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PIROOZ MORADNIA

Department of Applied Mechanics

Chalmers University of Technology

Abstract

The cooling air flow in hydro power electric generators is investigated

experimentally and numerically. A fully predictive numerical approach

is presented and validated, in which the inlet and outlet boundaries

are eliminated from the computational domain. Instead, a part of the

space outside the machine is included in the computational domain,

allowing for recirculation of the cooling air. The predicted flow is there-

fore driven solely by the rotation of the rotating parts of the generator.

In this way, the predicted flow field is independent of any experimental

data at the inlet, and is determined completely by the solution.

Using the fully predictive approach, a number of parametric nu-

merical studies are performed on the rotor and stator geometries. The

effect of adding geometrical details to the rotor and stator are inves-

tigated, and stator baffles and rotor fan blades are concluded to in-

crease the volume flow rate through the machine. The volume flow

rate through the machine is found to vary linearly with the rotor rota-

tional speed, while the required rotor axial power increases cubically

with the rotor rotational speed.

The numerical results are validated against experimental measure-

ments in a real electric generator. Flow visualizations, and 5-hole probe

and total pressure measurements are performed. A comparison of the

numerical results and the experimental data reveals a good qualitative

prediction of the flow by the fully predictive numerical approach. The

sensitivity of the numerical results to different choices of inlet bound-

ary conditions is also investigated. The level of detail in the boundary

conditions proves to play an important role in predicting correct flow

features.

A half-scale laboratory model, based on the above studied electric

generator, is specifically designed and manufactured for experimen-

tal studies of the cooling air flow. The measurement accuracy in the

half-scale model is significantly improved compared to that in the real

generator. The model is provided with static pressure holes and optical
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access for flow measurements using Particle Image Velocimetry (PIV).

The fully predictive numerical approach is shown to yield quantita-

tively similar results as the experimental flow measurements. The nu-

merical simulations are also performed with inlet and outlet boundary

conditions, by specifying the inlet volume flow rates from the experi-

mental measurements. The results of the fully predictive numerical

approach are shown to agree better with the experimental data, than

those of the simulations with inlet and outlet boundary conditions.

Keywords: CFD, Electric Generator, Multiple Reference Frame, Flow

Prediction, OpenFOAM, Experimental Measurements, PIV, Total Pres-

sure Measurements, 5-hole Pressure Probe Measurements
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Chapter 1

Introduction

Figure 1.1: A schematic view of a hydro electric power plant

H
YDRO power is the most efficient electric power generation method

reaching up to 95% efficiency. It plays an important role in the

electric power supply in Sweden, producing nearly half of the total

electric power in the country. Hydro electric power plants are used

to convert the mechanical energy of the flowing water into electric-

ity. Figure 1.1 shows a schematic view of a hydro electric power plant.

Collected from a reservoir with high hydrostatic head, the water flow

drives a turbine, which in turn drives an electric generator that gen-

erates electric power through magnetic induction. A transformer is

used to decrease the induced electric current by increasing the voltage,

while preserving the power. The electricity is then transmitted to the

network, for distribution to the customers.

Like any other complicated system, a hydro electric power plant

is comprised of a large number of different components, any of which
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should be carefully designed and optimized to yield the highest possi-

ble efficiency. The majority of the hydro power plants in Sweden were

constructed during the 1950s and 60s, and many of them are in need of

refurbishment. Design modifications and improvements to these sys-

tems can contribute to a considerably increased total electric power

generation. An increased power generation increases the heat, which

should be removed from the system.

(a) CAD model (b) Cross-section

Figure 1.2: CAD model and cross-section of an electric generator

The focus in the present work is on electric generators, in which the

conversion of the mechanical energy into electricity takes place. Fig-

ure 1.2 shows a CAD model and a cross-section of an electric generator.

An electric generator is made up of a rotor and a stator. The rotor is

composed of a number of electromagnetic poles, and is connected to the

turbine runner through a shaft. The stator is the stationary part sur-

rounding the rotor, and is comprised of a number of electric coils. An

alternating electric current is induced in the electric coils of the stator

as a result of the relative movement of the magnetic field of the rotor

poles.

1.1 Losses in Electric Generators

The process of conversion of the mechanical energy into electricity in

electric generators includes energy losses. The energy losses are di-

vided into three main classes:

1) Electric losses, due to the electric resistance in the stator coils

2) Magnetic losses, mainly due to the eddy currents appearing as a

result of the rotating magnetic field of the rotor relative to the stator

core

3) Mechanical losses due to cooling air flow and friction in bearings

2



CHAPTER 1. INTRODUCTION

The losses generate heat, which raises the temperature of the ma-

chine components and leads to a change in the material properties.

This includes the temperature dependent electric resistance. A work-

ing temperature beyond the design range may thus result in a lower

efficiency. Further, the life-time of certain components, such as insu-

lation materials, is affected by high (or varying) temperatures. It is

therefore important to remove the heat to keep the machines at a sta-

ble and even temperature near their best operating points. Electric

generators are cooled by means of convection. A large number of cool-

ing channels are provided in the stator body to allow for the passage of

cooling air to cool down the stator coils, see Fig. 1.2(b). The rotor acts

as a fan which builds up a pressure difference between the inside and

the outside of the stator, forcing the air flow through the stator cooling

channels.

