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Zusammenfassung

Der Schwerpunkt dieses Projekts lag auf der Entwicklung eines neuen Lattice-Boltzmann-basierten
Losers fir die genaue und effiziente Simulation turbulenter Strémungen in hydraulischen
Turbomaschinen. Es zielt vor allem auf die Simulation hochgradig instationarer Betriebspunkte ab, bei
denen die derzeitigen Simulationsmethoden entweder zu teuer oder nicht genau genug sind, um die
zugrunde liegende Physik korrekt darzustellen. Die Anwendung dieser Methode wird zu einem
besseren Verstandnis der Off-Design-Betriebsbedingungen und damit zu einer verbesserten Leistung
und groRReren Flexibilitdt der hydraulischen Maschinen fiihren.

Es wurde gezeigt, dass der Code in der Lage ist, komplexe Falle selbst bei sehr hohen
Reynoldszahlen (O(107)) zu berechnen. Dazu gehéren Simulationen, die aus rotierenden und
stationdren Komponenten in mehreren Bezugssystemen bestehen.

Die Simulationen kénnen mit mehreren Ebenen der Gitterverfeinerung durchgefiihrt werden, wobei
lokale CPU- oder GPU-Hardwarebeschleunigung zum Einsatz kommt. Die Parallelitat zwischen
Rechenknoten ist Gber das MPI-Protokoll implementiert, so dass der Code mehrere GPUs flr beliebig
komplexe Geometrien und Gitter nutzen kann, wobei jede manuelle oder automatische
Zerlegungsmethode verwendet werden kann.

Besonderes Augenmerk wurde auf die Benutzerfreundlichkeit der Software gelegt, so dass
Simulationsingenieure ohne Kenntnisse der Lattice-Boltzmann-Methode oder der Code-Entwicklung
solche Simulationen durchfiihren kénnen.

Der Code wurde anhand einer Reihe von Verifikations- und Validierungsfallen evaluiert, die einfache
laminare 2D-Cases, interne turbulente Strémungen wie Diffusoren und Rohrbdgen sowie vollstandige
Pumpen- und Pumpturbinenfélle abdecken. Alle vorgestellten Ergebnisse konnten mit hdchstens 4
GPUs und in wenigen Stunden erzielt werden.

Die Arbeit am Solver wird in Zukunft fortgesetzt, um die Effizienz weiter zu steigern und die
Hardwareanforderungen zu reduzieren. Auf3erdem muissen weitere Erfahrungen gesammelt und Best-
Practices entwickelt werden, um die erzielten Ergebnisse weiter zu verbessern.

Résumeé

Ce projet s'est concentré sur le développement d'un nouveau solveur basé sur Lattice-Boltzmann pour
la simulation précise et efficace des flux turbulents dans les turbomachines hydrauliques. Il vise
principalement la simulation de points de fonctionnement hors concepte et trés instables, pour
lesquels les méthodes de simulation actuelles sont soit trop colteuses, soit pas assez précises pour
représenter correctement la physique sous-jacente. L'application de cette méthode permettra de
mieux comprendre les conditions de fonctionnement hors paramétres de conception et donc
d'améliorer les performances et la flexibilité des machines hydrauliques.

Le code s'est révélé capable de calculer des cas complexes, méme a des nombres de Reynolds tres
élevés (0O(107)). Il s'agit notamment de simulations comprenant des composants rotatifs et
stationnaires dans plusieurs cadres de référence.

Les simulations peuvent étre effectuées a l'aide de plusieurs niveaux de raffinement de la grille, en
utilisant I'accélération matérielle du CPU ou du GPU au niveau du nceud local. Le parallélisme inter-
noeuds est mis en ceuvre via le protocole MPI, ce qui permet au code d'utiliser plusieurs GPU pour
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des géomeétries et des grilles arbitrairement complexes, en utilisant n'importe quelle méthode de
décomposition manuelle ou automatique.

Une attention particuliere a été accordée a la facilité d'utilisation du logiciel, permettant aux ingénieurs
en simulation sans aucune connaissance de la méthode Lattice Boltzmann ou du développement de
code d'effectuer de telles simulations.

Le code a été évalué a l'aide d'une série de cas de vérification et de validation, couvrant des
configurations 2D laminaires simples, des flux turbulents internes tels qu'un diffuseur et un coude de
tuyau, ainsi que des cas de pompe et de pompe-turbine complets. Tous les résultats présentés ont pu
étre obtenus en utilisant au maximum 4 GPU et en quelques heures.

Le travail sur le solveur se poursuivra a l'avenir, afin d'améliorer encore les performances et de réduire
les besoins en matériel. En outre, il faudra acquérir plus d'expérience et établir les meilleures
pratiques, ce qui permettra d'améliorer encore les résultats obtenus.

Summary

The focus of this project was the development of a new Lattice-Boltzmann-based solver for the
accurate and efficient simulation of turbulent flows in hydraulic turbomachines. It mainly targets the
simulation of highly unsteady off-design operating points, where current simulation methods are either
too expensive or not accurate enough to properly represent the underlying physics. Applying this
method will lead to better understanding of off-design operating conditions and thus improved
performance and more flexibility of hydraulic machines.

The code was shown to be capable of computing complex cases even at very high Reynolds numbers
(O(107)). This includes simulations consisting of rotating and stationary components in multiple
reference frames.

Simulations can be performed using multiple levels of grid refinement, utilizing node-local CPU or GPU
hardware acceleration. Inter-node parallelism is implemented via the MPI protocol, allowing the code
to utilize multiple GPUs for arbitrarily complex geometries and grids, using any manual or automatic
decomposition method.

Special attention was paid to the usability of the software, allowing simulation engineers without any
knowledge of the Lattice Boltzmann Method or code development to perform such simulations.

The code was evaluated using a series of verification and validation cases, covering simple laminar
2D setups, internal turbulent flows such as a diffusers and a pipe bends as well as fully-featured pump
and pump-turbine cases. All results presented could be obtained using at most 4 GPUs and in a
matter of hours.

Work on the solver will continue in the future, further increasing performance and reducing hardware
requirements. Additionally, more experience will have to be gained and best practices will need to be
established, further improving the obtained results.
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Main findings

In this project a turbulent flow solver was developed, based on the entropic MRT Lattice
Boltzmann Method.

The solver allows simulation engineers to compute complex, time-dependent turbulent flows in
the context of hydraulic turbomachines in a matter of hours, using GPU hardware
accelerators.

The code was verified using numerical experiments and validated on a number of industrially
relevant cases. Results obtained are very good in all but the most complex cases, where
further improvement is expected when more experience with the simulation method is gained.
Future work is required to optimize the software with respect to memory requirements and
performance.

The entropic MRT Lattice Boltzmann Method was found to be a viable alternative to traditional
CFD simulation methods currently used in industry.
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MRT Multi-relaxation time

RANS Reynolds-averaged Navier-Stokes

SCCER Swiss competence center for energy research
SoE Supply of electricity

URANS Unsteady Reynolds-averaged Navier-Stokes
VLES Very large eddy simulation
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1 Introduction

1.1 Background information and current situation

According to the SFOE report on existing hydro storage power plants from the 1st of January 2018 the
expected electrical power generation is estimated at 17°220.63 [GWh] over the entire year.
Approximately 30% of this amount (5166 [GWh]) is produced in Francis-type plants or pump turbines
running in turbine mode. These machines are at times run in part-load operating conditions and
undergo several starts and stops daily. The influence of deep part-load operation points is not fully
understood and accordingly not investigated during the design process of such machines, mainly due
to the fact that numerical simulations of such conditions are demanding and very time-consuming.
Being able to predict the behaviour in off-design situations more accurately will help to improve the
performance and flexibility of these machines, leading to savings in electrical energy.

Assuming the turbines are running in part load at 10% of the operation time and the power generation
in these operating points is 30% of the nominal turbine power, a relative increase of 10% in part-load
efficiency would lead to additional outputs in the order of 15 [GWh].

In addition, part load conditions will become more and more important in the context of ancillary
services which maintain the stability of voltage and frequency in the Swiss power grid. Currently grid
stability in Europe is guaranteed by overproduction and excess power is simply dissipated in railroad
tracks and power lines. Running hydraulic power plants in part load conditions can deliver a stable grid
using renewable energy instead of wasting the excess production of e.g. coal and nuclear power
plants. This requires, however, that turbines are adequately designed to be stable over their entire
operating range.

The changes in the electricity production market towards more dynamic operation of the machines
lead to complex unsteady flow conditions that need to be investigated and understood in order to
guarantee safe operation of the equipment. Example publications by companies such as Andritz Hydro
[1], Alstom [2], Voith Hydro [3] or Litostroj Power [4] show the relevance of unsteady simulations for
the industry. The need for such simulations has been growing in recent years, but the limitations of
current methods still require strong simplifications. From the turbine manufacturer point of view, two
main arguments toward a largely increased need of unsteady computations can be identified:

e Alarge number of Francis turbines are coming closer to their end of life and refurbishment is
needed. Since every machine has a different behaviour, it is important to have a
computational technique/tool able to perform analysis on many machines within reasonable
time.

e Rotor-stator interaction of high-head machines is no more limited to the interaction of the
single passages but extends to wave propagation in the whole casing and in the hydraulic
system. This phenomenon has been observed recently and is beginning to be investigated
experimentally and in part with simplified computations. With the present CFD methods it is
impossible to perform comprehensive investigations at this level.

