rot_cen_y, rot_cen_z, rot_angle_x—axis, rot_angl
MARKER _PERIODIC= (perl, per2, 0.0, 0.0, 0.0, 0.0, 0.0, -18.947368421, 0.0, 0.0, 0.0, per3, per4, 0.0,
%

%

%——————— INFLOW/OUTFLOW BOUNDARY CONDITION SPECIFIC FOR TURBOMACHINERY ———— %
%

% Inflow and Outflow markers must be specified, for each blade (zone), following the natural groth of
MARKER TURBOMACHINERY= (inflow, outmix, inmix, outflow)

%

% Mixing—plane interface markers must be specified to activate the transfer of information between zor
MARKER_MIXINGPLANE_INTERFACE= (outmix, inmix)

%

% Non reflecting boundary condition for inflow, outfolw and mixing—plane
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% Format inlet: ( marker, TOTAL CONDITIONS PT, Total Pressure , Total Temperature, Flow dir-norm
% Format outlet: ( marker, STATIC PRESSURE, Static Pressure value, —, —, —, —, under-relax-avg,
% Format mixing—plane in and out: ( marker, MIXING_IN or MIXING OUT, -, —, —, —, —, —, under—rel:
MARKER NRBC= (inflow, TOTAL CONDITIONS PT, 413.6E+03, 477.6, 1.0, 0.0, 0.0, 1.0, 0.0, outmix, MI
%

%

NRBC_EXTRA RELAXFACTOR= (0.05, 0.05)

%

SPATIAL_FOURIER= NO

% TURBOMACHINERY SIMULATION %

%

% Specify kind of architecture (AXIAL, CENTRIPETAL, CENTRIFUGAL, CENTRIPETAL_AXIAL)
TURBOMACHINERY_KIND= CENTRIPETAL CENTRIPETAL_AXIAL

%

% Specify kind of interpolation for the mixing—plane (LINEAR_INTERPOLATION, NEAREST SPAN, MATCHI
MIXINGPLANE_INTERFACE_KIND= NEAREST_SPAN

%

% Specify option for turbulent mixing—plane (YES, NO) default NO

TURBULENT MIXINGPLANE= YES

%

% Specify ramp option for Outlet pressure (YES, NO) default NO

RAMP_OUTLET _PRESSURE= NO

%

% Parameters of the outlet pressure ramp (starting outlet pressure, updating—iteration—frequency
RAMP_OUTLET PRESSURE_COEFF= (400000.0, 10.0, 1000)

%

% Specify ramp option fr rotating frame (YES, NO) default NO

RAMP_ROTATING _FRAME= NO

%

% Parameters of the rotating frame ramp (starting rotational speed, updating—iteration—frequency
RAMP_ROTATING_FRAME_COEFF= (0.0, 39.0, 500)

%

% Specify Kind of average process for linearizing the Navier—Stokes equation at inflow and outflc
% (ALGEBRAIC, AREA, MASSSFLUX, MIXEDOUT) default AREA

AVERAGE_PROCESS_KIND= MIXEDOUT

%

% Specify Kind of average process for computing turbomachienry performance parameters

% (ALGEBRAIC, AREA, MASSSFLUX, MIXEDOUT) default AREA

PERFORMANCE_AVERAGE_PROCESS_KIND= MIXEDOUT

%

%Parameters of the Newton method for the MIXEDOUT average algorithm (under relaxation factor, to
MIXEDOUT COEFF= (1.0, 1.0E-05, 15)

%

% Limit of Mach number below which the mixedout algorithm is substituted with a AREA average alga
AVERAGE_MACH_LIMIT= 0.05

%

%

% SURFACES IDENTIFICATION %

%

% Marker(s) of the surface in the surface flow solution file

MARKER PLOTTING= (bladel, blade2)

%

%

% GRID ADAPTATION STRATEGY %

%

% Kind of grid adaptation (NONE, PERIODIC)
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KIND_ADAPT= PERIODIC

%

%

% DYNAMIC MESH DEFINITION %
%

% Dynamic mesh simulation (NO, YES)

GRID_MOVEMENT= YES

%

% Type of dynamic mesh (NONE, ROTATING FRAME)

GRID_MOVEMENT KIND= ROTATING_FRAME ROTATING_FRAME

%

% Motion mach number (non-dimensional). Used for intitializing a viscous flow

% with the Reynolds number and for computing force coeffs. with dynamic meshes.
MACH MOTION= 0.35

%

% Angular velocity vector (rad/s) about the motion origi. Example 1250 RPM —> 130.89969389957471 rad/s
ROTATION_RATE Z = 0.0 7508.3

%

%

% —————————— CGOMMON PARAMETERS DEFINING THE NUMERICAL METHOD %
%

% Numerical method for spatial gradients (GREEN_GAUSS, WEIGHTED_LEAST SQUARES)
NUM METHOD GRAD= WEIGHTED_LEAST SQUARES

%

% Courant—Friedrichs—-Lewy condition of the finest grid

CFL_NUMBER= 5.0

%

% Adaptive CFL number (NO, YES)

CFL_ADAPT= NO

%

% Parameters of the adaptive CFL number (factor down, factor up, CFL min value, CFL max value )
CFL_ADAPT PARAM= ( 1.3, 1.2, 5.0, 30.0)

%

%

% LINEAR SOLVER DEFINITION %
%

% Linear solver or smoother for implicit formulations (BCGSTAB, FGMRES, SMOOTHER_JACOBI, SMOOTHER_ILU(
LINEAR_SOLVER= FGMRES