1.2 Convective Heat Transfer

Convective heat transfer occurs when there is a temperature difference

between a solid body, (Ts), and its surrounding fluid, T∞. The convective

heat flux, q′′ from the solid surface to the surrounding fluid is related
to the temperatures Ts and T∞ through a convection coefficient, h. The
main task in analysis of a convective heat transfer problem is to deter-

mine the convection coefficient.

It is convenient to formulate the convection coefficient through the

non-dimensional Nusselt number, Nu = hl
kf
. Here h is the convection

coefficient, which is a property of both the fluid and the flow. The

quantities l and kf are respectively an appropriate length scale for the

given geometry, and the conduction coefficient of the cooling fluid. The

Nusselt number for forced convection in a given geometry is a func-

tion of the non-dimensional Reynolds, Re, and Prandtl, Pr, numbers:
Nu = f(Re, Pr). The Reynolds number is defined as Re = Ul

ν
, where U ,

l, and ν are respectively a velocity scale of the flow, a length scale of the
geometry, and the dynamic viscosity of the cooling fluid. The Prandtl

number is defined as Pr = ν
α
, where ν is the kinematic viscosity of the

cooling fluid, and α =
kf

ρcp
. The quantities kf , ρ and cp refer respectively

to the heat conduction coefficient, the density and the specific heat at

constant pressure, and are properties of the cooling fluid.

The non-dimensional forms of the x-momentum, and energy equa-

3
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tions read

u∗∂u∗

∂x∗
+ v∗∂u∗

∂y∗
= −

dp∗

dx∗
+

1

Re

∂2u∗

∂y∗2

u∗∂T ∗

∂x∗
+ v∗∂T ∗

∂y∗
=

1

RePr

∂2T ∗

∂y∗2

where

x∗ ≡
x

l
, y∗ ≡

y

l
, u∗ ≡

u

U
, v∗ ≡

v

U
, p∗ ≡

p∞
ρU2

, T ∗ ≡
T − Ts

T∞ − Ts

Therefore u∗ = u∗(x∗, y∗, Re, dp∗/dx∗), and T ∗ = T ∗(x∗, y∗, Re, Pr).
The shear stress at the wall surface, τs, and the friction coefficient,

Cf , are defined as

τs = µ
∂u

∂n
|n=0 =

µU

l

∂u∗

∂n∗
|n∗=0

Cf ≡
τs

1
2
ρU2

=
2

Re

∂u∗

∂n∗
|n∗=0

At a solid wall the heat transfer is assumed to occur by pure con-

duction (no advection). The heat flux is found through the Fourier’s law

of cooling, q′′ = −kf
∂T
∂n
|n=0. The convection coefficient, h, is then found

through equating the Fourier’s law of cooling with the Newton’s law,

q′′ = h(Ts − T∞). The convection coefficient is thus found as

h =
−kf∂T/∂n|n=0

Ts − T∞
= −

kf (T∞ − Ts)

l(Ts − T∞)

∂T ∗

∂n∗
|n∗=0 =

kf

l

∂T ∗

∂n∗
|n∗=0

It is thus concluded that the convection coefficient is a function of

the flow characteristics and the fluid properties. Rearrangement gives

Nu =
hl

kf

=
∂T ∗

∂n∗
|n=0

That is, the Nusselt number is the dimensionless temperature gradient

at the wall surface.

The non-dimensional x-momentum and energy equations are very

similar, and their wall boundary conditions demand T ∗ = u∗ = 0. The
two equations will have an identical form in the special case of Pr = 1
and dp∗/dx∗ = 0. In that case

∂T ∗

∂n∗
|n∗=0 =

∂u∗

∂n∗
|n∗=0

Nu =
CfRe

2
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CHAPTER 1. INTRODUCTION

and the friction coefficient, which is more available in the literature,

can be used to determine the Nusselt number. The temperature gra-

dient at the wall is thus related to the velocity gradient at the wall.

The Prandtl number for air is close to 1 (Prair = 0.7), and the pressure
gradient, dp∗/dx∗, along the stator cooling channels is small.

1.3 Objectives and Scope

The aim of this work is to develop a numerical approach to precisely

predict the cooling air flow in electric generators, for future use in con-

vective heat transfer analysis. The usual approach is to specify the

experimentally measured velocity distribution, or volume flow rate, at

the inlet of the computational domain. A limitation of that approach

is the difficulty in performing detailed experimental measurements at

a high level of accuracy. Electric generators are complex in geometry

and are usually packed with different components. This results in a

very limited accessibility and leaves a minimal space for positioning

the measurement equipment. Another problem is the determination of

the turbulence quantities at the inlet, which is even more difficult than

the determination of the velocity distribution. Using a fully predictive

numerical approach the dependence of the simulations on experimen-

tal measurements is removed, while the flow is predicted at a high

accuracy. The present work is dedicated solely to the flow of the cooling

air, and is thus performed without heat transfer.

The present work includes parametric studies of the influence of

the geometry of different components, on the cooling air flow in elec-

tric generators. The knowledge gained from the parametric studies is

used to modify the design of a real generator, for experimental mea-

surements. The cooling air flow is visualized using a smoke pen, and

is measured using 5-hole and total pressure probes. The experimental

data is used to validate the numerical results. A simplified half-scale

model of the generator is designed and constructed for further vali-

dation of the numerical results. The design is determined from both

experimental and numerical requirements. It allows geometry and

mesh parametrization, it is adapted for mesh quality requirements,

and it provides good accessibility for experimental measurements. The

knowledge gained in the previous steps of the work is used extensively

in the design of the half-scale rig. Experimental measurements, includ-

ing total pressure and PIV, are performed on the half-scale rig. Two

different numerical approaches are used to simulate the cooling air

flow. In a fully predictive approach the inlet and outlet boundaries are

removed from the computational domain, and the flow is completely

5
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determined by the solution. In another, more common approach, in-

let and outlet boundaries are included in the computational domain.