From the power plant owner side, the phase of refurbishment often leads to the replacement of
Francis turbines with pump-turbines or even the installation of new pump-turbines. This means that the
pipes, often connected into networks, will now experience flow in both directions. As an example,
every original cross-section reduction will become a “diffuser”, but most likely have a non-optimal
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expansion ratio. Additionally, every bifurcation will receive water from independently operated
machines.

All these phenomena, in conjunction with unsteady operation, will lead to pulsations and additional
flow distortion in the components (valves, bends, etc.) and at the machine inlet and consequently to
increased dynamic loads compared to the present situation.

At present the analysis of specific, unsteady phenomena for one single specific machine is mostly
performed with one of the following approaches:

e academic: PhD thesis with extensive IT infrastructure and LES resolution

e industrial: simplified model using URANS and industrial equipment, thus neglecting much of
the underlying physics (much lower spatial and temporal resolution, and with a series of
assumptions)

In the future these investigations need to be performed much more regularly and in more detail using
industrial equipment.

Starting from the situation described above the goal of the project can be formulated as follows: to
develop a new hybrid CPU/GPU solver based on the Lattice Boltzmann Method that allows the
efficient simulation of the turbulent flows in large-scale hydraulic turbomachines.

The main research question is to be able to investigate and increase the understanding of unsteady
flow phenomena in off-design conditions. This requires a fast and stable solver that can deliver
significantly more accurate results in a much shorter timeframe than is currently possible, thus
allowing to account for these particular operating conditions already during the design process of
hydraulic machines and components. With the present computational power at industrial level this is
only possible with the introduction of a new computational method, like the Lattice Boltzmann Method.

1.2 Purpose of the project

During this project a new solver based on the Lattice Boltzmann is developed. This solver allows the
efficient simulation of the turbulent flows in hydraulic turbomachines, delivering more accurate results
in a much shorter timeframe than is currently possible with RANS and LES methods. This leads to the
possibility to account for off-design operating conditions already during the design process of hydraulic
machines. Applying this method will lead to better understanding of off-design operating conditions
and thus improved performance and more flexibility of hydraulic machines

1.3 Objectives

The main objective of this project is the creation of the TurboLaB simulation software and the
evaluation of the Lattice Boltzmann Method as a simulation technique in the context of hydraulic
turbomachines. Results obtained with the software will be compared to analytical solutions, where
available, reference simulations and measurements, in order to evaluate their quality.
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2 Procedures and methodology

The group of Prof. Dr. Casartelli at the HSLU has performed numerous investigations on the subject of
hydraulic machines running in off-design conditions in the context of the SCCER SoE and FURIES,
resulting in several publications. One major finding of the investigations was that turbulence modelling
has a major impact on the reliability of the result and that conventional unsteady RANS (URANS)
simulations using two-equation models are not enough to capture the effects that cause instability in
such conditions. In addition, time-dependent URANS simulations of full machines are expensive (i.e.
calculations can take several days to weeks to complete) and only deliver satisfactory results when
more complex, anisotropic turbulence models are used. A reduced amount of modelling could be
provided by large eddy simulations, where most of the turbulent spectrum is resolved instead of
modelled. Large eddy simulations are, however, even more expensive, as the mesh resolution
requirements increase and time-accurate time steps are employed. This is specifically problematic for
incompressible flows due to the need to solve an implicit equation for the pressure. There is currently
no method that allows such simulations of hydraulic turbomachines already in the design phase with a
reasonable time requirement. One simulation procedure that has recently risen to prominence is the
Lattice Boltzmann Method (LBM). Some of its distinct features are the explicit formulation, also for
incompressible flows, as well as the suitability for massively parallel applications. This makes it an
interesting candidate for performing large-scale time accurate simulations.

The basic Lattice Boltzmann Method, also known as the BGK (Bhathagar—Gross—Krook) model [5], is,
however, unsuitable for high Reynolds flows as it becomes unstable with increasing Reynolds number.
A handful of commercial products have recently appeared, allowing the widespread use of Lattice
Boltzmann for simulations. They are mostly built on the BGK model, slight variations thereof, or basic
MRT methods, and are using the viscosity-increasing effect of turbulence models to artificially stabilize
the method. The results of such programs to wall-bounded internal flows are not satisfactory,
especially when near-wall effects (boundary layers) are important. In recent years, a new class of LB
methods was developed, pioneered by the group of Prof. Dr. I. Karlin (ETHZ), which modifies the BGK
model by taking the physical constraints of entropy into account (original model see [6]). This method
is extremely stable, also at high Reynolds numbers, and has excellent properties concerning the
accurate representation of turbulent flows. In combination with appropriate boundary conditions, the
method was shown to be able to produce DNS-like results for wall-bounded flows at a fraction of the
computational effort. Various extensions to the method exist for multiphase and compressible flows.

2.1 Turbulent flow modelling

The simulation of turbulent flows can be categorised into three main fields: Reynolds-averaged Navier
Stokes (RANS), large eddy simulation (LES) and direct numerical simulation (DNS). The first one is
the most widely used method in industry, due to its low computational requirements and ability to
directly solve for steady-state solutions. Here, the entire energy spectrum of turbulence is modelled by
solving additional equations for the approximation of turbulent quantities. The third and most

expensive method is direct numerical simulation, which fully resolves all turbulent scales, ranging from
1

st
the order of the domain size down to the Kolmogorov length scale = (%)4 Here, v is the kinematic

viscosity of the fluid and € is the dissipation rate of turbulent kinetic energy. Due to the resolution
requirements, both in space and time, the computational effort for DNS calculations scales
approximately with Re3, where Re = lu/v is the Reynolds number based on a characteristic length [
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and velocity u. This restricts the use of this method to a small range of Reynolds numbers, certainly far
away from engineering applications.

The second method mentioned above, large eddy simulation, is a compromise between the two
extremes: it fully resolves the larger turbulent scales and models the smaller ones with a turbulence
model. The filter for distinguishing resolved and modelled scales is usually given by the mesh size. A
commonly used practice for large eddy simulations is to fully resolve about 80% of the turbulent
spectrum, with the remaining 20% approximated by a turbulence model (see [7], [8]). The accurate,
time-dependent solution of the resolved structures requires both small time steps and methods of low
numerical diffusion.

2.2 Lattice Boltzmann Method

One method that exhibits these properties is the Lattice Boltzmann Method (LBM). In contrast to
traditional fluid computations, LBM does not solve the Navier-Stokes equations but is based on a
discretisation of the Boltzmann kinetic equation

af of [k, of

-2 — 4+ 2 7 -0 1

6t+caaxa+paca ) (1)
Here f(x,c,t) is a particle distribution function in phase space, i.e. it is a function of space x, particle
velocity ¢ and time t. The first term on the left hand side is simply the change of f in time, while the
second term denotes the advection of f and the third includes changes due to external force fields.
The right hand side term in Equation (1) is called the collision or relaxation operator and can be
approximated by the BGK formulation [5] given by

1
) = (F - f) @

where ¢ (x,c,t) = f¢(c,p(x,t), ulx,t), T(x,t)) is an equilibrium distribution, given by the Maxwellian
evaluated using the local macroscopic quantities and the particle velocities.

Equation (1) can be discretised in different ways, but the most common approach (see e.g. [9]),
ignoring the force term, leads to a system of N discrete kinetic equations, where N is the cardinality of
the velocity set used. An example for a velocity set, or population set, corresponding to one possible
discretisation of the velocity space, is shown in Figure 1, here using nine populations in two
dimensions.

=l
=
%)

Figure 1 - Velocity set D2Q9 on a Cartesian grid
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The discretised equations presented below follow the formulation in [10].
flx + At t + At) = (1 = B fi(x, t) + BF™ (x, t) (3)
where ™7 (x,t) = 2f%(x, t) — fi(x,t) , B = At/(2T + At), T = v/c2 and ¢; = 1/V3.

Again, v is the kinematic viscosity, At is the time step and ¢, is the speed of sound. In most cases, the
equation system is normalised to so-called lattice units, where both At and the grid spacing is unity.
This naturally leads to a spatial discretisation using uniform Cartesian grids at a speed of sound of
1N3.

This system of equations can be solved explicitly in time and can easily be parallelised. This is due to
the fact that non-local parts (i.e. advection) are linear and correspond to simple array shifts, while all
nonlinearities contained in the collision term on the right hand side, are local. This method is known as
LBGK (Lattice BGK) and is able to reproduce solutions of incompressible, or weakly compressible,
Navier Stokes equations (see e.g. [11]).

2.3 LBM at high Reynolds numbers

Due to the discretisation procedure, the discrete populations f; can become negative, which causes
the solution to become unphysical and fail. This situation occurs in the presence of unresolved, high
gradients, which are especially prevalent at higher Reynolds numbers where the damping, smoothing
viscous forces are small compared to the inertial ones. Two main directions have evolved to deal with
this issue. One can be found in the cumulant LB method [12], the other is represented by the so-called
entropic LB method followed in this work. Karlin et al. have linked the instabilities mentioned above to
the violation of the entropy condition in the mirror state (see e.g. [13]). They have then proposed a
modification to the original LBGK formulation which scales the components of the mirror state, such
that the discrete entropy condition is obeyed:

fMT = af + (1 - a)f; 4
The scalar a« must be calculated to ensure the following condition is satisfied
H(f™) = H(f) )

with H being the discrete entropy function H(f) = Y,; f; In (%) where w; are lattice weights. The scaling
of the mirror state therefore ensures that the entropy condition is never violated. This has led to an
implementation of the Lattice Boltzmann Method, termed the entropic LBM, which is stable also at high
Reynolds numbers. An analysis of the method by Malaspinas et al. [14] has shown that the entropic
stabilisation can be understood as a subgrid-turbulence model. The drawback of this method is, that
Equation (5) has to be iteratively solved to high precision at every lattice node, making the method
significantly slower than the original LBGK.

