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Abstract

The air flow through a generator has been numerically investigated
with different rotor and stator designs to give a better understanding
of the flow for cooling purposes. A simple rotor design has been chosen
to start with, and modified through a set of changes, where stepwise
modifications have been imposed to the design of the rotor and the sta-
tor. The flow properties for all cases have been compared to each other
to see the effect of each parameter change on the flow inside the ma-
chine.

The flow is predicted with the OpenFOAM solver M RF Simple FOAM,
which uses the Frozen Rotor concept. This means that there is no ac-
tual mesh movement in this study, but instead, the rotating regions in
the domain are provided with source terms that account for rotation.

The choice of the turbulence model for solving the air flow in the
generator was based on a study of the turbulence models and validation
test cases. All incompressible RAS turbulence models in OpenFOAM-
1.5.x were studied and the implementations were compared to the orig-
inal models. Many of the mentioned turbulence models were tested on
a backward-facing step test case. The numerical results were compared
to the experimental data and the most appropriate turbulence model
was chosen. Details on turbulence model studies are discussed in Ap-
pendix A. A laminar Couette flow between two concentric cylinders was
run and the numerical velocity and pressure distributions between the
cylinders were compared to the analytical resutls. More details on the
validation test cases are found in Appendix B.

Keywords: CFD, Generator, OpenFOAM, Launder-Sharma k-¢ ,Mul-
tipleReferenceFrame
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Nomenclature

Latin symbols

Ca 1
C€2

constant in k£ — ¢ turbulence model

constant in k — ¢ turbulence model

constant in k — ¢ turbulence model

extra source term in k£ equation of low-Re turbulence models
extra source term in ¢ equation of low-Re turbulence models
damping function in ¢ equation of low-Re turbulence models
damping function in ¢ equation of low-Re turbulence models
damping function in v; formulation of low-Re turbulence
models

turbulent kinetic energy

pressure

turbulent production term

VEk

strain rate tensor

friction velocity

velocity derivative

Cartesian components of velocity vector
Cartesian coordinate vector component

Greek symbols

€
k=0.41
1

Mt
v

Kronecker delta

dissipation of turbulent kinetic energy
von-Karman constant

laminar dynamic viscosity

dynamic turbulent viscosity

kinematic viscosity

kinematic turbulent viscosity

specific dissipation, rotational speed of the rotor
rotational speed of the reference frame
rotation tensor

density

constant in k-epsilon turbulence model
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constant in k-epsilon turbulence model
shear stress tensor
dissipation of q
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Chapter 1

Introduction

A?MOST half of the total electric power generation in Sweden comes
rom the hydroelectic power plants. Obviously any modifications
and improvements to these systems would lead to considerable con-
tributions to the total electric energy produced in the country. As any
other complicated system, a hydroelectric power plant comprises a large
number of different components, any of which should be carefully de-
signed and optimized with respect to the working conditions to yield
the highest possible efficiency at the normal working conditions.

In this work, the focus is on electric generators and the cooling air
flow within them. A generator is a device which generates electricity
through magnetic induction into its coils. The generator is made up
of two main components: a rotor and a stator. The rotor is the rotat-
ing part of the generator, which holds a number of large electromag-
netic poles. The stator is the stationary part, which is composed of a
large number of electric conductors, called windings. When the rotor
rotates, the motion of its magnetic field induces an alternating electric
current in the stator windings. A transformer is then used to increase
the voltage which leads to a decreased current with the same power,
(Power = Voltage x Current). The electricity is then transmitted to the
network.

The process of conversion of the mechanical energy into electricity
includes losses due to

1) Electrical resistance in the generator components, which comes
up when there is an electric current passing through a resistance.

2) Magnetic field, which exerts force on the magnetic particles in
the generator and causes molecular friction.

3) Mechanical losses, due to ventilation of the generator and friction
between different parts.

The losses rise the temperature of the components, which leads to
a change in the material properties. This includes electric resistances

1
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and conductivities, which are temperature dependent. A working tem-
perature beyond the prescribed values may result in deteriorated per-
formance and lower efficiency of the generator in converting the energy
to electricity. Also, the material strengths of certain components, such
as insulations, are affected by temperature, causing a reduction in life
time. All this means that the heat generated by the energy conversion
process in the generators should be removed in order to keep the ma-
chine near its best operational point. Usually the heat in a generator
is removed by means of convection. A number of cooling channels are
provided in the stator body to allow for the passage of air to cool down
the stator windings. The rotor acts as a fan, which builds up a pres-
sure difference that pushes the air through the stator channels. Figure
1.1 shows the different parts of an axially cooled generator. In an axi-
ally cooled generator, the air flows axially into the machine and passes
through the space between the rotor poles and into the stator channels.
The stator channels are extended radially through the stator.

=

Figure 1.1: The simplified generator geometry used in the present work.
Left: the complete model. Center: the rotor. Right: the stator. Transparency
has been used to visualize the interior of the geometry.

The aim of this work is to numerically study the air flow in an ax-
ially cooled generator. Heat transfer is not included in the present
study. The focus is instead on different geometrical attributes of the
generator, and its effect on the flow distribution. There is also a fo-
cus on the choice of numerical methods and model, which is necessary
before including the heat transfer.

In this report, first the different generator configurations are de-
scribed and the numerical results for the cases are presented. Then
the conclusions are drawn and future work is discussed. In Appendix
A modeling methods are discussed. The Discussions concern different
incompressible RAS turbulence models, wall treatment methods and
a number of numerical methods in OpenFOAM OpenFOAM-1.5.x as
well as the Frozen Rotor concept and methods for computing forces and
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CHAPTER 1. INTRODUCTION

torques on the rotor. In Appendix B the validation test cases, the back-
ward facing step and the Couette flow, are presented and discussed.
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Chapter 2

Cases and Results

S Figure 1.1 shows, the rotor in the present study has 12 poles. The

stator body contains a number of air passages, called stator chan-
nels, which allow for the flow of the cooling air through the generator.
The stator channels are separated in the tangential direction by small
baffles, which are used as supports to separate the stator plates. A
stator winding passes through each channel between the baffles. The
stator channels are shown in Figure 2.1. The channels are provided in
4 axial rows. Each row contains 108 channels. With 108 stator chan-
nels in each row, each pole can be associated with 9 channels in the
circumferential direction. Thus, one can simplify the problem by mod-
eling only 1 pole with 9 corresponding channels in each row, i.e. only a
1/12 sector with periodic boundaries. Also, since the geometry is axially
symmetric, the computaional domain can be further reduced by consid-
ering only the upper part and utilizing a symmetry boundary condition
at the symmetry plane.

Channel Outlet

A Baffles Stato‘r Plates

\&\\ Aol

Channe Inlet

Stator Coils

Figure 2.1: A close-up view of the stator channels
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Figure 2.2 shows the computational domain by visualizing all the
boundaries except the periodic boundaries of one of the studied cases,
and a cross-section of the pole and the nine stator channels with their

coils and baffles.
Channel l\
Channel 2 ’
Slip Wall X

Channel 3 Q
G

U

Channel 4

Channel S\Q
G

Channel N:‘
\:‘ﬁ

Channel 7

Stator Channel

lem dis

B s Symm etry Channel 8 @
L Stator  plane S

Channel 9

Fan Blade Pole Support

Figure 2.2: Left: Computational domain of a case where the 1/12 periodic
sector and symmetry plane can be seen. The front and back boundaries
(not shown) are periodic. Right: Rotor pole and stator cooling channels.
The rotor is moving clockwise when seen from above

The flow is driven by the pressure build-up caused by the rotation
of the rotor and interaction of the air flow with the rotor and the stator
walls. Noticing the movement of the rotor relative to the stator, the flow
should be pulsating and unsteady. In the present work, however, the
simulations have been performed using the steady-state Frozen Rotor
concept. In the Frozen Rotor concept the computational domain and
the corresponding mesh are not rotating, but instead source terms for
the rotation have been added to the governing equations in the rotating
region. This is described in detail in the Appendix A.

The computaional domain is generated without inlets and outlets.
The reason for this choice is discussed in the following sections. It is,
thus, the rotation of the rotor which drives the flow and, therefore, the
volume flow through the machine is determined by the solution, rather
than by a prescribed value at the inlet.

The turbulence is modeled utilizing the low-Re Launder sharma
turbulence model. The use of a low-Re turbulence model is justified
by the relatively small Reynolds number in the stator channels. It is
benefitial with a fine mesh to capture the sharp gradients, especially in
the near-wall regions where the modeled wall shear stresses are quite
sensitive to the mesh quality. A high-Re turbulence model would lead

6



CHAPTER 2. CASES AND RESULTS

to a mesh that is too coarse to resolve many of the flow features. This
is described in more details in Appendix A.

2.1 Cases

The geometry is a simplified version of a small generator at Uppsala
University in Sweden. A simple pole design was selected and then
modified in several steps to resemble the real geometry at the end. The
generator cases include modifications to the rotor pole and the stator.
There are 7 different rotor pole designs. Each pole design is assigned a
number (from 1 to 7). Except for the pole design 1, each pole design is
based on the previous pole design with geometric modifications. Thable
2.1 shows the pole designs and the respective modifications to them.

| Pole design || Remarks and Modifications

1 Base pole geometry with radial pole sides

Reduced areas A, and A, and non-radial sides

Added wedge shaped pole supports in between the poles

Curved front part of the poles

Curved edges on top of the poles

More curvature on top of the poles

| O O x| WO| DN

Flattened top-front part of the poles

Table 2.1: Different rotor pole designs and the respective modifications.