The volume flow rate in that case is determined from the experimental

measurements and is set through the inlet boundary conditions. The

results of the fully predictive numerical approach are found to be closer

to the experimental data than those of the approach with inlet and out-

let boundary conditions.

6



Chapter 2

Methodology

T
HE numerical and experimental methodologies used in the present

work are here described.

2.1 Computational Fluid Dynamics

The OpenFOAM-1.5.x CFD toolbox (www.openfoam.org) is used for the

numerical simulations in the present work. The steady-state Reynolds

Averaged Navier-Stokes equations are solved using the finite volume

method. Some of the main methods used in the simulations are here

briefly described.

Figure 2.1: Computational domain in the fully predictive approach

Fully Predictive Numerical Approach A part of the space outside

the generator is included in the computational domain to allow for re-

circulation of the cooling air, see Fig. 2.1. Depending on the boundary

conditions used, the cooling air flow may (or may not) freely enter or

exit the outer boundaries of the computational domain. No inlet and

7
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outlet boundaries are thus specified in the computational domain. The

simulated flow is thus solely driven by the movement of the rotating

parts in the computational domain.

Frozen Rotor The numerical studies are performed in steady-state

mode, using theMultiple Reference Frame based Frozen-Rotor approach.

In this approach the relative position of the rotor and stator meshes

is unchanged. The computational domain is instead divided into re-

gions of rotating and stationary reference frames, separated by an axi-

symmetric interface. An extra source term in the momentum equation

includes the effect of the rotation in the rotating region. The frozen-

rotor formulation of the momentum and continuity equations is given

by

∇ · (~uR ⊗ ~uI) + ~Ω × ~uI = −∇(p/ρ) + (ν + νt)∇
2~uI (2.1)

∇ · ~uI = 0 (2.2)

Variables ~uI and ~uR refer to the inertial and relative velocity vectors,

respectively, where ~uI = ~uR in the stationary region. ~Ω specifies the
rotation vector, which is zero in the stationary region. It is thus the in-

ertial velocity that is solved for, using relative fluxes in the momentum

equation divergence term.

The frozen-rotor concept has the disadvantage that the interaction

between the rotor and stator is frozen in the tangential direction. How-

ever, for the purpose of the present work it is sufficient with a rotor

model that provides the correct pressure build-up in the stator. It is

shown that the current method is capable of predicting most of the

flow details accurately despite this disadvantage.

Turbulence Modeling The turbulence is modeled using the low-Re

k − ε Launder and Sharma turbulence model to correctly handle the
low-Re flow in the stator cooling channels. The choice of the Launder

and Sharma k − ε turbulence model is based on a detailed study of the
RANS turbulence models implemented in OpenFOAM-1.5.x. The study

of the turbulence models is found in Report A, which is summarized in

the appendix. The Launder and Sharma k − ε turbulence model reads

8



CHAPTER 2. METHODOLOGY

Table 2.1: Launder-Sharma k − ε turbulence model parameters

νt ε D RT fµ

Cµfµ
k2

ε̃
ε̃ + D 2ν

(

∂
√

k
∂xj

)2
k2

νε̃
e

−3.4

(1+RT /50)2

Dk

Dt
=

[(

ν +
νt

σk

)

k,j

]

,j

+ νt (ui,j + uj,i) ui,j − ε (2.3)

Dε̃

Dt
=

[(

ν +
νt

σε

)

ε̃,j

]

,j

+ c1ενt

ε̃

k
(ui,j + uj,i) ui,j

−c2ε(1 − 0.3e−R2
T )

ε̃2

k
+ 2ννt

(

∂2ui

∂x2
j

)2

(2.4)

Table 2.1 shows the model parameters. The turbulence quantities k
and ε̃ are set to zero at the walls. The computational mesh is required
to keep the wall y+ values at 1.

Numerical Schemes In papers I-III, the divergence term in the mo-

mentum equation is discretized using the second-order accurate ”Lin-

ear Upwind” scheme. In papers IV and V, that term is discretized using

the ”Limited Linear” scheme, which is a second-order accurate central

differencing scheme with a limiter function to remove numerical oscil-

lations. The advection terms in the transport equations of the turbu-

lence quantities are discretized using a first-order upwind numerical

scheme.

2.2 Experimental Measurements

The cooling air flow in a real electic generator and a half-scale model is

experimentally visualized and measured, using the methods described

below.

Flow visualizations The cooling air flow at the inlet of the machines

is visualized using smoke pens, see Fig. 2.2. The smoke pens have the

advantage of producing intensive smoke despite their small sizes. This

makes them practical in flow visualizations where the accessibility is

limited.