Recently, the KBC model was developed by Karlin, Bosch and Chikatamarla [15], [16] which also
ensures that the entropy condition is not violated, but does so by using different relaxation factors for
different moment groups (the multi-relaxation time (MRT) method, introduced by d’Humiéres et al.
[17]). This way, the expensive iterative solution of the H-constraint can be avoided and replaced by a
much simpler computation. According to the authors, simulation times are expected to increase by a
factor of only two to four, compared to the original LBGK. The method was extended to multiphase
and multi-component flows, as well as thermal and compressible flows [18], which remain challenging
for Lattice Boltzmann Methods. It has shown excellent stability and accuracy when applied to
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academic and semi-industrial cases. It therefore represented an ideal candidate for further
investigation and the application to the simulation of hydraulic turbomachines.

2.4 Boundary conditions & rotating domains

The Lattice Boltzmann Method is still very actively researched, also on basic topics such as boundary
condition implementations. A very wide range of formulations exist for various boundary conditions,
with large differences in stability and accuracy properties (see e.g. [19]). The difficulties in the
formulation of boundary conditions for Lattice Boltzmann simulations are two-fold. First, LBM solves
transport equations for populations, not macroscopic quantities directly. Therefore boundary conditions
have to provide values for missing boundary populations. Secondly, the Cartesian grid structure does
not follow complex boundary surfaces directly, such as in finite element or finite volume methods.

Discrete populations can easily be transformed into macroscopic moments by a simple matrix-vector
multiplication and the same is true for the opposite direction. If the complete set of macroscopic
boundary moments are known, the boundary populations can be accurately prescribed. However,
specifying values for higher order moments is difficult as their physical interpretation is less clear.

The approach followed in this work will be to provide enough macroscopic target values in a general
way such that for all types of boundary conditions accurate boundary populations can be
reconstructed.

One approach to approximate populations is the application of Grad’s moment system [20]. It was
previously used to construct population data from macroscopic quantities in [21] and this was applied
to formulate an accurate and stable boundary condition for stationary and moving walls in [22]. We try
to extend this formulation to create a boundary condition formulation which is applicable for any
boundary condition on any boundary geometry.

The principal ideas of the present boundary method are put forward in the following discussion
surrounding Figure 2. Similar methodologies have been applied by other authors in different contexts,
such as wall boundaries for immersed solids in finite volume methods (e.g. [23]) or for additional
transported scalars in [24]. Recently in [25] a boundary condition method similar to the one presented
here was published, although with a focus on compressible, external aerodynamics and limited to wall
and open boundaries.

In order to calculate the missing populations, target macroscopic moments for the density p,
momentum j and pressure tensor P are required at the boundary node locations. Figure 2 shows a
sketch of the situation close to a boundary.
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Figure 2 - Boundary interpolation points

The squares mark the boundary nodes where populations need to be provided and therefore target
moments are needed. The circles are the closest points on the underlying geometry and n represents
a local boundary normal. Using these points and normals, the interpolation nodes, shown as crosses,

are constructed Ap and 2Ap away from the boundary. Note that we here show a version with two
interpolation points, but the method can also be applied using only one point.

In order to obtain the target moments at the boundary nodes (squares), we first evaluate the moments

at the interpolation points. Then the boundary moments are constructed, either directly in case of

Dirichlet boundary conditions, or using the interpolation point values to evaluate Neumann values or,
where needed, the surface normal gradients. For example in the case of a wall, this surface normal

gradient is used to construct the non-equilibrium part of the pressure tensor in a local coordinate
system defined by the flow velocity and the boundary normal. When the boundary moments are
complete, the target moments are interpolated to the boundary node using the interpolation point
values and the newly created boundary values. The last step is then to reconstruct the missing
populations using the Grad approximation
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s

Using this method, the following boundary conditions are currently implemented:

. Inlet, using fixed velocity, uniform or correlation-based, with density extrapolation
. Periodic inlet (recycling)

. Non-reflective outlet (based on [26])

. No-slip wall, with and without wall tangential velocities

. Turbulent wall function
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. Slip wall/symmetry planes
. Grid interface
. Rotor-stator interface

All listed boundary conditions are applicable to arbitrarily shaped geometries and across grid level
changes, with further variants easily added.

The new boundary condition formulation can provide boundary data on the underlying geometry, also
for derived quantities such as wall shear stresses. In addition, a unique surface area can be found for
each boundary data point by a re-triangulation of the surface geometry, directly allowing area- and
mass-flow-averaging of boundary data. This also allows force integration based on local pressure and
stress values for arbitrary geometries.

As the name suggests, turbomachines contain rotating machine components with two approaches to
their simulation. The first physically rotates the geometry of the rotating part over the background
mesh and then recomputes all boundary intersections. Grid nodes which are now hidden by the
geometry need to be switched off, and newly uncovered nodes must be switched on and their
populations approximately reconstructed. In addition to a significant number of geometry intersections
requiring calculation at every time step, the activation and deactivation of grid nodes leads to density
fluctuations which can affect the flow field. Dorschner et al. [27] provides examples for such moving
geometries.

The second approach is to split the computational domain into subdomains, one containing the
rotating parts, the other the remaining stationary components. Here the grid rotates together with the
geometry and therefore does not require remeshing or refilling. However, data needs to be exchanged
between the rotating and the stationary subdomains at the interface. In [28] this is achieved using
overlapping grids and interpolation. Another author uses a volumetric approach in [29], but there the
entire implementation of the LB method is formulated in a finite-volume-like manner.

We follow a different approach, similar to the method used in the boundary conditions mentioned
above. We generate interpolation points on both sides normal to the interface for each node with
missing populations. Using these source points, we interpolate the target values for density,
momentum and pressure tensor in cylindrical coordinates, and again reconstruct the missing
populations using the Grad approximation.

To simulate the domain rotation, the rotating part is solved in the relative system, which requires the
addition of source terms for the centrifugal, Coriolis and Euler forces. All these source components,
along with every other force, are incorporated via the exact difference forcing method from [30]. In the
present method, the grid of the rotating domain remains stationary and only the interpolation points
move in their respective directions. This simple approach has so far proven to be effective, accurate,
stable even at very high Reynolds numbers and well suited for parallelization, since every boundary
node can update its own interpolation points on the opposite side of the interface independently.
Figure 3 shows a sketch of two interface-adjacent boundary nodes: the light gray boundary node
belongs to the rotating domain, the dark gray to the stationary one.
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Figure 3 - Interpolation points around interface for a clockwise-rotating inner domain

2.5 Grid generator

In the conventional Lattice Boltzmann Method the time step and spatial resolution are coupled. It
therefore relies on uniform Cartesian grids for the space discretisation. While the generation of grids
for simple cases is straightforward, additional effort is required when dealing with general geometries
to ensure a robust creation of the computational domains. Due to the special requirements to the grid
in LBM codes, existing mesh generators for CFD codes based on other methods, such as the finite
volume method, could not be directly used. Grid generators from other open-source LBM packages do
not provide all the features required for the simulation of complex geometries, especially rotating
machines. It was therefore necessary to develop a separate program responsible for grid creation. The
octree grid structure and level set method provided in the bitpit library [31] were used as a basis to
build the grid generator used in this project.

The grid generator is able to distinguish between points inside and outside of a provided geometry,
therefore providing the initial grid resolution on a uniform point distribution. Below we provide an
example case using arbitrary geometries. Assume that the green object in Figure 4 is the flow obstacle
in the flow and the blue object is a refinement region.
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Figure 4—- Grid generator, starting point

Figure 5— Grid generator, geometry cutout
The obstacle geometry, provided as a triangulated STL file, can consist of multiple, separate patches.

These patches can be used to specify refinement levels. The grid is then locally refined according to
these definitions, as seen in Figure 6 below.
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Figure 6—- Grid generator, patch refinement

In addition, a local refinement feature was implemented, which allows the user to specify additional
geometries that describe refinement regions. These can be used to refine the grid in arbitrary regions,
according to the requirements of the simulation. As an example, the user could run a simulation and
find that a certain vortex region is not adequately refined. Using vortex tracking methods, an iso-
surface of this region can be extracted from the simulation results, which can then again be fed into
the grid generator as a refinement region. This procedure is shown in Figure 7, where, in addition to
patch refinement, the grid is further refined in and around the blue refinement geometry.
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Figure 7— Grid generator, arbitrary refinement region

When all of the above criteria have been fulfilled, the grid generator marks special nodes, such as
boundary nodes, and calculates boundary points and their normals and the local STL geometry, based
on a level set field. This data is then stored for the simulation.