Every modified rotor geometry has been simulated with three dif-
ferent layouts: a base case (C'# cases), a case with a baffle on top of the
stator (C'#S cases), and a case with a combination of a stator baffle and
a rotor fan blade between the poles (C#F cases). In all cases the sta-
tor inner diameter is 0.365m and the rotor rotational speed is 500rpm.
Aj; is the cross-sectional area between the poles in the computational
domain. A, is the cross-sectional area of the air gap between the ro-
tor and the stator in the computational domain. Figure 2.3 shows the
schematic views of A; and A, as the shaded areas between the rotor
and stator.

A parametric study of the effect of different parts of the geometry
on the flow has been performed. In every step the flow in the modified
geometry was simulated to study the effect of the geometrical changes
on the flow. Table 2.2 shows all the different cases that have been
studied in the present work.
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C+# C#S C#F | A(m?) | Ax(m?) | Pole modifications

C1 C1S C1F 0.0033 | 0.0028 None

C2 C2S C2F 0.0029 | 0.0017 Sides, Radius

C3 C3S C3F 0.0029 | 0.0017 Pole supports
C4F 0.0029 | 0.0017 Curved front
C5F 0.0029 | 0.0017 Curved edges

Cé6 C6S C6F 0.0029 | 0.0017 | More curved edges

C7 C7S C7F 0.0028 | 0.0017 | Flattened top-front

of

Table 2.2: Different rotor and stator designs. A; is the cross-sectional area
between the poles in the computational domain, A, is the cross-sectional
area of the air gap between the rotor and the stator in the computational

domain.
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Figure 2.3: The schematic views of areas A; and A,

2.2 Volume Flow Distributions

The distribution of volume flow between the channels are shown in
Figure 2.4. The upper diagrams show the upper channel row, and the
lower diagrams show the lower channel row. The vertical axis shows
the volume flow of each channel. The horizontal axis shows the channel
numbers, which are in accordance with the numbering shown in Figure
2.2, meaning that the rotor is rotating from channel 9 towards channel
1. The vertical dotted lines show the tangential position of the pole
edges in relation to the stator channels.

As Figure 2.4 suggests, the use of a stator baffle above the rotor
(C#5S) increases the volume flow through the machine. This is due to
the higher pressure build-up inside the machine.

Generally, the addition of fan blades to the rotor increases the vol-
ume flow even more. This is however not true in the case C7F. That
case shows unsteady characteristics and does not converge as easily as
the other cases, and it thus needs further investigation. The increase
in volume flow due to the inclusion of fan blades can again be justified
by a higher pressure build-up in the generator. A larger pressure dif-
ference between the inside and the outside of the machine leads to a
larger volume flow.

Figure 2.5 shows the relative distribution of the volume flow be-
tween the channels for all cases. The small rectangles show the chan-
nels in two rows and the large rectangle shows the pole edges. The

9
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Volume flow , Upper row [m 3/s]
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Figure 2.4: Distribution of the volume flows in the stator channels. Top: the
upper row, bottom: the lower row. From left to right: C1, C2, C3, C4, C5, C6
and C7 variations. Channel numberings according to Figure 2.2

vertical axis shows the channel volume flow normalized with the total
volume flow of each case. The zero- volume flow lines are shown by the
horizontal dotted lines along the center of the channels. Notice that
cases C1, C'7 and CT7F have purely negative flows in some channels
and also a more uneven distribution of volume flows.

Table 2.3 shows the rotor pole designs as well as the volume flow
in the computational domain, and the average air flow velocity at the
minimum cross sectional area of the stator channels. This local velocity
is computed by dividing the volume flow through the computational
domain by the minimum cross-sectional area of the stator channels.
The minimum cross-sectional area of a single stator channel, near the
stator coils, is A,, ~ 8.29 x 107°(m?). It should be noted that each case
has its own volume flow, Vf, which is obtained by the solution. Since a
total number of 18 stator channels are included in the computational
domain, the velocity is given by

m T I8 % A,

10
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Volume flow (%)

Channel #

Figure 2.5: Relative volume flow distribution between all channels. Channel
numbering according to Figure 2.2

2.3 Rotor Axial Power

Table 2.4 shows the axial power required to rotate the rotor. As de-
scribed in Appendix A, the axial power of the rotor is divided into two
parts: a part to overcome the moments from pressure forces, Ep, and a
part to overcome the moments from viscous forces, E,, i.e.

Erotor = Ep + Ev

As Table 2.4 suggests, the contribution from viscous forces is much
smaller than that of the pressure forces. Large separation regions lead
to large pressure drops on the rotor pole surfaces which exert large
forces on the pole in the direction opposite to the motion of the rotor.
The use of a stator baffle leads to a reduction in F, and generally a
small reduction in F,. However, the values for E, are both small do not
change significantly, which makes it difficult to draw conclusions about
them. The use of fan blades strongly increases Ep but still reduces E,
(This does not apply to case C7F). The increase in E, with the use of fan
blades can be justified by the larger volume flow through the generator.
The amount of air flowing through the machine is larger and the fan

11
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C1

),

C2

’

C3

3

C4

ﬂ

C5

ﬂ

Cé6

n

C7

’a

7t

0.0027

0.0042

0.0033

0.0034

0.0050

0.0041

0.0030

1.8

2.8

2.2

2.3

3.4

2.7

2.0

C#S

0.0079

0.0055

0.0049

0.0051

0.0074

0.0083

0.0069

5.3

3.7

3.3

3.4

5.0

5.6

4.6

CH#F

0.0168

0.0158

0.0137

0.0155

0.0157

0.0154

0.0029

11.3

10.1

9.2

10.4

10.5

10.3

2.0

Table 2.3: Rotor pole design, volume flow and average stator channel flow
velocity. Vf(mT3): The volume flow rate through the computational domain,

vm(2): Average velocity at the minimum channel cross-sectional area

C1 C2 C3 C4 Ch5 C6 C7
‘LEERRE
C# | E, 4.45 2.42 2.24 2.27 4.04 3.73 3.97
E, 0.30 0.34 0.34 0.32 0.28 0.23 0.05
C#S | E, 3.62 2.29 1.94 1.98 2.82 3.25 3.27
E, 0.25 0.31 0.28 0.28 0.26 0.26 0.04
C#F | E, 7.07 7.59 6.00 6.01 5.97 6.30 2.10
E, 0.24 0.11 0.19 0.22 0.23 0.25 0.15

Table 2.4: Rotor axial power for all cases. EP(W): The axial power required
on the rotor to overcome the pressure moments. FE,(W): The axial power
required on the rotor to overcome the frictional moments.

12
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blades should give rotation to the flow, which means that more power
is needed to rotate the rotor. Also, large separation areas behind the
blades lead to a large pressure loss in those regions.

The reduction in E, can be justified by taking into account that us-
ing fan blades helps pushing more air in the desired direction within
the machine. This means that the recirculations in the viscinity of the
pole are minimized and, thus, friction between the air and the pole is
also reduced. In case C'7F a reduction in E, can be observed, which can
be justified with the very low volume flow in the machine. At the same
time, an increase in F, is noticed. This can be related to the frictional
forces which are more intense in the backflow regions. A high relative
velocity between the flowing air and the rotating pole leads to large
frictional losses, without adding to the volume flow passing through
the machine.

2.4 Flow Structure

The unit vectors of the velocity between the rotor poles (the cyclic
boundaries in the computational domain, c.f. Figure 2.2) are shown in
Table 2.5. The use of unit vectors makes the flow behaviour more clear
in this case, where there is a large difference in velocity magnitudes.
The contours of zero axial velocity are marked by thin curves.

Ideally, the velocity vectors should not point upwards in the com-
putational domain (upper half of the generator). This means that the
flow at the inlet to the machine should always be inwards and that all
the fluid should flow directly through the channels. This way the air
is heated up by the hot surfaces of the machine and removes the heat
by flowing directly outwards. In reality this does not happen, since a
number of flow recirculations will appear, based on the design of rotor
and stator, as well as the rotational speed of the rotor. The recircula-
tion of the cooling air in the machine causes the air to get warmer as it
stays a longer time in contact with the hot surfaces, which reduces the
temperature difference between the surfaces and the cooling air. This
impairs the convective cooling of the machine.

In all cases, there is a region near the stator inner wall which has
upward velocity vectors. This is not desirable according to the descrip-
tions above. Also, it makes it difficult to define and use appropriate in-
let boundary conditions (at the inlet to the machine) which can suit the
flow characteristics. This justifies the use of stator baffles which pro-
hibit the outward flow at the inlet to the machine. Obviously, adding
a baffle on top of the rotor-stator space forces the velocity vectors to be
directed downwards. This is based on the negative pressure gradients

13
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C1

C2

C3

C4

C5

Cé6

C7

Table 2.5: Velocity unit vectors in a plane between two poles (the periodic
boundary, c.f. Figure 2.2).
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CHAPTER 2. CASES AND RESULTS

at the new inlet to the machine, which is stronger than in the base
cases.