9
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Figure 2.2: Smoke pen at the inlet of the generator

Figure 2.3: 5-hole Probe

5-hole pressure probe measurements The 5-hole pressure probe

measurements allow for the separation of the flow components. The

5-hole probe used in this work is manufactured and calibrated by the

Aeroprobe Corporation, see Fig. 2.3. The diameter of the probe tip is

1.6 mm with individual distances between the holes of 0.5 mm, and a

tip half-cone angle of 30◦. The calibration is performed by the Aero-
probe company, and for 2563 angular positions at a velocity of 20 m/s

for pitch and yaw angles varied within ±55◦. The measurement accu-
racy is better than 1% for the velocity magnitude and 0.5◦ for the flow
angles.

Total pressure measurements The total pressure measurements

at the machine outlet are performed using total pressure rakes, see

Fig. 2.4. At the inlet the total pressure is measured with a single tube

L-shaped total pressure probe (similar to the 5-hole probe). Together

with a local static pressure measurement, the velocity magnitude along

10
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(a) Full-scale generator (b) Half-scale model

Figure 2.4: Total pressure rakes

the probe direction is found as:

|U | =
√

2(ptot − pstat)/ρ (2.5)

The total pressure probe tubes are calibrated for pitch and yaw an-

gles within ±10◦. To maintain the highest possible accuracy in a low-
pressure range, the pressure transducers are regularly controlled for

an offset and nulled before each set of measurements. The resulting

precision of the transducer offset is better than 0.2 Pa.

(a) Experimental rig and camera system

(b) PIV-images of the flow in the stator channels

Figure 2.5: PIV measurements

11
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PIV measurements Velocity distributions can be found using Parti-

cle Image Velocimetry (PIV) measurements, see Fig. 2.5. A thin laser

sheet is positioned in the flow. The flow contains small particles which

are illuminated by the laser sheet once passing through the measure-

ment plane. The cameras register the position of the particles in two

consecutive frames. A comparison of the particle locations in the two

frames determines their displacements. Knowing the time difference

between the frames, the particle velocities, and thus the flow veloc-

ity distribution in the measurement plane is determined. The stereo

camera angle in the experiments is set to 60◦, the camera distance is
600 mm away from the horizontal measurement plane, and the laser

sheet thickness is 2-4 mm. The cameras and laser head are mounted on

a single frame, enabling simultaneous traversing of the system without

re-adjustment. The system calibration is performed using a standard

calibration plate, Type11. The flow is sliced with a 1 mm step in the

axial direction. The flow is seeded with smoke droplets of average size

1 µm. To avoid possible effects of rig displacements in the PIV mea-
surements, the image capturing is synchronized to the rotor position.

Averaging is done over 150 data samples to examine the velocity distri-

bution in the inlet region. In the PIV processing, a 64x64 - 32x32 pixel

window with 50% overlapping is used in multi-pass mode. The particle

concentration is higher than optimal, to suppress the intensive radi-

ation scattered by dust particles on the surfaces and to improve the

velocity field quality. The inner parts of the rig are coated by reflective

and absorbing material to significantly reduce scattered radiation from

the irradiated laser sheet light. The arrangement allows registering of

particle patterns of 1-2 mm above the rotor surface. The errors in the

PIV velocity field is estimated to 0.34 m/s due to the 0.2 pixel error in

the sub-pixel interpolation.

Figure 2.5(b) shows PIV images of the flow in the transparent sta-

tor channels. A shadow region is marked in the images. The baffles

are modified to reduce the shadow, leading to an 85% reduction in the

shadow area.
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Chapter 3

Summary of Papers

T
HIS chapter gives a short summary of the main contents and results

reported in the papers on which this thesis is based.

3.1 Paper I

Motivation and Background Paper I is dedicated to the develop-

ment of a preliminary understanding of the cooling air flow in electric

generators. The aim is to investigate the effect of geometrical details

of the rotor and stator on the flow characteristics inside the machine.

Main content and Results The numerical simulations in paper I

are performed using the fully predictive approach, where the surround-

ing boundaries of the computational domain are assigned a slip-wall

boundary condition. The flow is thus allowed to recirculate in the com-

putational domain. Figure 3.1 shows an example of the generator ge-

(a) Generator CAD (b) Computational

domain

Figure 3.1: The generator geometry in paper I
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ometry that is used in paper I. The cooling air flows axially into the

generator from both sides of the stator, and the flow is assumed to be

evenly distributed between the two inlets. The computational domain

is therefore reduced using a symmetry plane in the middle of the gener-

ator. The computational domain is also tangentially reduced to a 1:12

sector, using cyclic boundary conditions at the sides. The simplest rotor

geometry has radial poles, and the poles are modified in seven steps.

The final rotor geometry is a close representation of a real generator,

located at Uppsala University, Sweden. For each rotor geometry, three

different simulations are performed: a simulation with a base stator, a

simulation with added horizontal baffles at the stator inlet, and a sim-

ulation with the horizontal baffles and with radial fan blades on the

rotor poles.

Although not experimentally validated, the numerical results from

paper I yield useful knowledge that is used in the further development

of this work. The addition of the stator baffles increases the volume

flow rate in the machine, while it reduces the required rotor axial power

that drives the flow. The use of the rotor fan blades combined with the

stator baffles drastically increases both the volume flow rate and the

required rotor axial power. The flow in the stator cooling channels is

shown to be associated with large separation and recirculation regions.

The recirculation regions in the stator channels decrease in size with

an increasing volume flow. The recirculation regions are thus smallest

in the cases with fan blades and stator baffles.

Comments The numerical results in paper I are not experimentally

validated, and are thus only used for relative comparisons of the effect

of the geometrical modifications.