%

% Preconditioner of the Krylov linear solver (ILUO, LU_SGS, LINELET, JACOBI)
LINEAR_SOLVER_PREC= LU_SGS

%

% Min error of the linear solver for the implicit formulation

LINEAR SOLVER_ERROR= 1E-4

%

% Max number of iterations of the linear solver for the implicit formulation
LINEAR_SOLVER_ITER= 10

%

%

% MULTIGRID PARAMETERS %
%

% ————————— NOT WORKING WITH PERIODIC BOUNDARY CONDITIONS !!!!! %
%

%

% SLOPE LIMITER DEFINITION %
%
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% Reference element length for computing the slope and sharp edges

% limiters (0.1 m, 5.0 in by default)
REF_ELEM_LENGTH= 0.1

%

% Coefficient for the limiter

LIMITER_COEFF= 0.1

%

% Freeze the value of the limiter after a number of iterations
LIMITER_ITER= 999999

%

%

% FLOW NUMERICAL METHOD DEFINITION %
%

% Convective numerical method (JST, LAX-FRIEDRICH, CUSP, ROE, AUSM, HLLC,
% TURKEL_PREC, MSW)

(OONV_NUM _METHOD FLOW= ROE

%

% Spatial numerical order integration (1ST_ORDER, 2ND_ORDER, 2ND_ORDER LIMITER)
SPATIAL_ORDER_FLOW= 2ND_ORDER_LIMITER

%

% Slope limiter (VENKATAKRISHNAN, VAN_ALBADA)

SLOPE_LIMITER_FLOW= VENKATAKRISHNAN

%

% 1st, 2nd and 4th order artificial dissipation coefficients
AD_COEFF_FLOW= ( 0.15, 0.5, 0.02 )

%

% Time discretization (RUNGE-KUTTA_EXPLICIT, EULER_IMPLICIT, EULER_EXPLICIT)
TIME_DISCRE_FLOW= EULER_IMPLICIT

%

% Relaxation coefficient

RELAXATION_FACTOR_FLOW= 0.95

%

ENTROPY_FIX_COEFF= 0.001

%

%

% TURBULENT NUMERICAL MEITHOD DEFINITION %
%

% Convective numerical method (SCALAR UPWIND)

CONV_NUM METHOD TURB= SCALAR_UPWIND

%

% Spatial numerical order integration (1ST_ORDER, 2ND_ORDER, 2ND_ORDER_LIMITER)
%

SPATIAL_ORDER_TURB= 1ST_ORDER

%

% Slope limiter (VENKATAKRISHNAN, MMINMOD)

SLOPE_LIMITER_TURB= VENKATAKRISHNAN

%

% Time discretization (EULER_IMPLICIT)

TIME_DISCRE_TURB= EULER_IMPLICIT

%

% Reduction factor of the CFL coefficient in the turbulence problem
CFL_REDUCTION_TURB= 0.5

%

% Relaxation coefficient

RELAXATION_FACTOR_TURB= 0.95

%
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%

% CONVERGENCE PARAMETERS %
%

% Number of total iterations

EXT_ITER= 10001

% Convergence criteria (CAUCHY, RESIDUAL)

%

CONV_CRITERIA= RESIDUAL

%

RESIDUAL FUNC_FLOW= RHO_ENERGY

%

% Residual reduction (order of magnitude with respect to the initial value)
RESIDUAL _REDUCTION= 6

%

% Min value of the residual (logl0 of the residual)
RESIDUAL_MINVAL= -16

%

% Start convergence criteria at iteration number
STARTCONV_ITER= 10

%

% Number of elements to apply the criteria
CAUCHY_ELEMS= 100

%

% Epsilon to control the series convergence
CAUCHY_EPS= 1E-6

%

% Function to apply the criteria (LIFT, DRAG, NEARFIELD_PRESS, SENS GEOMETRY,
% SENS MACH, DELTA_LIFT, DELTA DRAG)
CAUCHY_FUNC FHLOW= DRAG

%

%

% INPUT/OUTPUT INFORMATION %
%

% Mesh input file

MESH_FILENAME= ../jones_turbine_notip3.su2

%

% Mesh input file format (SU2, CGNS, NETCDF_ASCII)
MESH FORMAT= SU2

%

% Mesh output file

MESH_OUT _FILENAME= meshout. su2

%

% Restart flow input file

SOLUTION_FLOW_FILENAME= restart_flow.dat

%

% Restart adjoint input file
SOLUTION_ADJ_FILENAME= solution_adj.dat

%

% Output file format (PARAVIEW, TECPLOT, STL)
OUTPUT FORMAT= TECPLOT

%

% Output file convergence history (w/o extension)
CONV_FILENAME= history

%

% Output file restart flow

RESTART FLOW FILENAME= restart_flow.dat
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%

% Output file restart adjoint

RESTART _ADJ_FILENAME= restart_adj.dat

%

% Output file flow (w/o extension) variables
VOLUME_FLOW_FILENAME= flow

%

% Output file adjoint (w/o extension) variables
VOLUME _ADJ_FILENAME= adjoint

%

% Output objective function gradient (using continuous adjoint)
GRAD_OBJFUNC_FILENAME= of_grad.dat

%

% Output file surface flow coefficient (w/o extension)
SURFACE_FLOW_FILENAME= surface_flow

%

% Output file surface adjoint coefficient (w/o extension)
SURFACE_ADJ_FILENAME= surface_adjoint

%

% Writing solution file frequency

WRT _SOL_FREQ= 1000

%

% Writing convergence history frequency

WRT_CON_FREQ= 1

WRT _RESIDUALS= NO
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