The fan blades cause an even stronger pressure build-up within the
machine, which drives the flow more inwards in the presence of a sta-
tor baffle. This helps minimizing the upward flow near the stator inner
wall. The cases with a stator baffle show an obvious separation bub-
ble at the tip of the stator baffle. The separation happens because the
fluid flows normal to the baffle at the inlet. However, the separation
zone gets smaller in size when the fan blades are introduced. This is
because the flow rates are higher with use of fan blades, which is again
caused by larger pressure gradients in the domain.

The cases with stator baffles show less strong upwards velocities
above the rotor poles, again caused by the pressure build-up in the
machine, which strengthens the inward flow inside the machine. The
fan blades help to almost remove the upward-velocity regions through
generating an even higher pressure in the region which pushes even
more flow through the stator channels. The correspondingly higher
volume flows clarifies this. This does not apply to case C7F.

2.5 Flow in the Channels

Tables 2.6 and 2.7 show the recirculation zones in the upper and the
lower stator channels respectively. The shaded areas show the regions
with negative radial velocity. The visualization is made in a plane in
the middle of the channel heights.

Cases without fan blades show large recirculation regions to the
right side of the stator windings, when seen from inside. The cases in-
cluding fan blades show considerably smaller recirculation areas com-
pared to other cases, and that is mainly visible just behind, or to a
small extent, to the right side of the windings. This does not apply
to case C7F, in which the flow in both the upper and lower channel
rows is associated with strong recirculations. This means that in cases
without a fan blade, the air is pushed into the channels from one side
of the stator windings. This is caused by the relatively high pressure
difference between inside and outside of the channels. In the air gap
between rotor and stator, separation occurs just to the right side of
the stator windings (when seen from inside) and makes a low pressure
region there. The low pressure region draws the air from the high pres-
sure region inside the channels, which is undesirable. In cases with fan
blades (except C'7F), however, the air enters the channels mostly from
both sides of the stator windings. This is caused by the larger pressure
build-up inside the machine and leads to a higher flow rate. For cases

15
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Table 2.6: Flow in the middle of the upper channel row: The shaded areas

show regions with negative radial velocity.
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Table 2.7: Flow in the middle of the lower channel row: The shaded areas

show regions with negative radial velocity.



Pirooz Moradnia, CFD of Air Flow in Hydro Power Generators

C1, C7 and C7F the flow in some channels has purely negative radial
velocities. This means that the fluid flows from the channel into the
machine, which is undersirable.

2.6 Velocity Components Just Above the Ro-
tor Poles

In table 2.8-2.10 the velocity components are analyzed in a plane just
above the rotor poles. A distance of 0.2mm is chosen between the con-
tours and the pole upper surface.

Table 2.8 shows the axial velocity component just above the rotor
poles. A positive signs means that the axial velocity component is di-
rected upwards. In certain cases a region of upward axial velocities are
visible, which is not desirable as one would ideally expect inward axial
velocities at this location. As Table 2.8 suggests, except for the cases
C7S and C7F, the use of stator baffles, as well as the combination of the
stator baffles and fan blades on top of the rotor poles, helps decreasing
the upward axial velocities and increasing the downward axial veloci-
ties in the region between the rotor and the stator. This means that the
air flow inside the machine generaglly increases with the use of stator
baffles and fan blades. This is, however, not the case for the C7S and
CTF.

Table 2.9 shows the tangential velocity components just above the
rotor poles. According to the right-hand rule with rotational axis point-
ing outward from the pictures, a negative sign means that the rotation
takes place clockwise, which in this case means upwards in the pic-
tures. Adding a baffle to the stator reduces the average tangential
velocity. However, adding fan blades helps recovering the high value of
the tangential velocity through supplying kinetic energy to the air. For
each pole design the highest tangential velocity is achieved with a fan
blade. Rounded pole edges leads to larger tangential components just
above the rotor. Case C'7F again shows an unusual distribution of tan-
gential velocities. As the velocity components are shown just above the
rotor pole, one would expect the velocities to more or less follow those
of the pole at each diameter. This is, however, obviously not the case
for C7F which has strong positive tangential velocities in some regions.
This may indicate that there are strong recirculations.

Table 2.10 shows the radial velocity component just above the ro-
tor poles. A positive sign means that the velocity is directed radially
outwards. In the air gap between the rotor and stator in the cases with-
out a fan blade, there is a region with negative radial velocities, which
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C1 C2
];‘7%1 f Lﬁ‘ES

-0

5 //éﬁ ﬁ(/Zég

C1S C2S
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Table 2.9: Tangential velocity just above the rotor poles (m/s)
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shows a recirculation between the poles. In the cases with a fan blade,
however, the recirculation area is located in between two adjacent fan

blades.

1

S

Q
—
N

B

i

87

Table 2.10: Radial velocity just above the rotor poles (m/s)

2.7 Relative Tangential Velocity in the Pole
Gap

The tangential velocity relative to the rotor pole is shown in Table 2.11.
The relative component is taken on a plane normal to the axis of ro-
taion and at a height in the middle of the stator channels. The relative
velocity component is computed through the relation

Utangential relative = Utangential — WT

where wr is the tangential velocity of the pole at radius r. Table
2.11 suggests that the tangential velocity in the middle of the stator
channels is more or less following the pole tangential velocity, with
small differences in certain regions. Near the stator wall the tangential
velocity decreases as the fluid gets close to the walls.
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Table 2.11: Relative tangential velocity, between the stator channels (m/s)

2.8 Pressure Distributions on the Rotor Poles

Tables 2.12, 2.13, 2.14 and 2.15 show the contours of the quantity
(I’_’%) on the pole top, pole pressure side, pole suction side and pole
front. The quantity p refers to the static pressure at each point, while
pres 18 the static pressure at a reference cell. The reference cell is lo-
cated just at the top-outer edge of the domain. The reference point
is, thus, located outside the stator and is identical for all cases. The
quantity p is the air density.

Accirding to the tables 2.12-2.14, near the rotor body there is a re-
gion with relatively lower (H%) values. This means that the static
pressure is low in that region, which causes the air to be sucked stronger
into the machine and gives a larger inward velocity.

The quantity (/) gives a reasonable picture of how the volume
flow should be distributed in the channels. In cases with smaller vari-
ations in p.,;, and thus smaller variations on (”_’%), less differences
between the volume flow distributions in the channels is noticed. A
good example in this case is the base cases without the stator baffles.
On the other hand, in cases with larger variations in p;,; the volume
flow is less evenly distributed and the differences between the flow in
different channels can be seen. This particularly applies for the cases
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C2F
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Table 2.12: Contours of relative static pressure divided by density, (Z—2</)

[m?/s?], on the pole top

C1 C2
[-—+40-— 730 Suu ‘J
ol
AN /"‘d

C1S C2S
(6]
2

Table 2.13: Contours of relative static pressure divided by density, (p_’%)
[m?/s?], on the pole pressure side
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C3
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Table 2.14: Contours of relative static pressure divided by density, (p_’%)

[m?/s?], on the pole suction side

C1 C2
I 00 v
C1S C2S

Table 2.15: Contours of relative static pressure divided by density, (H%)
[m?/s?], on the pole front
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with fan blades.
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Chapter 3

Concluding Remarks and
Future Work

IFFERENT rotor pole and stator geometries of a generator were

tested with the purpose of investigating the air flow through the
machine. The numerical results obtained using OpenFOAM were com-
pared to each other. According to the computational results, addition of
baffles at the inlet of the stator helps increasing the volume flow within
the machine and removes the outward velocities at the inlet. Further-
more, adding fan blades on top of the rotor poles generally increases
the volume flow inside the machine. This, however, is not the case for
the last geometric modification.

The air flow separates in the stator channels. However, addition of
the baffle to the stator inlet together with fan blades on top of the rotor
pole generally helps to minimize the separation zone. This is, again,
not the case for the last geometric modification.

The axial power needed by the rotor is shown to decrease by using
the stator blades. However, adding fan blades to the rotor poles leads to
an increased rotor axial power. The last geometric modification, how-
ever, is an exempt to this.

Experimental data are needed to validate the computational results
with. In the continuation of the present work, experiments will be per-
formed on the real generator to measure the velocity and pressure dis-
tributions at the inlet and the outlet of the machine. The experimental
results will then be compared to the computations to examine the qual-
ity of the computations.

The current computations were performed using the frozen-rotor
concept (See Appendix A). This means that the cases are run quasi-
steady. The solution quality would be higher with unsteady computa-
tions. Thus, the future focus of the work will be on running transient
cases with rotating mesh.
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Different incompressible RAS turbulence models in OpenFOAM-
1.5.x were studied and the implementations were compared to the orig-
inal models. The implementation of some models or model coefficients
differ from the original models to a certain degree. This is described
in Appendix A. In Appendix B, two validation test cases are described:
a backward facing step test case and a laminar Couette flow test case.
In the former test case, almost all turbulence models described in Ap-
pendix A were tested on a backward facing step to compare the numer-
ical results of the turbulence models implemented in OpenFOAM-1.5.x
with experimental data on the same test case, and to select the most
appropriate turbulence model for the computation of air flow in the
generator. The results suggest that the RNGkEpsilon and Launder-
SharmaKE turbulence models show the best level of consistency with
the experimental data. Finally, a laminar Couette flow test case was
run between two concentric cylinders and the numerical velocity and
pressure distributions between the cylinders were compared to the an-
alytical results. The results proved to be very much alike. More discus-
sions on validation test cases are found in Appendix B.