3.2 Paper II

Motivation and Background From the studies in paper I, it is con-

cluded that the use of stator baffles can increase the volume flow rate

through the machine considerably. A combination of stator baffles and

rotor fan blades proves to increase the volume flow rate through the

machine even more. These learning outcomes are used to modify the

generator rig at Uppsala University for experimental measurements of

the cooling air flow, and a first validation of the numerical methodology

is performed.

14
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(a) The rotor (b) The fan blades and vertical sta-

tor baffles

(c) Generator CAD (d) Computa-

tional domain

Figure 3.2: The generator geometry in paper II

Main content and Results Figure 3.2 shows the generator stud-

ied in paper II. The inlet at the bottom of the machine is clogged, and

the cooling air flows into the generator from above the machine. This

is done to avoid the possible asymmetric flow distribution that could

occur with two inlets. The computational domain thus includes the

entire generator height. The generator is provided with stator baffles

and rotor fan blades to increase the volume flow rate through the ma-

chine. Experimental flow visualizations and measurements are per-

formed, to validate a new numerical simulation. The flow visualiza-

tions are performed with a smoke pen at the machine inlet. The flow

measurements are performed using a 5-hole pressure probe at the in-

let, and a total pressure rake at the outlet. The numerical simulation

is performed using the fully predictive approach. The geometry used

in the experiments is partly blocked by the cables and rig mountings.

The extra blockage at the outlet is not included in the numerical ge-

ometry. Although geometrical differences between the numerical and

experimental cases are present, velocity distributions at the machine

inlet and at the stator channel outlets demonstrate very similar trends.
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However, a quantitative comparison shows that the volume flow rate is

over-predicted by the numerical simulation.

Comments The numerically predicted volume flow rate in the pa-

per is by mistake concluded to be 0.164m3/s, where the correct value
should be 0.109m3/s. The over-estimation of the volume flow rate by the
numerical simulation is thus reduced to 28%, compared to the experi-

mentally estimated value. The experimental data shows considerable

tangential asymmetry in the flow inside the generator. The asymmetry

in the measured flow is caused by the asymmetry in the rig geometry,

which is not included in the computational domain.

3.3 Paper III

Motivation and Background The numerical simulation in paper

II is concluded to significantly over-estimate the experimentally esti-

mated volume flow rate through the machine. However, a comparison

of the velocity distributions at the inlet and outlet shows that the nu-

merical predictions demonstrate similar flow patterns to those experi-

mentally measured. The focus in paper III is to investigate the effect

of different rotor speeds on the predicted flow pattern, and to find a

correlation between the flow characteristics and the rotational speed of

the rotor.

Main content andResults Four numerical simulations are performed

with the fully predictive approach. The computational domain is iden-

tical as the one used in paper II, and the simulations differ only in

the rotor rotational speed. The normalized numerical results are com-

pared to each other and to the experimental data from paper II. The

volume flow rate is concluded to increase linearly with the rotor ro-

tational speed, while the required rotor axial power to drive the flow

follows a cubic relation with the rotational speed of the rotor. The re-

circulation areas in the stator cooling channels are reduced with an

increased rotational speed of the rotor.

Comments The normalized velocity and static pressure distributions

inside the machine are similar at all speeds. The largest inward axial

velocities are observed between the poles and close to the trailing edge,

where the pressure is lowest. At the leading edge there are only up-

ward axial velocities as the flow is deflected upwards when meeting

16
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the pole from below the fan blades. Just above the pole surface the ax-

ial velocity is zero. The axial velocity tends to be more inwards near

the stator inner wall.

3.4 Paper IV

Motivation and Background A well-defined inlet geometry favors

the quality of the inlet measurement, and makes it easy to set up nu-

merical simulations with inlet boundary conditions. The generator rig

at Uppsala University is therefore modified to better define the inlet

boundary. The rotor fan blades are also modified. Paper IV presents

new flow measurements and simulations on the generator rig at Upp-

sala University after geometrical improvements.

(a) Rotor fan blades (b) Generator CAD (c) Computational

domain

Figure 3.3: The generator geometry in paper 4

Main content and Results Figure 3.3 shows the generator geome-

try used in paper IV. A new horizontal baffle is added to the stator to

better define the inlet, and the rotor fan blades are moved to the shaft.

A new set of experimental measurements are performed on the modi-

fied rig. The flow at the inlet is measured by two different 5-hole probe

measurements, and a total pressure probe measurement. The flow at

the stator channel outlets is measured by the same total pressure probe

rake as in papers II and III. The experimental data is used to assess

the numerical results from two different numerical approaches: the

fully predictive approach, and with inlet and outlet boundary condi-

tions. The numerical simulations using the fully predictive approach

show that the use of a constant total pressure outer boundary condi-

tion yields a better flow prediction than slip wall boundary conditions.

The numerical simulations using inlet and outlet boundary conditions

17



Pirooz Moradnia, Cooling Air Flow in Electric Generators

are designed to investigate the sensitivity of the results to the level of

detail in the inlet boundary conditions. The level of details in the inlet

boundary conditions proves to play an important role in predicting the

flow pattern in the machine.

Comments Although the volume flow rate is under-estimated by the

fully predictive numerical approach, it yields very similar flow behav-

ior to that experimentally measured. The experimental data shows

a scattering at the stator outlet, caused by geometric imperfections.