A special requirement for the implemented refinement algorithm (see below) is that the grid levels
require a certain amount of overlap to allow data exchange. The basic octree data structure does not
directly allow this, which is why this is done as a post-processing step.
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The grid generator implemented in this project was parallelised using the MPI library, therefore
providing the ability to quickly generate grids on multicore machines or, for large cases, even on
compute clusters. It allows for flexible and robust generation of refined meshes on arbitrarily complex
geometries.

2.6  Grid conversion and domain decomposition

After the octree grid is generated, the mesh converter module translates it into the solver-internal
format. During this step, grid levels are overlapped and refinement information as well as additional
auxiliary grid data is generated.

Also included in this conversion step is the decomposition into multiple partitions for MPI-based inter-
node parallelism. LBM grid refinement algorithms compute every level independently and then
exchange information between the levels. Because of this, every level is decomposed separately into
equally sized partitions. In simulations of complex geometries with local grid refinement and the non-
local boundary treatment, this can lead to complicated communication dependencies. The present
code is able to resolve all these dependencies and allows for arbitrary domain decompositions. Some
manual decomposition methods are implemented, such as slicing in principal directions, splitting by
index and a more involved angular decomposition used in one of the turbo-cases. The code also
supports an automatic decomposition method, for which the METIS [32] library was employed. Figure
8 shows the decomposition using the METIS method of the pump-turbine case described in the later
sections.

Figure 8 — METIS decomposition into 4 partitions of pump-turbine case

20/75



2.7 Refinement algorithm

As mentioned previously, the Lattice Boltzmann Method is based on coupled space and time intervals.
Grid refinement, i.e. locally changing the resolution in space, directly leads to a change of the
resolution in time if we want to preserve the low-dissipative properties of the LB method. Grid
refinement is therefore usually implemented in such a way that the refinement factors are integers
(e.g. quadtree/octree refinement) and finer grid levels advance multiple steps in time while the
coarsest level only performs a single step.

The refinement algorithm implemented in this project is based on the ideas explained in [18], which
provides a method that avoids the low-order temporal interpolation of other methods. The original
algorithm can be summarised as follows (for two refinement levels):

1) Advection and collision on fine grid

2) Advection on coarse and fine grids

3) Rescaling of populations on twin nodes

4) Reconstruction (interpolation) of missing information
5) Collision on coarse and fine grids

The algorithm was adapted in multiple ways, however, which allowed the present algorithm to be
written in a simple, recursive way for an arbitrary number of grid levels.

Figure 9 shows an example of a timestep using three levels. The computational overhead for the
application of the refinement algorithm is contained in the “exchange data” blocks. The populations of
overlapping nodes can simply be rescaled, while others need to be reconstructed using interpolation.
Compared to the original implementation, the interpolation stencil was modified to allow for better
coupling between grid levels in case of local disturbances, therefore making it more stable. This
interpolation is currently a series of three sequential steps. It was attempted to condense this into a
single step, but the alternative interpolation method required for the single-step procedure was
susceptible to checkerboard solutions due to a reduced stencil.

The order of computations in Figure 9 suggests that multiple levels run at the same time. While the
solver is free to do this, in most cases the individual levels are large enough to saturate the GPU,
therefore leading to a sequential scheduling.

Time
Level 0 )
Level 1 ZE Level 1 i%”
Level 2 | | Level 2 E Level 2 | | Level 2

Figure 9 — Single time step on a grid with three levels
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2.8 Single- and multi-node parallelisation

The present code is implemented using the Kokkos C++ library [33], [34] which allows the code to be

compiled for a variety of different hardware setups. Kokkos is used for node-local parallelism, such as
OpenMP [35] or CUDA [36], while the MPI library [37] is used for inter-node communications, allowing
computation on large GPU clusters.

Running simulations on GPUs is the preferred method, as they outperform present CPUs in terms of
raw parallelism. However, GPU cards are often equipped with less memory than the host device,
therefore limiting the size of simulation cases which can be run. The solution to this issue is to take
advantage of multiple GPU cards to share the workload. The overall problem is decomposed into
multiple chunks, one per device used. Each device can then perform work on its own local data,
independently of the other partitions. At some point, however, data between partitions needs to be
exchanged to ensure that the simulation as a whole is still solved correctly.

Most MPI libraries nowadays offer direct support for device memory pointers, often labelled CUDA-
aware MPI. This has the advantage that in order to communicate data between devices, the MPI
library can directly access the device pointers and optimize the communication paths, without the data
first having to be explicitly copied to a host memory buffer. Some hardware setups provide direct
physical connections between devices, which then allows MPI to use these very high bandwidth
connections.

In the present implementation of the code, solution computation and inter-node data communication
are overlapped. This means that the code solves priority grid nodes first, then sets up data for transfer.
These priority nodes are only a small subset of the overall solution domain. While the computational
kernel solves the remaining grid nodes, MPI data is exchanged between devices, therefore avoiding
the need to wait for communications before advancing the solution.

2.9 Single precision capability

Special attention was given to the ability of the solver to run computations equally well in both double
or single precision. The advantages of using single precision can be found e.g. in lower memory
requirements, allowing larger cases to be run on smaller, cheaper, or fewer GPUs. Additionally, since
the LBM algorithms are mostly memory-bandwidth-bound, loading and storing less data immediately
leads to performance gains.

For some cards, especially ones primarily used for gaming, using single precision provides an
additional, significant boost in performance, as the number of available double precision cores is
generally much lower for such models.

All results presented in this report, with the exception of the verification cases, were run using the
single precision solver.

2.10 Turbulence modelling

While the current implementation using entropic MRT collision models remains stable even at very
high Reynolds numbers, the collision model does not provide an eddy-viscosity-like additional diffusion
in the classical sense. LES turbulence models can help model the unresolved turbulent stresses. The
main difference here is that these turbulence models are not used to stabilize the solver, but to
improve an already stable solution. The following pure LES models were implemented up to now:
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e Static Smagorinsky model with adjustable coefficient (see [38])
e Wall-adaptive local eddy viscosity model (WALE) [39]
e Sigma model [40]

In addition, the solver was enhanced with an explicit finite-volume solver which runs simultaneously on
the same grid as the LBM solution process. Using this method, additional scalar transport equations
can easily be added, allowing for the solution of the BSL k-omega turbulence model [41]. This way the
solver can be run essentially in full RANS mode, or the VLES (very-large eddy simulation) blending
functions can be applied. Currently, the blending from [42] was implemented, but since the focus of
this work lies on LES simulations, the evaluation of this method will be performed as future work.

Using the method described above, a turbulent wall function boundary condition was implemented,
which can be used with any of the above turbulence models. The boundary condition is based on the
iterative solution of Musker’s wall profile equation [43]. In this solution process, values for all relevant
near-boundary quantities can be derived and used to reconstruct missing boundary populations.
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3 Results and discussion

The BFE project “Lattice Boltzmann for Hydraulic Turbomachines” was officially started in July of
2019. In the following, we present an overview of the individual work packages and discuss the
completion of their respective milestones.

WP2:

The first milestone MS2.1 was concluded by implementing the basic code requirements for periodic
2D and 3D simulations, including the entropic MRT collision operator [16], which allows stable high
Reynolds number simulations. In addition, the code was extended to include a dictionary-based user
interface, such that various simulations can easily be set up.

The following milestone MS2.2 included the extension to arbitrary geometries, general boundary
conditions and rotating lattices as well as rotor-stator interfaces. With the inclusion of rotor-stator
interfaces and the possibility for multiple rotating frames, this milestone could be concluded.

Grid refinement in MS2.3 was completed by implementing a solution algorithm capable of dealing with
refined grids. In addition, a grid generator software for such refined grids was developed from scratch.

The semi-Lagrangian method (MS2.4) had some work done at the beginning of the project period but
was eventually abandoned due to its complexity.

The first version of an automatic wall function boundary condition was added.

In addition to the points mentioned above, features were included for the evaluation of transient
statistics, custom post-processing fields (e.g. vorticity, absolute/relative velocities, etc.), boundary
average calculations and force/torque evaluation. All of the above are selectable at run-time: the user
can define any number of arbitrary groups of boundary patches for boundary averaging and
force/torque evaluation (e.g. rotor blades + hub + shroud).

As such, WP2 could be completed.
WP3:

Node level parallelism is implemented for both CPU and GPU architectures. Inter-node parallelism
was implemented via the MPI standard, which allows the code to run in a fully parallel environment
and can be employed on large GPU clusters. All the simulation cases shown in this work were run on
at most 4 GPUs. The grid generator was extended to tackle domain decomposition for such
applications. As such, this work package is complete, with potential for future optimizations.

WP4:

Validation and verification is was completed for this project, but will see further work in the future. The
completion date for MS4.1 was moved to coincide with the finalization of the project documentation,
which is now finalized.

WP5:

Multiple multiphase models, including a new type of combination of a color-gradient method with the
entropic MRT collision operator, were implemented. The new model allowed for simulations of very
high Reynolds number two-component flows, but was limited by the density ratio. Ideas for cavitation
simulation were developed, but not implemented. The multiphase capability of the solver was left at
that state and not completed. This will be revisited in the future.
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WP6:

An HVAC radial fan was investigated on the topic of suspected rotating stall effects at low flow rates.
The occurrence of these phenomena could be confirmed using the present solver. In addition, a fully
detailed simulation of the unsteady rotor-stator interaction of the ERCOFTAC pump impeller was
performed and compared to measurements. The solver delivered accurate results in a very short
timeframe. A model-scale pump turbine case was investigated in the S-shaped region of the machine
characteristic. The instability was captured, but results will require further investigation. Best-practice
guidelines for hydraulic machines will have to be developed.