26



Appendices

27






Appendix A
Modeling

HE air flow in an electric generator is rather complex and the veloci-

ties involved are in the turbulent flow regime. Therefore, a suitable
set of equations, discretization schemes and turbulence models should
be chosen to predict the flow. In the present work, the steady-state
Reynolds-Averaged Navier-Stokes equations are solved using the finite
volume method and the Frozen Rotor approach. The OpenFOAM-1.5.x
CFD toolbox is used for the simulations. A block-structured mesh is
generated by the built-in blockMesh mesh generator, and m4 parametriza-
tion. The convective terms in the momentum and turbulence equations
are discretized using the first-order upwind scheme. In this work, the
choice of turbulence model has been limited to steady RANS models.
In order to select the most suitable turbulence model to simulate the
generator case, a number of RANS turbulence models in OpenFOAM
have been validated in the backward facing step test case. Further, to
verify that OpenFOAM correctly predicts the build-up of the pressure
due to the rotation, the laminar flow in a concentric cylinder test case
has been studied. In the following sections the numerical methods are
first described, followed by the validations for the two test cases.

A.1 Turbulence Models

Generally, RANS turbulence models are divided into two main groups,
the ones integrating up to the wall (low-Re) and those with wall func-
tions (high-Re). The former group solves the equations up to the wall
surface and thus needs a very fine mesh near the walls to be able to
capture the large gradients in that region. The mesh sizes in the near-
wall region should satisfy the general requirement of y* ~ 1 every-
where. This requires very fine cells, a large memory usage and long
simulation times. It is thus of interest to model the near-wall gradi-
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ents, rather than solving them. This is done by introducing the so-
called wall functions. In this method, the center of the first cell in the
viscinity of the wall should be located in the overlap region of the wall
boundary layer (30 < Y+ < 100) and thus the wall shear stresses are
computed through the logarithmic law. In this way, the fine mesh in
the boundary layer region will be replaced by a coarse one and thus the
gradients near the walls are modelled in a single cell. The computa-
tional memory and time will be saved tremendously with this method.

The low-Re turbulence models include extra source terms and damp-
ing functions to correctly model the near-wall behaviour. Typically, two
functions f; and f, are added to the ¢ equation, function f, is added to
the modeling of v, and source terms D and E are added to the &k and ¢
equations respectively.

In the following sections all of the incompressible RANS turbulence
models in OpenFOAM-1.5.x are described briefly. Each description
states if the model is high-Re or low-Re shows the mathematical no-
tation, and the way it is implemented in OpenFOAM-1.5.x. First a
brief description of OpenFOAM notations is discussed.

A.1.1 Mathematical Notation in OpenFOAM

In the descriptions of the turbulence models of OpenFOAM-1.5.x in the
following sections, it is also described how the equations are imple-
mented in the code. Table A.1 is provided to relate the mathematical
and OpenFOAM (code) notations for some of the most important oper-
ators in this context. Further description of OpenFOAM operators can
be found in the OpenFOAM programmers guide.

The implementation of the material derivative is here described us-
ing the convection of the turbulent kinetic energy, k£, as an example.
The material derivative is expressed as

Dk _ 0k
Dt Ot

The last term can be re-written as

+U-Vk

U-Vk=V-(Uk)—(V-U)k

The last term in this equation is zero in an incompressible formulation
(V-U = 0). However, during convergence it is non-zero, and the term
is sometimes kept to improve the convergence rate [1]. Looking at the
actual implementation in OpenFOAM, this expression is written as
fvm:div(phi _,k )-fvm:Sp(fvc::div(phi_),Kk)
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The nomenclature f vim : means that both terms will be introduced
in the coefficient matrix. The first term will use the control volume
face flux (phi _) to calculate the divergence of Uk, using Gauss the-
orem (looping over the control volume faces). The second term will
explicitly (f vc: : ) calculate the divergence of U, again using the Gauss
theorem, and introducing the term in the coefficient matrix (fvm ::) by
a multiplicatuib by & through the source term implementation (Sp).

| Description | Mathematical expression | OpenFOAM expression
Deviatoric component devT ! dev(T)
Divergence V-x di v(chi)
Double inner product a:b? a & b
Gradient Vo grad( phi)
Identity tensor dij I
Inner product a-b aé&hb
Laplacian V- -TVo | apl aci an( gamma, phi)
Magnitude squared |al|? magSqr (a)
Rotation tensor Q5 skew(fvc::grad(U))
Skew tensor skewT skew( T)
Strain tensor Si: symm(fvc::grad(U))
Symmetric tensor symmT sym{T)
Trace trT tr(T)
Transpose T T.T()
2 % SymmT t woSym( T)
IVVo|* magSqr G adG ad( phi )

Table A.1: OpenFOAM mathematical notations

Deviatoric Component of a tensor 7*:

dev(T) =T — 5tr(T)I

2The "Double Inner Product” of the two second rank tensors « and b. It is a scalar

which is computed through a;;b;;, as:
a11b11 + ar2bia + aizbiz
s =14 “a21ba1 + az2baz + a3bos
+asz1b31 + az2bsz + azzbssz
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A.1.2 KkEpsilon

The kEpsilon model is the standard high-Re k — ¢ model with wall func-
tions [2]. It is implemented in OpenFOAM as

k
%—'—V'(U/{Z)—(V'U)/{Z—V'Dk,efka:G—€
Oe € g2
a + V- (U&) — (V . U)FE -V D€7effVc€ = CglEG — ngz
G Dk,eff Ds,eff Qe 4 Ca Cea Cu

v2lSyl2 | v+ | v+a, [ 076923 | €5 [ 1.44 | 1.92 ] 0.09

The appropriate turbulence boundary conditions at the walls are
Ok /00| wan = 0 and Je/0n| a1 = 0, where 7 is the unit vector normal to
the wall.

The k and ¢ equations in the original model [2] are written as

Dk 0 V ak
v Y9 PN p
Dt Ox; [(VJF Uk)axj:| e
De 0 v Oe 5 g2
Dt~ ox, [( + 0—5)8—%} +Cap P — Ceapr
V Pk S SZ C€1 ng CH O O¢

CE 1S ] \/28;8; | 11U+ Ul | 1441921009 ] 1 | 1.3

A.1.3 RNGKkEpsilon

The RNGkEpsilon model is variant of the k£ —c model, which is based on
the "Re-Normalization Groups” method [3]. It is also a high-Re model
using wall functions. Using the RNG method, the Navier-Stokes equa-
tions are renormalized to be able to deal with smaller scale effects.
In the standard & — ¢ model the eddy viscosity is based on a single
turbulent length scale, while in reality all scales of motion affect the
turbulent diffusion. The model is implemented in OpenFOAM as

k
%+V'(U]{?)—V'Dk78fka:G—E
Oe € g2
a +V- (U€) -V Da,effvg = (Cal — R)EG — 032?
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R n So Diess D cry G
1—(-
n% \/ng 21952 | v+ agy | v+ ey | 1Ss
Qg Q. C, Ca Cer p
1.39 1.39 | 0.0845 1.42 1.68 0.012

v; has the same formulation as in hte kEpsilon model. The appro-
priate turbulence boundary conditions at the walls are 0k/0n|yu = 0
and 0e/0n|wai = 0, where 7 is the unit vector normal to the wall.

In the original model [3], the k-equation is the same as in the stan-
dard k—e model, while the production term in the ¢ equation is modified
according to

2

De 0 v, Oe € €
o o+ E | enih - 0L
Dt Ox; {(VjL 05)6%} * gt *k
G ] n 7o B | Ca| Co| C, o o,
Cuy — [ 5m?| | Sk/e | 4.38 | 0.015 | 1.42 | 1.68 | 0.085 | 0.7179 | 0.7179

Py, v, S and S;; follow the same formulations as in the standard & — ¢
model.

A.1.4 realizableKE

The realizableKE model is the high-Re realizable & — ¢ model with wall
functions [4]. A turbulence model is realizable if the normal stresses

remain positive, that is u;> > 0 for all i. The model is implemented in
OpenFOAM as

k

%—FV'(U]{?)—(V'U)]{?—V'Dk78fka:G—€
%+V-(U»§)—(V-U)5—V-D Ve =C4|S|e - C i
ot . eeff — Lel 82/{34-\/%
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Cai 0 5] S5 W
max(0.43, (7)) | 151k/= | Vs 2ldev(Siy) 2v2 (e
Cu A, & G
(W) V6cos¢* | tcos™ (min(maz(vV6W, —1),1)) VS
U* Ag = Qg Qe
Vi + 192 40 | 19 1 0.833

v, Diesr and D, ¢ have the same formulations as in the RNGkEp-
silon model. The appropriate turbulence boundary conditions at the
walls are 0k/0n|ya; = 0 and 0z/0n|way = 0, where 7 is the unit vector
normal to the wall.