However, the numerical velocity distributions at the stator outlets are

close to the mean of the experimental data in each channel. A more

accurate determination of the experimental volume flow rate would be

possible through measurements at more tangential positions at the in-

let. This is however not done as a result of accessibility limitations in

the rig.

3.5 Paper V

Motivation and Background The measurements in the Uppsala

generator, presented in papers II-IV, suffer from some restrictions. Be-

ing a real electric generator, the access for flow measurements is highly

restricted, and some of the air flow paths are blocked with electric

equipment. A half-scale model of the Uppsala generator is therefore

designed and built for detailed measurements of the cooling air flow

under well-defined conditions.

Main content and Results A simplified half-scale model of the Up-

psala generator is designed and built exclusively for measurements of

the cooling air flow. Figure 3.4 shows the rig and some experimental

and numerical details. The scale model is provided with optical access

to allow for flow measurements with Particle Image Velocimetry, PIV,

and with built-in pressure probes to allow for static pressure measure-

ments inside the machine. Two stator geometries are manufactured to

investigate the influence of the cooling channel curvature on the flow.

The Reynolds similarity between the half-scale model and the full-scale

generator is preserved by quadrupling the rotational speed of the rotor

in the half-scale model.

The flow details at the inlet and inside the machine is measured us-

ing PIV, and the outlet flow distribution is measured using a total pres-

sure rake. The experimental data is used for validation of numerical

results performed with two approaches: the fully predictive approach
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(a) The rig (b) The built-in

pressure probes

(c) The rake at the

channel outlets

(d) FP Computational domain (e) BC Computational domain

Figure 3.4: The half-scale generator model in paper V

(FP ), and with inlet and outlet boundary conditions (BC), as shown in
Fig. 3.4. The volume flow rates at the inlet of the numerical simula-

tions with inlet and outlet boundary conditions are estimated from the

experimental measurements, as in the Uppsala generator. It is found

that the fully predictive approach yields the most accurate results. The

flow rate is within 2% of that experimentally estimated, and the flow

details agree to a large extent with the experimental data.

Comments The volume flow rates in the measurements are esti-

mated assuming a constant velocity distribution in the unmeasured

part of the PIV measurement cross-section. The error introduced by

the assumption is believed to be comparable to the error in the pre-

dicted volume flow rate. The very good agreement of the numerical

results using the fully predictive approach suggest that the approach

is capable of predicting the flow inside generators at a high precision.
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Chapter 4

Conclusions and Future Work

A
fully predictive numerical approach is assessed for the simulation

of cooling air flow in electric generators. An accurate flow predic-

tion is a necessary first step towards an accurate convective heat trans-

fer analysis. The numerical approach is assessed using experimental

measurements on a real generator rig, and on a half-scale specialized

laboratory model rig. The numerical approach is applied to cases with

different geometrical modifications and with different boundary con-

ditions on the outer boundaries of the computational domain. With a

sufficiently high mesh resolution and appropriate outer boundary con-

ditions, the approach proves to be able to predict the flow details at a

high level of accuracy. The volume flow rate predicted by the numerical

simulations agrees well with the experimental data that is determined

under well-defined conditions. The accurate prediction of the flow field

indicates that the flow losses and wall shear stresses are simulated at

a high accuracy. An accurate prediction of the wall shear stresses is

highly related to an accurate prediction of the convective heat transfer.

The studies in the present work reveal considerable flow losses which

can be reduced by a better design. A better design and positioning of

the rotor fan blades, a better design of the stator cooling channels, a

smaller rotor-stator air-gap, etc. can help reducing the losses.

The simulations presented in this work are performed in steady-

state, using the frozen-rotor concept. Although capturing many details

of the time-averaged flow, many flow structures are instantaneous and

remain uncaptured using this method. Time-resolved flow simulations

are thus necessary to capture all the flow details. Accurate convective

heat transfer simulations may only be performed when the flow field is

predicted at a high accuracy.
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Appendix A

Additional Relevant

Publications

A
number of relevant publications which are not a part of this thesis

are here summarized, for further reference.

A.1 Report A

Moradnia, P., 2010. ”CFD of air flow in hydro power generators”. The-

sis for licentiate of engineering, no. 2010:11, Chalmers University of

Technology, Gothenburg, Sweden

http://publications.lib.chalmers.se/publication/129342

Division of work Moradnia produced all the numerical results and

wrote the report. Nilsson supervised the planning, analysis and writ-

ing. The final version was proofread by both Moradnia and Nilsson.

Motivation and Background Selection of an appropriate turbu-

lence model is of high importance when performing numerical simu-

lations of turbulent fluid flow. The choice of the Launder-Sharma k − ε
turbulence model for the numerical simulations in the present work is

based on a thorough study of the turbulence models implemented in

OpenFOAM-1.5.x.