3.1 Solver verification

3.1.1 Plane Poiseuille flow

In this two-dimensional configuration the laminar flow between two parallel plates is investigated. The
case is translationally periodic and the flow is driven by a momentum source to counterbalance the
viscous friction induced by the top and bottom walls. This flow situation has an exact solution [44],
derived from the Navier-Stokes equations, and is used to verify the order of accuracy of the newly
implemented boundary conditions. In addition, the case will only allow this verification, if the basic
functionalities of the solver (streaming, collision, external forcing, domain integration etc.) are working
as intended. Figure 10 shows a sketch of the situation.

Figure 10 - Poiseuille flow sketch

The case was run in three configurations, in order to investigate the sensitivity of the interpolation point
locations, as well as the location of the boundary nodes with respect to the physical wall (for reference,
see Figure 2):

1. Ap =15 Ax, Ab = 0, boundary node very close to the physical location of the wall, but still in
the fluid domain.

2. Ap =1.5 Ax, Ab = 1, boundary node just under 1 Ax away from the wall.
3. A4p =1.3 Ax, Ab = 0, boundary node again very close to the wall.

The grid was refined from 16 to 128 grid nodes over the channel height H and the resulting velocity
profile compared to the analytical solution. Figure 11 shows the evolution of the 2-norm ||e||, of the
velocity magnitude error for all three cases.
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Figure 11 - Velocity error convergence for plane Poiseuille flow

3.1.2 Pipe Poiseuille flow

The second verification case presented here is also a forced, periodic and laminar flow but now
applied to a three-dimensional pipe geometry. In contrast to the previous simulation, the solver now
has to provide boundary conditions for a curved surface, while still ensuring that the basic functionality
performs well in three dimensions. See Figure 12 for an example setup using 64 grid nodes across the
diameter.

The solution to the flow field can again be derived analytically and was used to evaluate the simulation
errors. The code shows second order convergence for all three cases in the plane Poiseuille flow as
well as for both single and double interpolation point versions in the three dimensional pipe flow
(Figure 13). For the coarsest cases using two probes has a beneficial effect on the error levels, but as
the grid is refined, these differences reduce significantly.

Figure 12 - Poiseudille pipe flow at a resolution of 64
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Figure 13 - Velocity error convergence for pipe Poiseuille flow

3.1.3 Taylor-Couette flow with rotor-stator interface

Taylor-Couette flow is a flow configuration between two concentric cylinders, rotating either alone or
simultaneously. This represents a minimal setup for rotor-stator systems as they occur in
turbomachines. It would be possible to solve this problem in the absolute reference only, using no-slip
walls with circumferential velocities. The intent here, however, was to test the rotor-stator interface
boundary condition, as well as the forcing terms in the rotating inner domain.

At low Reynolds numbers, i.e. laminar flow, exact solutions for the radial velocity, pressure and shear
stress distribution exist (see e.g. [44]). Figure 14 shows a sketch of the simulation setup including the
location of the rotor-stator interface, which is half-way between the inner and outer cylinders and

marked by the dashed line. The domain below the interface is therefore solved in the relative system.

we =10

Figure 14 - Taylor-Couette flow sketch

Figure 15 shows a close-up of the refined grid used here. It has to be noted that this level of grid

refinement is not necessary for this case and is simply used here to show that the solver can handle
such setups.
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Figure 15 - Taylor-Couette refined grid

Figure 16 to Figure 18 show the comparison of the simulation data with the exact solutions of
pressure, velocity and shear stress, respectively. The gaps in the plots indicate the position of the
interface and changes in grid levels. The exact pressure was chosen such that the value at 7, is zero
and the simulation pressure, given by p = p c2, used the resulting boundary point pressure as the
zero-reference. The agreement with the exact solution for both the circumferential velocity and the

shear stress is very good. Minimal deviations can be observed in the pressure in the rotating domain.
This will be investigated further.
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Figure 16 - Pressure
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Figure 18 - Shear stress

In addition, the analytical solution provides an expression for the torque on the inner cylinder. For the
present case, where w; = 0.13333 [s1], r;/1, = 0.5 and v = 0.0045 [m?/s], the exact torque value and

the value obtained in the simulation, using the stress integration provided by the new boundary

conditions, are:

Exact

-0.010053 [Nm]

Present

-0.010075 [Nm]
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3.2 Validation

3.2.1 Lid-driven flow in a cavity

As part of the validation of the basic code features, the two-dimensional laminar flow in a square cavity
was simulated. The case was studied by Ghia et. al [45] during the development of multigrid methods
for incompressible Navier Stokes simulations. It has served as a reference solution for code validation
in many publications.

Here, fluid is located in a square domain bounded by walls. The top wall has a tangential velocity
component, while all other walls are at rest. The following sketch shows the overall setup of the
simulation domain:

U

Figure 19 - Lid-driven cavity

The Reynolds number for this case is defined as

LU
Re = —

(7
v
where the length scale L is taken as the edge length of the square domain and the velocity scale is
given by the velocity of the top wall. Here we show the results of a single Reynolds number of 100 on
a uniform grid with a resolution of 128 x 128 nodes. Figure 20 below shows the resulting flow field of
the asymmetric vortex, along with counter-rotating corner vortices in the lower half of the domain.
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Figure 20 — Cavity flow field

The horizontal and vertical velocity components were evaluated along the dashed lines indicated in
Figure 20 above. In addition to the results obtained on a uniform grid, a variant with a coarsened grid
was added to this evaluation. The grid can be seen in Figure 21 below. Note that the area close to the
walls has the same resolution as the uniform grid, while the core resolution is reduced by a factor of
two. This reduces the overall mesh size, therefore reducing computational effort, but still producing
good results.

Figure 21 - Coarsened grid of lid-driven cavity
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Figure 22 and Figure 23 below show these velocity components in comparison with the original data
from [45]. The thick vertical lines represent the position of the grid level transition.
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Figure 22 - Velocity in x-direction along y-slice
0.3 T T
0.2
0.1
E
s 0 !
s
)
—0.1
—02| = Reference
—— Uniform Mesh
- == Coarsened Mesh
—0.3 ' '
0 0.2 0.4 0.6 0.8 1

x/L[-]

Figure 23 - Velocity in y-direction along x-slice
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The results agree very well with the reference solution. The solutions on the uniform fine grid and the
one obtained with a coarser core domain are almost indistinguishable, and no artifacts are visible at
the grid transition regions.

3.2.2 Flow around cylinder

This simulation shows the flow around a cylinder in free stream. Figure 24 below shows a sketch of
the simulation domain:

— O

Figure 24 - Cylinder case setup

The results are shown here for three different Reynolds numbers of 20, 100 and 500. The Reynolds
number is defined using the free-stream velocity and the diameter of the cylinder, which in this case is
0.1 [m]. The lowest Reynolds number results in steady, laminar flow, while in the medium case, a
vortex street will start to form. In case of the highest Reynolds number, turbulent structures will start to
appear in the wake of the cylinder. For all cases, the drag coefficient and Strouhal numbers are
compared to simulations and simulations of other authors. The drag coefficient relates the drag force
on the cylinder to the dynamic free stream pressure and is defined as

F,
Cg=—o— (8)
1/2pU%A

The Strouhal number characterizes the dimensionless frequency of the intermittent flow separation
from the cylinder surface. It is defined as

_fp
= (9)

where f is the separation frequency, D is the cylinder diameter and U is the free-stream velocity.

St

This simulation was run using two types of grids: a uniform grid, and a coarsened grid. In both cases
the diameter of the cylinder was resolved with only 10 grid nodes. Figure 25 below shows a snapshot
of the instantaneous vorticity distribution in the uniform grid, Re = 500 case as a volume plot.
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Figure 25 - Cylinder wake vorticity

Figure 27 and Figure 28 below show the respective comparisons to reference data. The reference
simulations were performed in [15] and the references to the measurements are also contained
therein. These data points serve as the greyed-out background of the diagrams which are overlaid
with the results of the present solver. The Strouhal number for Re = 20 is 0, as there is no periodic
vortex formation.

The uniform-grid results agree well with the reference simulations and the measurement data for both
the drag coefficient and the Strouhal number. This shows that the implemented boundary conditions
are able to deal with grid-aligned boundaries as well as such general “off-grid” boundaries. They
deliver accurate force results for the investigated Reynolds number range, even at a very low grid
resolution of the cylinder. As mentioned above, in addition to the uniform-grid solutions, a second grid
was run using the refinement procedure. The resolution of the cylinder was kept the same as in the
uniform case, but the surrounding domain was coarsened by one level. A closeup of the grid can be
seen in Figure 26. For that case the drag coefficient was again in good agreement with reference data,
while the results of the coarsened grid are not visibly worse than the uniform grid. However the
number of nodes were lowered by >85%, making the simulation much faster to compute.