In the original model [4], the k£ equation is the same as in the stan-
dard k& — ¢ model, while the ¢ equation is written as

De 0 v Oe g?
== Y= 4 CaSe — Cop———
Dt Ox; {(V+Ua)0xj] T oane “k+ e
Cal CM As
maX(O.43, <%)) (m) \/6COS¢
¢ S S W
_ Sij Sk Ski
Lo (VW) | V35,5, | VELS, | ()
U* Qij Qij
\/Sijsij + szgﬁjg Qij — 2e48wk ﬁij — CijkWk
Ag Cey Ok O¢
4.0 1.9 1 1.2

Here (;; is the mean rate of rotation tensor viewed in a rotating
reference frame with an angular velocity w,. Notice that the rotation of
the reference system is NOT included in OpenFOAM. The quantities
Py, 1, S;; and n) follow the same formulations as in the RNG & — < model.

A.1.5 kOmegaSST

The kOmegaSST model is the high-Re & —w SST model with wall func-
tions [5]. The model uses the k£ —w model in the regions of the boundary
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layer and switches to the £ — ¢ model elsewhere. The OpenFOAM im-
plementation of the model reads

Ok
o +V - (Uk) = (V-U)k =V - Dy esp(F1)VEk = min (G, Ce1 fkw) — f*wk
0
a_j +V - (Uw) = (V- U)w — V- Dy (F1)Vew = 7(F1)25% — B(F)w? + (1 — F})C Dy
F1(CDy,)
1
tanh [min(min(max(ﬁ‘{fy, 5yO20:), (max(égzsz*m)y2 ) 10)}
Fy
s 2
tanh [min(max(g*w’;, z%g’j), 100)}
CDy, G S Z 2
Vk+Vw ark
20,0 YL 128, | |87 <—max(a1;’\/$F2)> 0.09
Qg1 Q2 Qw1 Qw2 2! 2
0.85034 1.0 0.5 | 0.85616 | 0.5532 | 0.4403
61 62 Cel Ce2 K aq
0.0750 0.0828 | 10 1.92 0.41 10
Dy (F1) Dyer(F1)
v+ o (), v+ a,(F)y

The appropriate turbulence boundary conditions at the walls are
0k /00| war = 0 and Ow/0n|weay = 0, where n is the unit vector normal
to the wall. The model coefficients are found by means of the blending
function F;, which is equal to 1 in the near-wall regions and 0 in the
outer part of the boundary layer. In this way, a model coefficient ¢ is a
function of the variable F} and is found through the relation

¢(F1) = g1 Fy + ¢o(1 — 1)
Here ¢, and ¢, are the coefficients for the k£ —w and k — ¢ models respec-
tively.
The original model [5] reads

Dk - . . a Vg 81{?
D7 = min(Py, C.ie) — 3 kw + oz; {(V + ak)ﬁx]}
Dw Y 2 9 vy Ow Lok o
Do _ 7, KA Y2 421 = FY)our— — —
Dty " pw” + 0z; {(V * Uw)axj:| 2 1>UW2W8$J’ du;
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F Fy
1 2
tanh min(max(ﬁ\ffy, 202—0:)’ (%)} tanh [max(ﬁz—‘fy, 5}/02(13’)
CD]%J V Pk
maX(2pO“‘-’2%§Tk;§Tu;’ 10_10) (max(c?llu]j SF2)> Tij gg;
Ok1 Ok2 Owl 02 i 2
1.176 | 1.000 2.000 1.168 0.5532 0.4403
B B2 B K ay Ce
0.0750 | 0.0828 0.09 0.41 10 10

Here ¢ = f*kw and the quantities P, S, and S;; follow the same formu-

lations as standard

k — ¢ model.

A.1.6 NonlinearKEShih

The NonlinearKEShih model is the high-Re non-linear Shih £ —¢ model
with wall functions [6], also known as the Realizable Reynolds Stress
Algebraic Equation (RRSAE) model. The OpenFOAM implementation

reads
ok
a‘FV'(U/{?)—V'Dk@fka‘:G—E
Oe € g2
a +V- (U€) -V Da,effVE = CalEG — 052?
T
symm |5 | G (Uig - Upg + Uri - Upn)) + G2 (Ui - Up) + G2 (Un - Usy)
G f17 52 Vg Cu
CulS 8y = (Tyj : Uiy) Ay 7’ Sij Ui | Cu (,2_2> (ﬁic@)
Ui 5 Qe (67> Qe
EV2IUi; + Ul | 5/2|Ui; — Ujal? | 0.76923 1 0.9
C’Tl CTZ CT3 Al AZ
—4 13 —2 1.25 1000

C:, Cza, Diesr and D, ¢y are the same as in RNGkEpsilon model.
The appropriate turbulence boundary conditions at the walls are 0k /07| =

0 and 0¢/0n|wa = 0, where n is the unit vector normal to the wall.
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The k and ¢ equations in the original model [6] follow the same for-
mulations as the standard & — ¢ model. The production term is found
through P, = 7,;U; ;, while the shear stress formulation, 7,; includes
non-linear terms as [6]

Tij 2

? = (U; +U;;) +Ti; — §k5ij
T. = L[C (U- U.. + U U.. — gﬂg")]
i — (A2 T 773)52 71 i,kYEk,j 7,kY ki 3 [
1~ 1-
+Cq—2(Ui’kUj7k — gném) + CT?,(Uk,iUk,j - §H5w>]
Vg CN n 11 11
k2 2/3 k
Ch <?> <A1+n+7§> ) Uil ViUt
S 3 Q O g
V25585 | (%) (225,05) " | (Ui = Up) /24 demgiom | 0.9
07—1 CTZ CT3 Al A2
—4 13 —2 1.25 1000

Here w,, is the rotation rate of the reference frame which is NOT in-
cluded in OpenFOAM. Other definitions and coefficients are the same
as the standard k& — ¢ model.

A.1.7 LienCubicKE

The LienCubicKE model is the high-Re k£ — ¢ model with wall functions
developed by Lien et. al. [7]. The model includes third-order terms
to account for the streamline curvature effects. The implementation
of this model in the code follows the same formulation as the Non-
linearKEShih model, with inclusion of higher order terms (Cy) in the
non-linear stress tensor, (7;;), as well as an extra term, (Cs,), in com-
putation of C,,. The appropriate turbulence boundary conditions at the
walls are 0k/0n|wa = 0 and Je/0n|war = 0, where 7 is the unit vector
normal to the wall.
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Tij
symm |5 | S (Ui - Uny + Ui - Upn) + = (Ui - Us)) + G (Upi - Ui) | + Ca
Cy
—205C3 (Ui - Ury) - Uiy + Ui - Upp) - Usj — Ui - Uny) - Uy — (Uni - Usn) - Uy
Cr | Cra | Cr3 4 CSu
=41 13 | =210, <IZ_2> + G —2C, <I§—f> (Ui + Uzl = Uiy — Ujal?)

Other parameters and definitions are the same as in Nonlinear-
KEShih model.

The original model is based on the standard ¥ — ¢ model, and a
relation between stresses and strains as [7]

w2 vy vr 1
TJ = g%’ - ?Sij + 01? [Sikskj - g@jsklskl]
vr vr 1

k k
_,_04% (Ski€%j + Skj ) Sk + Cs o (SktSkt — Qi) Sy

e2

Cy C4 Cy Cs Cy Cs
2/3 3/4 1574 1974 2 2
1.254540.9Q 1000+53 1000+53 1000+53 —10CH _2CH
Al A2 S Q SZ 1 QZJ vr
E /1 E /1 Ou; Ouj | Ouy Ou; k2
1.25 | 1000 g\/ 1S,.S;; g\/ 10,0y | Qa4 2u | du_u | o 12
A.1.8 QZeta

The QZeta model is the two-equation ) — ¢ low-Re turbulence model
developed by Gibson and Dafa’Alla’ [8]. The model uses the square
root of the turbulent kinetic energy, ¢ = vk, and its rate of dissipation,
¢ = £/2q, where ¢ is the isotropic dissipation rate ¢ = ¢ — 2v(9V'k/0x;).
The implementation of the model in OpenFOAM reads

E—FV'(UC])—V'Dq,efqu:G—C
a¢ _ ¢ ¢
5tV (UQ =V DeepsVE = (200 - 1)G5 — (2C5 — 1) 2o+ E
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q ¢ vy G E R, 2
€ 2 v (2|8 Vv —R2
VE | (5) | (8) | 222D ] () jwvo)p | (£) | 1-0.307)
Dyerr | Deesr Ca Cea Cu ay ac
V+ ol | VAt acl 1.44 1.92 0.09 1 0.76923
The model works for both isotropic and anisotropic turbulence, and
the coefficient f, is then found through
(—2.54+ Ry /20)
= e +Rr;/130%  for anisotropic model
- —6
g e TR/ (1 4 3e~F+/19)  for isotropic model
The appropriate turbulence boundary conditions at the walls are
0q/0n|way = 0 and 9¢/0n|yar = 0, where n is the unit vector normal to
the wall.
The original model for the isotropic turbulence reads [8]
Dq 0 v\ Oq
Dt Ox; (<V+ aq) Ox; T@=¢
D¢ 0 v\ OC ¢
— = — ) =— = (C —C U
Dt~ o, ((V+ Uc) oz, + q( afa@ — Ceafeal) +
Q = 2_171 v e ReT
au; (au; | 9U; d2U; d%U; Cufu (¢ 3
i (B 5) |2 () Ghan) | %2 (5) | (&)
Ceaifa Ceafeo fe1 fe2
20 for — 1 9C.ofer — 1 1.0 | 1—03e(-5)
Ju Yt 9q 9¢
( —6.0 ) _ Rey 3
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The model constants C.,, C.; and C, are the same as in the original

k — € model.