Main content and Results A detailed study of the RANS turbu-

lence models in OpenFOAM-1.5.x is presented in report A. The inves-

tigated turbulence models in OpenFOAM include:

• kEpsilon: Standard k − ε with wall functions
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(a) geometry
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(b) High-Re k − ε models
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(c) Low-Re k − ε models

Figure A.1: The backward facing step case

• RNGKEpsilon: k−ε using Re-normalization Groups method, with
wall functions

• realizableKE: Realizable k − ε with wall functions

• kOmegaSST: k − ω SST

• NonlinearKEShih: Non-linear Shih k − ε with wall functions

• LienCubicKE: Cubic k − ε by Lien, with wall functions

• QZeta: Low-Re Q − ζ

• LaunderSharmaKE: Low-Re Launder-Sharma k − ε

• LamBremhorstKE: Low-Re Lam-Bremhorst k − ε

• LienLeschzinerLowRe: Low-Re Lien-Leschziner k − ε

• LienCubicKELowRe: Low-Re Cubic k − ε by Lien

• LRR: RSTM model by Launder, Reece and Rodi

• LaunderGibsonRSTM: RSTM model by Launder and Gibson

• SpalartAllmaras: 1-equation mixing length model by Spalart and
Allmaras
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The implementations in OpenFOAM are described and compared

to the corresponding descriptions in literature. In some cases, certain

differences between the original model and the OpenFOAM implemen-

tation are found. The turbulence models are tested for the flow over a

backward facing step, see Fig. A.1(a). The numerical results are vali-

dated with available experimental data, see Fig. A.1(b,c).

The report also includes a validation of the numerical simulations

of a laminar Couette flow with the corresponding theoretical solution,

as well as a description of the numerical schemes used.

Comments The studies in report A provide an important foundation

for the selection of an appropriate turbulence model for the numerical

simulations in this thesis. The low-Re flow in the stator cooling chan-

nels demands a low-Re turbulence model. The LaunderSharmaKE

model proves to yield similar results as the experimental data. It also

proves to be less sensitive to the mesh resolution than the other low-Re

models. The numerical simulations of the cooling air flow in electric

generators in this thesis are thus performed using the LaunderShar-

maKE model.

A.2 Report B

Moradnia, P., Nilsson, H., Page, M., Beaudoin, M., Torriano, F., Moris-

sette, J., and Toussiant, K., 2012. ”Transient and steady-state air flow

simulations in generators using OpenFOAM”, ISSN 1652-8549, Inter-

nal report nr 2012:12 Chalmers University of Technology, Gothenburg,

Sweden

http://publications.lib.chalmers.se/publication/156234

Division of work Moradnia produced all numerical results with Open-

FOAM, and wrote the report. Toussaint produced all numerical re-

sults with CFX. Page supervised the planning and analysis. Beaudoin

provided technical support and consultation. Torriano and Morissette

provided consultation. Nilsson supervised the planning, analysis and

writing. The final paper was proofread by Moradnia and Nilsson.

Motivation and Background There are many parameters that play

an important role in reaching numerical stability and accurate numer-

ical results. The numerical simulations in papers IV and V are per-
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formed using the knowledge gained from the studies presented in re-

port B.

(a) ”Generator” with ra-

dial rotor and stator

blades

(b) Generator with more

realistic rotor and stator

geometries

Figure A.2: Two geometries used in the numerical simulations

Main content and Results The air flow in two 2D geometries, rep-

resenting highly simplified generators, is simulated with OpenFOAM-

1.6-ext (see Fig. A.2). The results are compared to those obtained with

CFX. Different simulation strategies, numerical methods, turbulence

models, linear solvers, preconditioners, mesh resolutions, rotor-stator

interface type, location and boundary conditions are investigated. An

analysis of the effect on the flow details is provided. The numerical

convergence, the required computational effort, the obtained flow field,

the required axial rotor torque, and the windage losses are studied in

each case. It is shown that a good combination of the parameters saves

much of the computational effort, and improves the precision of the

numerically predicted flow.

The frozen-rotor results are shown to depend on both the relative

position of the rotor pole and stator deflectors, as well as the radial

position of the rotor-stator interface (RSI). Figure A.3 shows the ra-

dial and tangential velocity distributions across the RSI in frozen-rotor

simulations with different RSI types. The mesh distribution across the

interface, and the boundary conditions used at the interface do not af-

fect the results considerably. Both radial and tangential velocity distri-

butions are found to be largely affected by the interface radial position.

This is a result of an intrinsic property of the frozen-rotor concept when

transferring wakes across the RSI. The problem vanishes in sliding

grid simulations, as the transient flow in each time step is simulated
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(a) Radial velocities
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(b) Tangential velocities

Figure A.3: Frozen-rotor results with different RSI types, RSI radial posi-

tions, and the relative position of the rotor pole and stator deflectors

with an updated coupling between the rotor and stator regions.

Comments The small size of the stator channels relative to the rotor

poles, and the large rotor-stator air gap in comparison to the stator

channels in papers I-V reduces the effect of the rotor-stator relative

position on the simulation results. The numerical results in report

B are not experimentally verified, and are thus only used for relative

comparisons between the numerical results.

A.3 Report C

Hartono, E. A., 2011. ”Experimental Study of Air Flow in a Hydro

Power Generator Model - Design, Construction, and Measurements”,

Master thesis project report, no. 2011:51, Chalmers University of Tech-

nology, Gothenburg, Sweden

http://publications.lib.chalmers.se/publication/147717
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Division of work Hartono built the rig, produced the experimen-

tal data, and wrote the report. Moradnia provided the geometry, and

supervised the design, manufacturing and writing. Chernoray super-

vised the design, manufacturing, experiments, analysis, and writing.

Nilsson supervised the planning, design, manufacturing, analysis, and

writing. The final paper was proofread by Hartono, Moradnia, Cher-

noray, and Nilsson.