The uniform grid case can easily be run on a normal workstation and the results over 50 seconds of
physical simulation time can be obtained within five minutes of calculation time.
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Figure 26 - Close-up of coarsened mesh in cylinder case
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Figure 27 - Cylinder drag coefficient at Re = 20, 100 and 500
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3.2.3 Flow between parallel plates

One of the most important cases for evaluating a code’s ability to accurately represent wall-bounded
flows is the flow between parallel plates. The reference DNS solution by Moser et al. [46] is publicly
available and has therefore widely been used for code validation in the fields of LES solvers as well as
wall functions in RANS turbulence modelling.

The case mimics flow between two infinitely large parallel plates, as shown in Figure 29 below. The
two plates are stationary wall boundaries and the flow is driven by an external acceleration to
compensate for the friction losses of the walls and maintain a constant average velocity. The infinitely
large domain size is modelled by using periodic boundaries in streamwise and lateral directions.

Figure 29 - Flow between parallel plates setup

The flow is characterized by the friction Reynolds number defined as

hU,
Re, = (10)
A%
where h is the channel half-height (H/2) and U, is the friction velocity defined as
T

with t,, being the wall shear stress.

Here we present the results for a simulation at Rer = 395, leading to an average velocity of 0.138
[m/s], run on uniform grid using 129 grid points over the total channel height, as well as two coarsened
grids consisting of two and three grid levels. Figure 30 shows the two coarsened grids used for the
present simulation. All three grids use the same resolution near the walls.
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Figure 30 - Grid of 2- and 3-level channel setup

Figure 31 shows a snapshot of the instantaneous flow field along with surface contours of constant
vorticity, which highlight the turbulent structures close to the walls. This figure was obtained on a
coarser, uniform grid.

U Magnitude
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Figure 31 - Instantaneous velocity and vorticity from coarse grid uniform grid solution
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Figure 32 to Figure 35 below show the time-averaged velocity profiles for both the uniform and the two
coarsened cases, as well as the velocity fluctuations and Reynolds shear. All data is shown in
comparison with the DNS results by Moser et al. [46]. The results are presented as dimensionless
guantities, whose definitions are as follows:

Ay u,
+ = 12
y S (12)
u
ut = — 13
- (13)
wt= — (14)
Uy
st = 2 (15)
uT
w
W= - (16)
u"l’
ulvl+ — uv (17)
u?

Here Ay is the physical distance from the wall, u is the streamwise velocity and u, is the friction
velocity, calculated from the wall shear stress. All primed quantities represent fluctuations of the

respective velocity components. The u'v' covariance represents the Reynolds shear stress divided by
the viscosity and is normalized with the square of the friction velocity.

The agreement of the results with the reference DNS solution for the velocity profile is good for all
cases.

The second order statisticss_hown in Figure 33 and Figure 34 agree with the DNS results, but the u’

fluctuations, as well as the u'v' covariance is slightly underpredicted, which can be attributed to the
relatively large first wall distance.

The three-level case shows some deficiencies in the wake region for the velocity fluctuations, which is
simply due to the coarseness of the grid in this region. Artifacts due to grid changes are barely
noticeable.
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Figure 32 - Dimensionless velocity profile for all 3 cases compared to DNS
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Figure 33 - Dimensionless velocity fluctuation profiles for all 3 cases compared to DNS
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Figure 34 - Dimensionless Reynolds shear component for all 3 cases compared to DNS

3.2.4  Flow between parallel plates using a wall function

In order to test the implemented wall function boundary condition, the channel case was re-run at
significantly higher Re, values, using a very coarse mesh. All cases presented below were run on a
mesh consisting of only 21 cells across the full channel height H. At Re, = 5200, the bulk Reynolds
number based on H and the average flow velocity becomes Re, = 125'000. In this case the first grid
point is located at a y* value of 245. For all wall function cases the static Smagorinsky turbulence
model was applied, using a constant of C; = 0.2. This is a rather high value, but acceptable,
considering the large Reynolds numbers and very low mesh resolution. The results of the time-
average wall profiles in comparison with DNS results from [47] in Figure 35 show that the wall function
delivers good results for the wall friction and its effect on the core flow. Some oscillations in the first 2
grid nodes can be observed, which will be investigated and improved in the future. Deviations are also
visible in the wake region of the wall profile, which can be attributed to the coarseness of the grid.
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Figure 35 - Velocity profiles of wall function solution compared to DNS

3.2.5 NACAO0012 tip vortex

This simulation of the flow around a 3D NACAO0012 airfoil in a constrained channel serves as a popular
test case for turbulence models in a RANS context (see e.g. [48]). The focal point of the investigations
lies on the development of the wing tip vortex and its evolution downstream of the wing profile. Most
RANS models are unable to sustain the vortex without modifications to the model formulation.

This case is particularly interesting from a numerical perspective as the Reynolds number is very high
for a Lattice Boltzmann simulation. The Reynolds number, defined by the airfoil chord and the inlet

velocity, is 4.6-106.

The case consists of a 3D wing profile with rounded tip attached to the side wall of a rectangular wind
tunnel. Figure 36 below shows a sketch of the computational domain.
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Figure 36 - Sketch NACAO012 case

Figure 37 below shows a snapshot of the vorticity magnitude as a volume plot on a coarse, uniform
grid. The tip vortex can very clearly be identified.

The simulation grid consists of approximately 150-1086 grid nodes

Figure 37 - Vorticity snapshot NACA0012

Figure 38 to Figure 40 below show the comparison of the crossflow velocity

2 2
J JUZ+ U2 (18)

c = Uoo
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at different positions downstream of the wing to measurements also used in [48] (references therein).
The main flow direction is x and U,, = 58.258 [m/s] is the inlet velocity. The distances are measured
relative to the airfoil chord and are set at 0%, 24% and 67%. The 0% point corresponds to the position
of the trailing edge of the wing.

Overall, the vortex is captured quite accurately, especially close to the blade at 0%, where the triple-
peak of the crossflow velocity can be observed. Further downstream, at 24% and 67%, the vortex size
and strength remains nicely conserved, but becomes slightly asymmetric. This is most likely due to the
way the vortex separates from the wing, which will need to be investigated further. The choice of LES
model only has a minimal influence on the solution, which is a desirable property. Results shown here
were obtained using the static Smagorinsky model, using a default constant of 0.15.
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Figure 38 - Crossflow velocity at 0%
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Figure 39 - Crossflow velocity at 24%
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Figure 40 - Crossflow velocity at 67%

3.2.6 Turbulent conical diffuser

The turbulent flow in a conical diffuser is a challenging problem for RANS-based CFD solvers and is
presented here to show the advantages of using a scale-resolving simulation method. The case
involves a conical diffuser with half-angle of 14°, operated at a Reynolds number of 15'400. A periodic
inlet section was one-way coupled to the diffuser domain to provide fully developed turbulent inlet flow
quantities. Figure 41 shows the turbulent structures in the diffuser section, visualized by the Q-criterion
of the instantaneous flow field, coloured by the velocity magnitude.

Figure 41 - Turbulent structures in conical diffuser
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Figure 42 to Figure 47 show the simulation results compared to measurements performed in [49]. For
visibility the u and v velocity components, as well as the turbulent stresses use different scaling
factors. The presented results are recorded after an initial start-up phase and subsequently averaged

circumferentially.
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Figure 44 - Reynolds shear stresses u'v'
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Figure 45 - Reynolds normal stresses u'u’
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Figure 47 - Reynolds normal stresses w'w’

3.2.7 Multiphase simulations

220

The simulation of cavitation phenomena in hydraulic machines will require a way of simulating multiple
phases of the involved fluid. For this purpose, the multirange pseudopotential method by [50] was
implemented into the current KBC framework. This implementation is based on the constant
temperature assumption and allows the simulation of two distinct phases at a fixed density ratio. The
density ratio can be selected by adjusting the temperature.

In a first step, the implementation was validated by simulating a single stationary bubble in a periodic
domain and recording the resulting density ratios. The simulation was initialized with a circular
hyperbolic tangent profile of two density levels (liquid and gas) close to their respective targets. During
the run, the domain will evolve until it reaches a stationary equilibrium at a certain density ratio.
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The resulting values for the respective densities need to follow the coexistence curve given by
Maxwell’s equal area rule for the method to be physically meaningful. Figure 48 below shows one
example of such a bubble at the final state. The fluid density was evaluated at the center of the bubble

and the gas density in the lower left corner (indicated by the two crosses).
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Figure 48 - Two-phase stationary droplet

Figure 49 below shows the current results of this evaluation. The greyed-out background was taken
from [50] and serves as a reference for the present results. The results from the present code, up to a
density ratio of ~385, are plotted over the reference data and generally show very good agreement.
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Figure 49 - Liguid-vapour coexistence curve for stationary droplet
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In order to further validate the implementation, the splashing case from the same reference paper was
reproduced using the present code. Figure 50 shows a sketch of the initial condition.

Wall

J

Periodicity
Periodicity

Wall

Figure 50 - Droplet splashing setup

Based on the initial droplet velocity, the fluid density, viscosity and surface tension, the case can be
classified with a Reynolds humber Re = 5000 and a Weber number We = 220, where

2
_UDe (19)
(e}

We

The snapshots of the evolution of the simulation shown below qualitatively agree well with the results
presented in [50] but were not analyzed in detail.
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Figure 51 - Evolution of splashing simulation
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In addition to the model presented above, the color-gradient method for multi-component flows, shown
for example in [51], was implemented into the present code. The method has the advantage that the
interface thickness is significantly reduced, leading to lower grid requirements for comparable
simulations. Additionally, physical properties, such as the surface tension, can be more directly
specified.