A.1.9 LaunderSharmaKE

The LaunderSharmaKE model is the low-Re & — ¢ model developed by
Launder and Sharma [9]. The model is implemented in OpenFOAM as
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k
a——i-v'(Uk)—V-Dk,efka:G—(é-i-D)

ot
0¢

= ~2
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a + V- (U&) - V. D&effVa = CglGE — ngfgz + E

Uy E D fu fo

2 < 72‘24 2) —min((k'—2~>2,50)
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Other coefficients are identical to the kEpsilon model. For OpenFOAM-
1.5.x users it is worth noting that epsi | on in the time directories is the
same as ¢ (i.e. not ¢). The appropriate turbulence boundary conditions
at the walls are k,,; = 0 and &,,,; = 0.

The original model reads [9]

Dk _ 9 Kwr Vt)%} +P—£-D

Dt Oz o) Oz
DE 9 v\ 0f 5 £2
— = L) = | +Cufi=Py — Cerfo— + E
Dt Ox; [(V+ 05) &cj] - lflk: , 2/> k *
£ D E fu fi fo
e—D | 2v (%—‘@)2 vy, (aaéan )2 6(<1+§;‘f50)z> 1 |1-— 0.36(_R2T)
RT Cu Cel Ce2 Ok O¢
(2) | o009 1.44 092 |10 1.22

A.1.10 LamBremhorstKE

The LamBremhorstKE model is the low-Re Lam-Bremhorst £ —< model
[10]. The implementation in OpenFOAM reads

k
%‘FV'(U/{?)—V'Dk,efka‘:G—E
Os

2
€ €
Fr V- (Ue) =V D, Ve = CelflGE - Cazf2z

Other coefficients are the same as in the kEpsilon model. The ap-
propriate turbulence boundary conditions at the walls are &,,,; = 0 and

e /On|way = 0, where 1 is the unit vector normal to the wall.
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G 2 R, fu
v2lSyl? | Ot () | () | (1 eo0onir)” (14 23)

The k and ¢ equations, as well as the v, formulation of the original
model follow those of the Launder-Sharma £ — £ model. The model
coefficients are [10]

fﬂ fl f2 Ren Ret
11— e(—0.0165Ren)]2 (1 I %> 14 (%)3 1 — o~ Re? (\/Euyn) (%)

Where Y, is the distance to the nearest wall. Other model coeffi-
cients are the same as in the standard & — ¢ model.

A.1.11 LienLeschzinerLowRe

The LienLeschzinerLowRe model is the low-Re & — ¢ model developed
by Lien and Leschziner [11]. The model is implemented in OpenFOAM
as

k
%—'—V'(Uk})—V'Dk,efka:G—&
e _ € o505 €Y e?
a + V . (UE) — v . D&effVE = CglGE + C€2f2(]“ ]{3 /-cy(l — 6—Asy*)6 — CEZfQE
y Vi Ju S Am
2 —e —Amy*
(L)y |Gt () | (22m7) | S iUy | 0.016
2 R, G A A,
1-03eC) | () 1 Cuf () S| 0263 | 0.00222

The definitions of C), oy, a., Ca1, Cea, Dy opr and D, .;; are the same
as in the kEpsilon model. The appropriate turbulence boundary condi-
tions at the walls are k,,; = 0 and 0z/0n |y = 0, where 7 is the unit
vector normal to the wall.

The original model [11] reads

41



Pirooz Moradnia, CFD of Air Flow in Hydro Power Generators
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Ci., Cy, Cy, ok, 0., S and §;; are the same as in the standard £ — ¢
model.

A.1.12 LienCubicKELowRe

The LienCubicKELowRe model is the low-Re variant of the LienCu-
bicKE k — ¢ model [12]. The model is implemented in OpenFOAM as

ok
—+V'(U]{3)—V'Dk,efka5:G—€

ot
e e CuafasC)TKY
a +V- (Ug) —V- D€V€ = CEIGE + Ky (1 . e—Asy*)

A *2 62
e Y e — 052.]02?

where the non-linear stress tensor, 7;; is computed through

k?’ CTl CT2
Tij = symm|— |—=(Uik - Urj + Uk - Ujn)) + —=((Uir - Uj))
e fy fn
Crs Mo
+—f (Ukyi - Uk,3)] — 205(]”((Ui,k Uryg) Uiy + Uik - Ujp) - Ui
n

—(Ukﬂ . UkJ’) . Ujﬂ' — (Ukﬂ . Uj,k) . Ujﬂ') + m'L.TL(Cg)M, O)U%k]

The definitions of G, CM’ Ay Oy Cal; ng, Dk,eff; D€7eff, 07-1, 07-2, 073,
n, &, Cs, and f, are the same as in LienCubicKE model. The appro-
priate turbulence boundary conditions at the walls are k,,; = 0 and
Oe /00| wan = 0, where 7 is the unit vector normal to the wall.
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The transport equation for ¢ in the original model [12] is the same
as in the Lien-Leschziner k& — ¢ model. The transport equation for the
Reynolds stresses read

/
u; 2

kL 3

v v 1

0ij — %Sij + Cl?T {Sikskzj - g(sijsklskl]
vr vr 1

+C2? [k Skj + QSki] + 03? {Qiijk — g@ijszz]

k k
+C4V€L2 (Ski€; + Sk;s) S + 05% (SktSkr — Qi) Sij

Cy Cy Cs Cy Cs
6 TO00EsT TH0Es" —locy | ¢
S Q S Qij vr
é\/ésijsij f\/éQwQU gTu; + % % - g_ZZ fucukgj
7 v h |
(1— e00198r) (14 520) y Lk 145 [ 10378
P, Ry C,
1.33 (1 B 0'3_R2T> (Pk T 21/?%) e 00T Izj_i 1.25+2£0.99

The model coefficients C.;, C., and C, are the same as standard k—¢
model.

A.1.13 LRR

The LRR model is the high-Re Reynolds Stress Transport Model (RSTM)
developed by Launder, Reece and Rodi with wall functions [13]. The
model solves transport equations of the Reynolds stresses, w;u;, and
the turbulence dissipation rate, e. The turbulent kinetic energy, k, is
then found through k = \/u2 + u_§ + u2. The model is implemented in
OpenFOAM as
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OR
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O Y (Us) = (V- U)e = V- (Deny V) = CaGE — Cor™
ot : i i
P R G 2 Drers
—2symm(R - U; ;) U %|tr(P)\ %tr(R) v+ Qg
aR Vg Clrr,l Clrr,? CS
1 Co(2)] 18 | 06 | 025

The definitions of C),, a., C.1, C.o and D, .¢; are the same as in the
kEpsilon model. The appropriate turbulence boundary conditions at
the walls are OR/0n|wa; = 0 and Je/0n|ya; = 0, where 7 is the unit
vector normal to the wall.

The original model is developed as a low-Re model and thus includes
near wall corrections in the w;u; equations. The transport equations in
the original model read [13]

D(W)—— uuan+uuaU —254-5
Dt J k@x k@xk 37"
€ 2
~Caa (W5 — 3055k) + (i + Gja)e + (94 + Pji)u
0 k ouue  Oupu; Ouu;
Corr ™ [ e J
+ 09:k [u Uup a{L'l +UJU1 O - + uiu; axl :|
De o [k Oe eu;uy OU; g2
~, — Ce— - Cs Cs -
Dt 0xk ( UkUZal'l) ko k 8 T 2 k
(¢ij + Dji)w 5 P
01255 (ww; — 2kdy5) + 0.015(P; — Dyy)] (£) T
(¢ij + Bji)2 PZ] Dy;
—y (P — %Péij) — | Wil g, 9 -+ uju kgmU - uiuk% + ujuk%—(f:

Here P is the production rate and z, is the normal distance of the cell to
the surface. The coefficients C.; and C., are the same as in the standard
k — ¢ model.
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A.1.14 LaunderGibsonRSTM

The LaunderGibsonRSTM model is the Reynolds Stress Transport Model
with wall-reflection terms developed by Launder and Gibson [14]. The

model is implemented in OpenFOAM as

OR
ot

St LV (UR)— (V-U)R—V - (DpessVR) + (Cng%R) -

2
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ot ’ k k
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G k C’lg,l Clg,2 Cl,ref C2,ref Cs QR

Str(P)] | 5tr(R) | 1.8 | 0.6 | 0.5 0.3 |0.15 1.22

Cy, @, Coq, Cooy Dy and D, f; are the same as in the LRR model.
The turbulence boundary conditions at the walls are k,,; = 0 and

85/8ﬁ|mu =0.
The original model [14] reads

D(uju’;) 2
Dt I — Du:u; + Pij + (bij — §5Z—j5
De €
2= = D.+ 2(0.50, Py — C.
Dt +k(0501 kk CQE)
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C,, C.1 and C., are the same as in the standard & — ¢ model.