Motivation and Background As pointed out in papers II-IV, the

experimental data from the full-scale Uppsala generator suffer from

restrictions. Detailed flow measurements are impossible to perform as

the accessibility in the rig is very limited. The geometry is not pre-

scribed to a high level of accuracy, and it is difficult or impossible to do

geometrical modifications. Therefore a half-scale model of the genera-

tor is designed and manufactured exclusively for measurements of the

cooling air flow.

(a) The rig (b) The stator with pressure measurement

tubes and access for PIV

Figure A.4: The half-scale generator model

Main content and Results The rig is designed using the learning

outcomes of papers I-IV. It is parametrized for a more efficient and

accurate generation of the computational domain and mesh. The rig

is provided with optical access for flow measurements with Particle

Image Velocimetry, PIV, and with built-in pressure probes for pressure

measurements inside the machine, see Fig. A.4(b). The report includes

experimentally measured static and total pressure data, as well as a

discussion about the volume flow rate variations with fan blade length.
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(a) The pressure probes

(b) Static pressure in the stator with bent (left) and radial (right) channels

Figure A.5: The pressure probes and measured pressure data in the stator

channels

The built-in pressure probes in the half-scale model are designed to

give detailed pressure data in the stator channels, as well as inside and

outside the stator. Figure A.5(a) shows the pressure probes inside the

stator channels in the half-scale model. The static pressure distribu-

tion in the stator channels is shown in Fig. A.5(b). The highest static

pressure is observed by probe number 2 in both stators, as that probe

is located close to the stagnation point.

The total pressure distribution at the stator channel outlets are

shown in Fig. A.6. Figure A.6(a) shows the total pressure relative to

the reference pressure at the channel outlets. Figure A.6(b,c) shows

the total pressure coefficient, CpTot =
(ptot−ptot,ch)

(ptot,ch,max−ptot,ch)
, distributions at

the channel outlets (for comparison to Paper V). Despite some differ-

ences in geometries, the CpTot distributions demonstrate a very similar

behavior to those presented in paper V.
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(a) ptot − pref , Stator with bent (left) and the radial (right) channels
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(b) CpTot, stator with bent channels
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(c) CpTot, stator with radial channels

Figure A.6: Total pressure at the stator outlets

Comments The experimental measurements in report C are performed

with a transparent enclosure around the model, see Fig. A.4(a). The

enclosure is designed to represent the outer boundaries of the compu-

tational domain in the numerical simulations, yielding a recirculating

flow.

A.4 Paper D

Hartono, E. A., Golubev, M., Moradnia, P., Chernoray, V., and Nilsson,

H., 2012. ”PIV Measurement of Air Flow in a Hydro Power Genera-

tor Model”, Proceedings of the 16th Int Symp on Applications of Laser

Techniques to Fluid Mechanics, Portugal

http://publications.lib.chalmers.se/publication/164017
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Division of work Hartono produced all the experimental data and

wrote the paper. Golubev was involved in the experiments, performed

the analysis, and supervised the writing. Moradnia supervised the

writing. Chernoray and Nilsson supervised the planning, experiments,

analysis, and writing. The final paper was proofread by all authors.

Motivation and Background The use of the enclosure results in

the creation of a large swirl component of the flow outside the gen-

erator, which affects the accuracy and usability of the experimental

measurements. The swirling flow is also present in the numerically

predicted flow field and prevents the numerical convergence, despite a

large number of iterations. Also, the set-up and quality of PIV mea-

surements on the half-scale generator rig is to be examined and im-

proved. Paper D reports modifications and successful PIV measure-

ments in the rig.

Main content and Results Detailed PIV measurements are per-

formed in the half-scale generator rig. The half-scale model is sur-

rounded by a transparent enclosure as in report C. Paper D includes

PIV measurements at the inlet, inside the stator cooling channels, and

outside the stator. A total of 15 measurement planes are created to

capture an overall picture of the flow, interpolated to give an overview

of the flow field around the stator body. The flow outside the sta-

tor proves to be highly swirling due to the presence of the enclosure.

Phase-averaged measurements show that the flow structures inside

the channels are independent of the rotor pole position. A large flow

separation is captured at the inlet.

Figure A.7: Velocity vectors from the PIV measurements in the half-scale

stators with bent (left) and radial (right) channels
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Figure A.7 shows the velocity vectors in the stator cooling channels

obtained from the PIV measurements. The flow enters the channels

from the upstream side of the stator coils. A large recirculation area is

observed downstream of the coils, which extends to the channel outlets.

A part of the flow exits the stator channels and re-enters the air gap

from the low pressure region downstream of the coils.

Comments A significant part of the work in paper D is spent on im-

proving the PIV measurement quality. The flow patterns inside the

stator channels agree with that predicted by previous numerical sim-

ulations. A number of numerical simulations are performed with the

fully predictive approach on the half-scale model with the enclosure.

The presence of the enclosure leads to a large swirl outside the stator

which makes the numerical convergence difficult and impairs the sim-

ulation accuracy. The simulation results are therefore not published.

Instead, the rig is re-designed, and in the studies presented in paper V,

the transparent enclosure is removed. The computational domain are

replaced by permeable walls with a constant total pressure boundary

condition. This gives a much faster numerical convergence, and a much

better agreement between the experimental and numerical results. De-

spite the geometric differences, the flow pattern in the stator channels

is identical to those presented in papers I-III, and hence papers IV and

V.
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