The model was embedded into the present entropic MRT method, allowing for multi-component flows
at very high Reynolds numbers. Rayleigh-Taylor instability simulations could be carried out at
Reynolds numbers of 1068,

A very early test case from a jet injection at a density ratio of 3 is shown in Figure 52 below.

Figure 52 - Multicomponent jet flow, interface iso-surface (left) and vorticity field (right)

The presently implemented model was able to run static droplet cases at very large density ratios
(1000 and higher). However, due to error terms which depend on the product of the velocity with the
density ratio, simulations become unstable when high density ratio flows are moving. ldeas for a
remedy were discussed, but could never be fully developed.

3.2.8 90° pipe bend

The flow through a 90° pipe bend was simulated at a Reynolds number of 5300, based on the bulk
velocity and the pipe diameter D. In order to provide a fully developed, turbulent inlet flow, a recycling
section was added to the inlet part, which is one-way connected to the rest of the domain. For the
outlet, the non-reflective outflow boundary condition was used.

The case was run using the WALE turbulence model, without wall function boundary conditions, as the
grid was sufficiently refined.

Using a bulk velocity of 1 [m/s], the case was run for 10 seconds of physical time, with averaging
starting after 5 seconds. At a uniform grid size of approximately 107 grid points, the simulation can be
run on a simple workstation GPU in about 30 minutes.
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The time-averaged streamwise velocity was recorded through the pipe center at a distance of one
diameter below the bend, and compared to results from a DNS computation in [52]. A sketch of the
evaluation location along with a snapshot of the instantaneous velocity flow field can be seen in Figure
53.

Figure 54 shows the comparison between the present solver and the reference data. The velocity
profiles of the two cases agree very well, with slight deviations near the inside wall, which may be due
to the closeness of the inlet section to the bend.

U Magnitude

Figure 53 — Snapshot of instantaneous flow field around 90° bend
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Figure 54 - Mean streamwise velocity component

3.2.9 Radial fan

The case presented in this section was provided by a client, who approached HSLU for analysis of an
existing radial fan geometry, suspecting optimization potential in terms of efficiency and noise
generation. While the task for the client was carried out using conventional CFD methods, it was
additionally investigated using the present LBM solver, specifically at lower flow rates, where hints of
rotating stall were noticed.

Figure 55 shows an overview of the investigated geometry, while Figure 56 shows the same geometry
as a volumetric plot of the vorticity. The artifacts visible in the geometry overview are due to the
domain partitioning.

Figure 55 - Multi-level voxel grid of radial fan simulation
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Figure 56 - Volumetric plot of instantaneous vorticity

Because the geometry and the results are proprietary, operating data cannot be described in detail,
and only dimensionless results can be shown in the following figures. The Reynolds number of the
case, based on the rotational speed of the impeller, was in the order of 105.

The simulation was carried out using a grid size of approximately 90 million grid points and was run on
a workstation using two GPUs. A simulation of four impeller revolutions, two for initializing, and two for
recording, can be completed in about 4 hours. Figure 57 below shows the close-up of the simulation

grid.

Figure 57 - Radial fan grid

Figure 58 shows the comparison of rotor torque over two impeller revolutions for two different flow
rates. Q1 corresponds to approximately 70% of the nominal flow rate used in Q2. The torque level is
lower for the Q1 case and low-frequency oscillations can be observed, which are largely absent in Q2.
This frequency of these oscillations hints at single-cell rotating stall occurring at the lower Q1 flow rate.
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Figure 58 - Normalised torque of fan rotor shown over dimensionless time

Figure 59 and Figure 60 below show the relative-frame velocity normalised by the rotational velocity
for case with the lower flow rate Q1 at two different points in time A and B. The relative-frame velocity
is defined such that the velocity is taken relative to the local domain, which means that in the
stationary spiral casing, the relative and absolute velocities are identical.

The black circles indicate the regions in the rotor, which are completely blocked due to the rotating
stall cell. Comparing the two figures and taking into account that the partitioning of the rotor domain
remains constant during the simulation, it is evident that the stall cell is moving at a different rotational
speed compared to the rotor.

Unfortunately, there were no available measurements for comparison, and the other CFD simulations
did not further investigate this topic.
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Figure 60 - Rotating stall cell in radial fan, time position B



3.2.10 ERCOFTAC radial pump impeller with bladed stator

The case presented here is a radial pump impeller originally measured by Ubaldi et al. [53]. It was
used as a test case for the turbomachinery capabilities of the open-source library OpenFOAM and
other commercial CFD codes. It was presented in the context of an ERCOFTAC seminar [54]. The
overall pump geometry is shown in Figure 61. Figure 62 shows a detailed depiction of the purely radial
impeller and diffuser blades along with the local coordinate system used in the results section below.

The position of the latter could be varied in the original experiment, both in terms of angle and radial
position. Figure 63 shows the setup used in the present calculations. The machine runs at a speed of
n = 2000 [min-1] and a Reynolds number of 6.5-10%, based on the impeller blade chord length

¢ =0.222 [m] and the tip speed at the impeller outlet U, = 43.982 [m/s]. For additional parameters,
the reader is referred to the original publication [53].

Figure 61 — Experimental setup, picture taken from [53]

Figure 62 — Local coordinate system

The pump impeller is treated as unshrouded, but tip gaps were not resolved. The rotor domain was
solved in the relative (rotating) frame of reference and was connected to the stator domain via a
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sliding-grid rotor-stator interface developed in this work. The boundary condition setup for the
simulation was as follows:

e Inlet: Fixed value pipe velocity profile based on the Gersten-Herwig correlations from [55].
e OQutlet: Fixed-pressure non-reflecting outlet, based on [26].

e Rotor hub and blades: no-slip walls (relative system).

e Rotor shroud: counter-rotating wall (relative system).

e Stator walls: no-slip wall.

The grid resolution on the coarsest grid (level 0) was given by Ax = 2 [mm] and the wall boundaries
and the interface were refined by two additional grid levels. This lead to an overall grid size of about
93.5 million nodes. Taking into account that, due to the refinement algorithm, more work needs to be
done on finer grid, the effective mesh size (in terms of work done) can be estimated at 360 million
nodes. Figure 64 shows a close-up of the computational grid in the rotor-stator region.

The simulation was run for a total of approximately 0.2 [s] of real time, equating to about 6.5 impeller
revolutions. Data was gathered after two full impeller revolutions in order to eliminate initial transient
effects.

stator domain

/radial outlet

axial inlet

rotor domain

Figure 63 — Simulation setup Figure 64 — Grid close-up

In the following, velocity profiles at the rotor outlet are investigated. The profiles are taken at mid-span
at a radial location of 1.02 R, and cover a circumferential region of two impeller blade passages. For
clarification, the local coordinate system refers to the one previously shown in Figure 62. The
coordinate label Y;/G;, consisting of the circumferential coordinate Y;, normalised with the
circumferential pitch G;, is again taken from the original publication [53], which also provides the
measurement values used for the comparison below.

The measurements in [53] were performed on a model centrifugal compressor setup consisting of an
impeller with 7 blades and an adjustable 12-blade diffuser component. The velocity distributions were
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recorded in the vaneless region between the rotating and the stationary part by using a single hot-wire
probe, which recorded signals over two rotor channels once per revolution. These signals were
recorded for 700 revolutions and subsequently averaged. The process was then repeated for 30
different relative rotor-stator positions. The axial direction was resolved by traversing the probe using
17 points. The obtained data was then reduced to obtain the once-per-revolution averaged velocity
profile over two rotor passages for the 30 relative positions of the rotor with respect to the stator.
Averaging over all these positions provides the circumferentially-averaged velocity profiles. Both the
radial and circumferential velocity values are normalised with the rotor tip circumferential velocity

U, =43.982 [m/s]. The simulation results in these locations were averaged in two different ways. The
first one corresponds to the "ensemble-averaged" quantities referred to in the original paper. Figure 65
shows an example for how the measurement results are presented in the original publication, here for
the radial velocity at the impeller outlet, both ensemble averaged and its circumferential average.

o-es-s ansemble overaged

--------- circumferential ensemble averaged
v impeller blade position
s diffuser vane position

05—y 1/T=0.126
0.4
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Figure 65 — Measurements at z/b = 0.5 over 2 impeller passages, Ubaldi [53]

In order to keep the amount of required impeller revolutions low, the averaging procedure was
adapted for the simulation. The velocity profiles over two rotor passages are recorded with a resolution
of 160 points which are stationary in the relative frame. These points are then triggered simultaneously
to obtain an instantaneous snapshot. This process is repeated at different steps in time to obtain such
profiles for 30 different relative rotor-stator positions over one stator blade passage. Each rotor blade
contributes a full set of 30 times 160 data points at different points in time. The "circumferentially
ensemble-averaged" profiles can immediately be obtained again by averaging over all 30 relative
positions.

Figure 66 shows the evaluation points for a single rotor blade over the two involved passages.
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Figure 66 — Evaluation probe locations

As mentioned above, to obtain reasonably converged ensemble-averaged quantities, at least 3 full
impeller revolutions are required after the initial startup. Due to the averaging procedure developed
here, the circumferentially averaged profiles already converge after about half an impeller rotation.
Other quantities, such as global pressure difference or impeller torque, already start to stabilize after a
single impeller rotation counted from the start of the simulation. Simulations involving only such
information can be completed in significantly shorter time than when local flow profiles are required.