A.1.15 SpalartAllmaras

The SpalartAllmaras model is the 1-equation mixing-length model de-
veloped for external flows by Spalart and Allmaras [15]. The model
solves a transport equation for the turbulent viscosity, 7 (Spalart-Allmaras
variable). The implementation of this model in OpenFOAM is done as

di R 2
d—j +V A (UD) = (VU7 =V - (D Vi) — o, Cog| V52 = 1 S — Cwlfw%
S g r
Fu3V2|Q + fuo (ﬁ) 74 Cua(r® —1) min ((@) : 10)
fvl fv2 fvS fw ;
X 1- X Lixfur ) ((3042/Coat(x/Cr2)?) L+Cgs | ©
XB—"_CSI 1+xfu1 Cy2 (1+X/C’U2)3 g 96"‘033
Uy X f2 Chn Chra
U for (2) Czectax” 0.1355 0.622
DD,eff Cwl Cw? CwS ay
v+ a, b ((%1)) + a, (14 Cpo) 0.3 2 3/2
K Cwn C2 Cis Ciy
0.41 7.1 5 1.1 2
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Here d is the distance to the closest surface. The appropriate boundary
condition at the walls is 7,,,; = 0.
The original model [15] calculates the turbulent viscosity through

Dv - o P\° 1[0 N o O
Dt Cyi (1= fi2) Sv— [Cwlfw - ?fw} (8) ‘|‘; [— ((1/ + V)ﬁ—x]) + Cb28—l’i8—l’j

S fv2 fv3 g

fU3Q + (Hgyd2) fv2 (X/clvg)f’ <(1+va1)(1_fv2)> 2/3

X

Other coefficients are the same as those implemented in OpenFOAM.

A.2 Wall Functions

Wall functions are used when the centers of the wall-adjacent cells
are in the overlap region of the boundary layer, i.e. within the range
30 < Y < 100. There are different wall function implementations for
different turbulence models in OpenFOAM, which are described in the
following sub-sections.

A.2.1 Linear k — < Models

Before applying the production term, G, in the £ and ¢ equations, it is
modified in the wall-adjacent cells according to

ou

G = (Vuw + V) abs(—|wau)(]2'25 (

Vk
on

Ky

Further, before solving the equations, the dissipation, ¢, is fixed in the
wall-adjacent cells according to

]{21'5
_ o075 (R
=G ( Ky )

J’_

Vw Yy

y C2'25y (@)

Vw
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y is the distance from the wall. After computing k, ¢ and v, the turbu-
lent viscosity of the wall-adjacent cells is modified according to

_ y'r
Vi = Vap (log( By 1) (A.1)

For the very fine cells near the wall, where y* < y;" | the production
term and the turbulent viscosity for the wall-adjacent cells become G =
0 and v;.

A.2.2 Non-linear k — < Models

For non-linear £ — € models an extra non-linear term is added to the
generation term

ou

G = (Vw + V) abs(—|wall)(]3‘25 (ﬁ

KY

. ) — (T = Uiy)

C,, is a local variable in each cell, which is found in the descriptions of
the non-linear turbulence models.

A.2.3 The kOmegaSST Model

The wall function formulation in the kOmegaSST model follows the
same principles as those mentioned above, with the only difference be-
ing the frequency w, which is computed instead of dissipation rate, ¢

oU vk
G = (Vi + ) abs(a—n|wau)C’2'25 </<J_y>
VEk

W= ——r—
CO%ry

Other definitions are the same as in other models.
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A.3 Numerical Methods

Three different numerical schemes are used in the computations: cen-
tral differencing (C'D), upwind differencing (UD) and Gamma. Figure
A.1 shows three nodes U, C' and D, in which the values of the gen-
eral parameters ¢y, ¢c and ¢ are present. All interpolations must be
based on the quantities which exist in the nodes. The velocity at face
f is Us. The goal of the numerical schemes is to find an appropriate
estimation for the value ¢, at face f. In the following subsections each
numerical scheme will be discussed briefly.

Ut
+ + 8)(1 N 8)(2 +
U C f D

Figure A.1: Cells U, C and D, as well as face f.

A.3.1 Central Differencing, CD

In the central differencing method, a linear interpolation of the values
¢c and ¢p at two adjacent nodes C' and D is exploited to estimate the
value ¢ at the face f. The method is mathematically described as

f o 5:1:1
o 61:1 + 51’2

The central differencing scheme is a second-order accurate scheme.

A.3.2 Upwind Differencing, UD

In the upwind scheme, the value ¢ on the face f is estimated as
[ ¢e ifU;>0
1 = { ¢p otherwise
The upwind scheme is first order accurate.

49



Pirooz Moradnia, CFD of Air Flow in Hydro Power Generators

A.3.3 Gamma Differencing

The Gamma scheme is a blend of C'D and UD [16]. The model has a
constant (3,, which can vary between 0.1 and 0.5. The blending factor v
and the normalized cell value ¢¢ are defined as

do =50,
The Gamma scheme works then based on the values of 7y and ¢¢
gc if gc <0or dc > 1
¢f = fxébc + (1 - fx)QbD lfﬁm Zbe Z 1
(1 - 7(1 - fx))¢0 + 7(1 - fx)¢D if 0 2 ¢C 2 ﬁm
The Gamma scheme is second order accurate.
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A.4 Frozen Rotor

The flow in the generator is simulated using the Frozen Rotor ap-
proach. This approach is based on a multiple reference frame method
in which an inertial region and a rotating region are specified. The two
regions are separated from each other by an axi-symmetric interface
[17]. The rotating region is provided with extra source terms which
account for the rotation. The rotor and the stator, thus, have a fixed
position during the computaions. The Navier-Stokes and continuity
equations are based on convection of the absolute velocity u; and are
given by

ou -
ﬂ+v-(u} @up) + Q xur=-=V(p/p)+ vV -V(uj)

ot
V-ur=0

Here 1} is the velocity relative to the reference frame and (I is the
rotation vector of the reference frame.

A.5 Forces and Torques on the Rotor

The rotor rotates in a viscous fluid. This means that in order to keep
the rotational motion at a constant rotational speed, a certain torque
should be applied to the rotor. The rotor torque should balance the
torques exerted by the frictional forces and pressure forces on the rotor
body, i.e.

—

— —
Trotor - Tfriction + Tpressure

The torque from frictional forces, T}mctiom is caused by the friction
between the fluid and the solid body of the rotor, while the pressure
torque, fmesswa is caused by the pressure acting normal to the rotor
surface. The torque required to keep the rotation at a constant speed
for each case can be used as a measure to determine the ventilation
losses in the generator.

The forces and torques on the rotor are computed according to
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—

Fpressure = Z (pgface>

rotor faces
Ff?"iction = E (Aface : Tm’scous)
rotor faces
Mpressure = E (Xface X (pAface))
rotor faces
Mfriction - E (Xface X (Aface . Tviscous))
rotor faces

Here ﬁpresme is the total pressure force, ﬁfriction is the total fric-
tional force, ]\Zmessme is the axial torque (or moment) exerted by the
pressure forces, and M friction 18 the axial torque (or moment) exerted
by the frictional forces on the rotor, where all quantities are computed
and summed on all rotor faces (or any arbitrary patch).

p is the static pressure on the faces and X face 15 the position vec-
tor, from the center of rotation and ending at the face center. A face 18
the normal area vector of each boundary face and 7,;,...s is the viscous
stress tensor.
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Test Cases and Validation

B.1 Turbulence Model Validation Test Case

To make sure that the turbulence models in OpenFOAM correctly pre-
dict the important flow characteristics, such as boundary layer build up
near the walls and recirculation in separation zones, they have been
validated using experimental data. The backward facing step case,
studied by Fessler et. al. [18] was chosen as a relevant case.The compu-
tational mesh was made using the OpenFOAM built-in mesh generator,
blockMesh, following the geometry in Figure B.1.

Uin
-
—_— Y h
H
— -
s ‘ ’
- I | -
63h 34H

Figure B.1: Backward-facing step geometry. Here h = 40mm and H = 26.7mm

The inlet velocity U;,, = 9.3(m/s) gives a fully developed flow at the
middle of the inlet channel (at ~ 30h from the inlet), with a centerline
velocity of 10.5 (m/s). This corresponds to a Reynolds number of about
1.3 x 10%, based on the half channel height.
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B.2 Case specifications

Almost all turbulence models described in Appendix A have been tested
on the backward-facing step case. Different turbulence models and nu-
merical schemes as well as a set of different grids have been tested, as
shown in Table B.1. The aim of the study was to compare the per-
formance of different turbulence models to select the most suitable
ones. Also, a few different numerical schemes were tested on the kEp-
silon model to examine its sensitivity to the numerical schemes. Fi-
nally, a grid study was performed on three turbulence models, kEp-
silon, kOmegaSST and LaunderSharmaKE models to verify how grid-
dependent the models are. It should be noted that despite similar ge-
ometries, the meshes are not similar in all cases. While the kEpsilon,
realizableKE, RNGkEpsilon, NonlinearKEShih, SpalartAllmaras, UD-
kEpsilon, CDkEpsilon and UDTurbulencekEpsilon cases share the same
meshes, the other cases have different meshes to get y* values in the
correct range. There is no y* value reported for the SpalartAllmaras
case, since it is not reported by the code.