Figure 67 to Figure 70 show the ensemble-averaged radial and relative circumferential velocities over
two impeller passages and the full hub-to-shroud region. Each figure shows a different relative rotor-
stator position. The solver is able to capture the general flow features and the almost two-dimensional
structure of the flow field.
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Figure 67 — Comparison of hub-to-shroud measurement data and simulation results over

two impeller passages at rotor-stator relative position t/Ti = 0.126
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Figure 68 — Comparison of hub-to-shroud measurement data and simulation results over
two impeller passages at rotor-stator relative position t/Ti = 0.226
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Figure 69 — Comparison of hub-to-shroud measurement data and simulation results over

two impeller passages at rotor-stator relative position t/Ti = 0.326
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Figure 70 — Comparison of hub-to-shroud measurement data and simulation results over

two impeller passages at rotor-stator relative position t/Ti = 0.426

Figure 72 to Figure 75 below show the ensemble-averaged velocity profiles at the mid-span section,
obtained with the present code, for the radial and the relative circumferential velocity. The square and

triangular markers in all figures indicate the position of the stator and rotor blades, respectively. In
Figure 71 the circumferentially averaged velocity components are displayed.

The circumferentially averaged radial velocity as well as the relative circumferential velocity in Figure
71 are evenly periodic and follow the trend of the measured data. The circumferential velocity is

underpredicted in its magnitude, which could explain the circumferential shift the location of impeller
blade wakes, but the overall profile is accurately captured.
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Figure 71 — Comparison of circumferentially averaged data at mid-span z/b = 0.5

The ensemble-averaged velocity profiles in Figure 72 to Figure 75 show the same shift in wake
positioning and emphasize the reduced wake thickness in the simulation. This suggests that the wake

separation region is generally underpredicted, which could also explain the influence on the
circumferential velocity.
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Figure 72 — Comparison of ensemble-averaged data at z/b = 0.5 and rotor-stator relative position t/Ti = 0.126
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Figure 73 — Comparison of ensemble-averaged data at z/b = 0.5 and rotor-stator relative position t/Ti = 0.226
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Figure 74 — Comparison of ensemble-averaged data at z/b = 0.5 and rotor-stator relative position t/Ti = 0.326
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Figure 75 — Comparison of ensemble-averaged data at z/b = 0.5 and rotor-stator relative position t/Ti = 0.426

The radial velocity in Figure 72 to Figure 75 clearly show the blockages due the stator blades at

Y;/G; = 0.5 and 1.8, which are not present in the circumferentially averaged profile. The stator induced
unsteadiness, e.g. in the region from about Y;/G; = 0.4 to 1.0 and 1.4 to 2.0, which was the main
interest of the investigations in [53], is accurately captured and evolves from a two-peak structure in
Figure 72 and Figure 73 into the three-peak shape in Figure 75.

The relative circumferential velocity in Figure 72 to Figure 75 exhibits similar properties as already
observed in Figure 71. The impeller suction side regions show reduced circumferential velocities for

both instances of the impeller blades compared to measurements, but most of the stator induced
unsteadiness is observable.

The present case was investigated in a number of publications and theses, such as [56] [57] [58]. The
best agreement with measurements were obtained in [56] using a 3D unsteady RANS simulation, but
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it has to be noted that the result quality varies significantly with the chosen turbulence model (for
examples see the original paper). The best solution for the radial velocity uses a different turbulence
model from the best solution for the circumferential velocity.

The present method has the advantage that this dependency is minimal or non-existent, depending on
the grid resolution, as most of the turbulent spectrum is resolved. Model influence investigations can
therefore be omitted.

Despite the discrepancies in the impeller blade wakes, the present results shown above are promising.
Further improvements can be made by simply increasing the grid resolution, which is currently limited
by the amount of GPU memory. In addition, the inlet conditions have a direct influence on the results
but are essentially unknown. The present setup, where the inlet is turbulence-free, could be improved
by providing more meaningful transient turbulent boundary conditions.

Most notably, with the code in its current unoptimized state, using the single new cluster node
mentioned in section 3 above, the present results are obtainable in 5-6 hours. Considering that the
code is not optimized and the meshing and postprocessing processes are done fully automatically, this
simulation technique promises to be very attractive.

3.2.11 Pump-turbine

For this transient analysis a model-scale low specific speed (n, = 26) pump-turbine is used, which was
produced by Andritz hydro and measured at HSLU. The specific speed is defined as
ng = n@ (20)
Hz
where n is the runner speed, Q is the volume flow rate and H is the head.

The head for the prototype-scale pump-turbine ranges between 510 [m] — 530 [m] with a maximum
power output of 165 [MW].

The guide vane angle used in the present simulation is 6°, which corresponds to the setup for the
synchronization point. The best efficiency point is obtained at a guide vane opening of 20°.

This case was the center of several publications on the topic of pump-turbine instability (see e.g. [59]).
There it was shown that capturing the correct behaviour requires transient simulations, while the
results are still dependent on the chosen turbulence model. In some cases, a specific choice for the
turbulence model produced no instability at all.

The simulated geometry consists of the four main components spiral casing and stay vanes,
adjustable guide vanes, runner and draft tube, shown in Figure 76. The side cavities and leakage
flows are neglected.

An extension and a pinched segment were added to the end of the draft tube to suppress backflow.
While the solver is able to handle a certain amount of backflow at outlet boundaries, it is
recommended to avoid it.
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A: Spiral casing and stay vanes
B: Guide vanes

C: Impeller

D: Draft tube

Figure 76 - Pump turbine geometry overview

Figure 77 - Close-up of vane position and rotor geometry
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The machine characteristic was simulated both in pump and turbine mode, using water as the working
fluid, at a runner speed of 1200 [rpm]. Note that for the highest flow rate, the runner speed was
reduced to 500 [rpm], essentially making this its own separate operating condition.

The Reynolds number, based on the rotational speed of the impeller, was 12.6-108, which is extremely
high for Lattice Boltzmann simulations.

The total physical simulated time was 1 [s], corresponding to 20 impeller revolutions. Evaluation of
statistical quantities was started after 10 revolutions and collected over another 10.

Two different grids were generated for this case: grid A consisting of 92-108 grid points and grid B with
170-108. Note however, that in the coarser mesh A, the boundary resolution of the draft tube is
effectively finer than the one in mesh B. Figure 78 to Figure 81 show close-ups of the grid in the pump-
turbine runner and the surrounding areas. Also here, artifacts in the grid denote the domain
decompositions.

Figure 78 - Pump-turbine mesh, side view, grid A

W o

i r i
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Figure 79 - Pump-turbine mesh, side view, grid B
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Figure 81 - Pump-turbine mesh, top view, grid B

The simulation results were evaluated in terms of the dimensionless runner speed k,; and the
dimensionless flow rate k.,,;, which are defined as follows:

nnD

J2gH

kuy = (21)
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Where n is the runner speed, D its diameter, Q the volume flow rate and H the head.

The simulation results are compared to measurements performed by HSLU in 2017 and reported e.g.
in [59] in Figure 82.
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Figure 82 - Pump-turbine characteristic

The agreement with measurements away from the zero flow rate region is good, and the results of
both grids clearly capture an unstable S-shape in the characteristic. However, as the flow rate gets
closer to zero the results show a relatively large deviation from the measured values. Grid B, which
resolves the runner and the vaneless space more accurately, shows much better agreement.

In reverse pump mode, i.e. the runner rotating in turbine direction, but with a negative flow rate, both
grids show a significant deviation from the measurements. This could be due to the outlet pinch acting
as a diffuser in this flow direction, which, if separation occurs, could lead to increased losses. In all
cases, the outlet section is included in the loss calculation, as it is currently not possible to accurately
record data on arbitrary surfaces in the domain, which will have an effect on the calculated values.

The discrepancies will be analyzed in more detail in the future, including a part-by-part investigation of
pressure drops in the pump-turbine components and the draft tube sections.

It has to be noted that such a simulation has never been performed before with the Lattice Boltzmann
Method and these first results presented here are very promising for future analysis and
developments.
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4 Conclusions

In this work, a new CFD simulation software, based on the Lattice Boltzmann Method was developed.
The code was tested on a series on verification and validation cases and is able to deliver accurate
results of turbulent flows in complex geometries.

The code was applied to the simulation of full turbomachines in the form of fans, pumps and pump-
turbines. The simulations presented in this report are the first of their kind in the context that they were
presented and have shown that the Lattice Boltzmann Method can provide a viable alternative to
classical RANS-based simulation methods.

Further work will be required, both in applying the presented method and improving the existing
software.

5 Outlook and next steps

The CFD solver developed in this project is ready for application to a wide variety of test cases in the
context of hydraulic machines. Experience will need to be generated for the use of this new method
and best practice procedures will have to be developed. All simulation results presented here will be
revisited and further refined in the near future.

In terms of technical next steps, the focus will lie on improving the solver performance and reducing
the memory requirements. For both of these steps, the potential for large improvement steps is very
high, and first ideas are currently being evaluated.

The topic of multiphase and multicomponent simulations is also worth revisiting, also in the context of
free-surface situations, as they occur in Pelton runners.
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