54



3¢

Case name Turbulence model Convection scheme | Average
Velocity | Turbulence y+
kEpsilon k—e Gamma Gamma ~ 61
RNGKkEpsilon RNG k — ¢ Gamma Gamma ~ 61
realizableKE realizable k — ¢ Gamma Gamma ~ 61
kOmegaSST k—w SST Gamma Gamma ~ 61
LienCubicKE Lien-Cubic k£ — ¢ Gamma Gamma ~ 67
NonlinearKEShih Non-Linear Shih & — ¢ Gamma Gamma ~ 67
LRR Launder-Reece-Rodi RSTM | Gamma Gamma ~ 65
LaunderGibsonRSTM Launder-Gibson RSTM Gamma Gamma ~ 61
LaunderSharmaKE Launder-Sharma k — ¢ Gamma Upwind R~
LamBremhorstKE Lam-Bremhorst & — ¢ Gamma Gamma ~
SpalartAllmaras Spalart-Allmaras Gamma Gamma [—]
CDkEpsilon k—e Central Gamma ~ 61
UDKkEpsilon k—e Upwind Gamma ~ 61
UDturbulencekEpsilon k—e Gamma | Upwind ~ 61
lowy+kEpsilon k—e¢ Gamma Gamma ~ 26
highy+kEpsilon k—e Gamma Gamma ~ 122
lowy+kOmegaSST k —w SST Gamma Gamma ~ 26
highy+kOmegaSST k —w SST Gamma Gamma ~ 122
lowy+LaunderSharmaKE Launder-Sharma k — ¢ Gamma Upwind ~
highy+LaunderSharmaKE Launder-Sharma k — ¢ Gamma | Upwind ~ 10

Table B.1: Case specifications
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B.3 Results

The results are validated and analyzed with respect to normalized ve-
locity profiles, U/U,;, turbulent kinetic energy, k, wall shear stress, 7,
and y* values respectively.

B.3.1 Normalized velocity profiles, U/U,

The velocity profiles at different sections are divided by the centerline
velocity, U., and the results have been compared to each other and
experimental data. Figures B.2 and B.3 show the results for different
run setups.

As the results suggest, the best prediction of the normalized veloc-
ity profiles by the high Reynolds number models is provided by the
RNGkEpsilon model. The worst results are found by the Nonlinear-
KEShih and LienCubicKE models. The other high Reynolds number
models, including kOmegaSST, show a relatively good correspondance
with the experimental data. The Reynolds stress models generally
show a good accuracy. Among the low-Re models, the LaunderShar-
maKE model shows the best consistency with the experimental data,
compared to the LamBremhorstKE model which does not seem to give
acceptable results in spite of acceptable y* values. Different convection
schemes for the velocity and turbulence show a negligible difference in
the profiles. A grid study has been performed on two high-Re models,
namely kEpsilon and kOmegaSST models. kOmegaSST models yields
impaired results with a too fine grid (y™ value less than 30). The kEp-
silon model, however, proves not to be affected by the grid resolution
changes. The LaunderSharmaKE model is unaffected by the y* range
tested in this study. However, the y™ values should be kept below 11
to make sure that the model works properly. Higher y* values lead to
very impaired results for this model.
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Figure B.2: Velocity profiles at different sections. Top: High-Re % — ¢ turbulence models. Middle: Low-Re %k — ¢ Turbulence
models. Bottom: Other turbulence models
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B.3.2 Turbulent kinetic energy, &

The turbulent kinetic energy is computed at different sections and com-
pared to the experimental results in Figures B.4 and B.5. Note that in
the experimental results the w’ component of the velocity has been as-
sumed to be of the same order of magnitude as the v" component. The
turbulent kinetic energy is then computed through

k= \/u’2+v'2+w'2

An investigation of the results for the turbulent kinetic energy, k&,
shows that all high-Re models perform rather well even in the recircu-
lation region. The RNGkEpsilon model shows the best consistency with
the experiments while again the NonlinearKEShih and LienCubicKE
models give the worst results. The LaunderSharmaKE low-Re model
gives almost the same accuracy as the high Reynolds number models
while the results of the LamBremhorstKE model do not agree at all
with the experiments. In the recirculation region, the best numerical
scheme for the kEpsilon model is the upwind velocity and the Gamma
turbulence. This is probably a coincidence, since it has been shown
in many studies that second-order schemes are required to get good
results in complex flows. Finally, the grid dependency test suggests
that the kEpsilon and LaunderSharmaKE models show very alike re-
sults within the range of tested y* values, while the kOmegaSST model
shows stronger grid-dependent characteristics. The & values for the
SpalartAllmaras model have not been shown, since the model does not
compute turbulent kinetic energy.
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Figure B.4: Turbulent kinetic energy at different sections. Top: High-Re k — ¢ turbulence models. Middle: Low-Re
LaunderSharmaKE model. Bottom: Low-Re LamBremhorstKE model
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Figure B.5: Turbulent kinetic energy at different sections. Top: Other turbulence models. Middle: k& — ¢ with Different
numerical schemes. Bottom: Different mesh resolutions.
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B.3.3 ¢ value

Figures B.7 and B.7 show the distribution of y* values for all cases.
The k£ —c models, other than NonlinearKEShih and LienCubicKE, show
more or less exactly the same y* values. The choice of different numer-
ical schemes for the solvers does not have a noticeable impact on the
yt values for the same grid. The last figure in this set shows the y*
values for the grid tests. The local y™ values are generally not in the
recommended range, which together with velocity distributions, turbu-
lent kinetic energy and wall shear stress distributions gives a measure
on how sensitive each model is to the grid resolution.
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Figure B.6: y" distribution on the walls. Top: High-Re k — ¢ turbulence mod-
els. Middle: Low-Re ik — ¢ Turbulence models.
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Figure B.7: y* distribution on the walls. Top: Other turbulence models.
Middle: k — ¢ with Different numerical schemes. Bottom: Different mesh
resolutions.
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B.3.4 Wall Shear Stress, 7,

Figures B.8, B.9and B.10 show the distribution of the shear stress on
the walls. A comparison of different models show that except Non-
linearKEShih, LienCubicKE, LamBremhorstKE and LRR, other tur-
bulence models show more or less the same values for the wall shear
stress. It should, however, be noted that the SpalartAllmaras model
gives slightly higher values than the other models. Experimentally
measured shear stresses at the wall are not available but are needed
to validate the computational results. The results also suggest that the
choice of different numerical schemes and grid resolution (except for
the LowytkOmegaSST model) does not affect the simulation results of
Twail considerably.
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Figure B.8: 7,,,; distributions: High-Re k — ¢ turbulence models.
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Figure B.10: 7,,,; distributions. Top: k — ¢ with Different numerical schemes.

Bottom: Different mesh resolutions.
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B.3.5 Choice of Turbulence Model for the Genera-
tor

An important region in the backward facing step case is the recircula-
tion region after the step. This region is particularly of high interest in
this work since there are many similar seperations present in genera-
tors. As it is apparent from the figures, the results of the RNGkEpsilon
and LaunderSharmaKE models are very well consistent with the ex-
perimental results. However, the small height of the stator channels
does not allow the use of a wall function mesh and utilization of a high-
Re turbulence model within an acceptable y* range. This would lead to
a very coarse grid in the channels, with only two cell layers in the ver-
tical direction, and would impair the quality of the results. Therefore,
the RNGkEpsilon model was not appropriate to use in the generator
cases and instead, the LaunderSharmaKE model was chosen to per-
form the computations.

B.4 Concentric Cylinders

The flow in the generator is driven by the pressure build-up due to the
rotation of the air in the space between the rotor poles and the stator.
To verify that OpenFOAM is able to predict this behaviour correctly, a
laminar Couette flow [19] test case has been studied. The test case con-
sists of two concentric, infinitely long cylinders where the inner cylin-
der rotates and the outer cylinder is at rest. This creates a laminar
flow in the space between the cylinders. The analytical pressure dis-

tribution between the inner radius, r;, and the outer radius, r, is given
by

82 [—7“04 1 r r2  rA—rA

p(r) =p(r;) + R el ETRE r n(ri)+ 5 + U2

The corresponding theoretical velocity distribution reads

Vo(r) = Qﬂ’ig: :Og
Here ©2; is the rotational speed of the inner cylinder. Figure B.11

shows that the numerical pressure and velocity distributions coincide
well with their corresponding analytical solutions.
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Figure B.11: Comparison of the numerical and theoretical velocity (Top)
and pressure (Bottom) distributions for the laminar Couette flow.
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