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Abstract

The growing share of intermittent energy production, such as wind and solar, makes it increas-
ingly important to have more reliable energy sources to meet the demand of varying power
consumption. Hydropower can be used for this purpose, although this often leads to running
the turbine under conditions for which it was not designed. Off-design operation will lead to
dynamic loads, like pressure pulsations in the runner, which will significantly decrease its life-
time. Francis turbines, specifically designed to operate under variable speed conditions, may
be an answer to this challenge and could help levitate the turbine for such wear. As normal
synchronous speed Francis turbines are designed to run according to the frequency of the elec-
tricity grid, a standardized procedure to design a variable speed turbine is missing. By using
computational fluid dynamics (CFD), one can simulate the flow through a turbine and look at
its characteristics under different loads in the design process. This master thesis compares the
numerically predicted hill chart to experimental measurements of a Francis turbine. The main
objective is to create a model for recreating hill charts utilizing CFD. Prediction of hill charts are
useful in the design stage of production and may result in a more efficient runner. Investigation
of possible simplifications without loss in accuracy is also a subject of study. Simplifications of
geometry have been tested to investigate if the simulation time can be reduced without sacrific-
ing accuracy. It turns out that spiral casing can be omitted with little loss in accuracy. The k−ε
model showed more accurate and faster results. Numerical simulations of 132 operating points,
using k− ε turbulence model, were carried out and the numerical hill chart is predicted. It is
observed that the numerical simulations overpredict the efficiency; however, the general shape
is predicted well.



Sammendrag

Den økende andelen av uregulerbar kraftproduksjon, som vind og sol, blir det stadig viktigere
å ha mer pålitelige energikilder for å tilfredsstille etterspørselen av et varierende strømforbruk.
Vannkraft kan brukes til dette formålet, selv om dette ofte medfører å drive turbinen under for-
hold som den ikke var konstruert for. Turbindrift utenfor design punkt vil føre til dynamiske
belastninger, som trykkpulseringer i løpehjulet, noe som vil redusere levetiden betydelig. Fran-
cis turbiner, spesielt designet for å operere under variable hastighetsforhold, kan være et svar på
denne utfordringen og kunne bidra til å sikre turbinen mot slik slitasje. Ettersom synkront turtall
Francis turbiner er konstruert for å kjøre i henhold til frekvensen av strømnettet, mangler vi en
standardisert prosedyre for å designe en turbin med variabel hastighet. Ved å bruke numerisk
fluiddynamikk (CFD) kan man simulere strømmen gjennom en turbin og se på dens egenska-
per under forskjellige belastninger i designprosessen. Denne masteroppgaven sammenligner
numerisk forutsatt virkningsgraddiagramm med eksperimentelle målinger av en Francis-turbin.
Hovedmålet er å skape en modell for gjenskaping av virkningsgradsdiagrammer ved bruk av
CFD. Å kunne forutsi virkningsgradsdiagrammer er nyttig i produksjonsstadiet og kan resul-
tere i en mer effektiv turbin. Undersøkelse av mulige forenklinger uten å tape nøyaktighet er
også et av temaene i denne oppgaven. Forenklinger av geometri har blitt testet for å undersøke
om simuleringstiden kan reduseres uten å ofre nøyaktighet. Det viser seg at spiraltrommen kan
utelates med lite tap i nøyaktighet. k− ε-modellen viste seg å være mer nøyaktig og raskere.
Numeriske simuleringer av 132 operasjonspunkter, ved bruk av k− ε turbulensmodell, ble ut-
ført og det numeriske virkningsgradsdiagrammet ble konstruert. Det observeres at de numeriske
simuleringene overestimerer effektiviteten, men den generelle formen er forutsatt godt.
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1 Introduction

In 2017 the world’s energy consumption rose with 2,2% and was the fastest growing since 2013.
Coal remains the world’s dominant source of power, with a share of 38.1% in 2017, almost as
much as natural gas (23.2%) [1]. Third in line comes hydroelectricity, the over 100-year-old
invention [2], with a share of 15,9% of the global power production [1]. Norway produces
roughly 130 TWh in a normal year [3], which makes it the biggest producer of hydropower
in Europe [1]. For this reason, Norway is often referred to in the media as Europe’s «green
battery» [4], although it is debatable whether or not this will become a reality [5]. In contrast,
more than half of the growth in renewable energy came from wind energy [1]. In 2015 wind
accounted for 3.7% of the world’s energy production, and prognosis says by 2030 it could be
20%, according to the Global Wind Council [6]. Norway is also following this trend, and 2017
was a record year for wind power [7]. Relying on intermittent energy sources such as wind and
solar comes with the challenge to meet the consumption demand for electricity. At a large scale,
variations in wind power production to power demand can be smaller from a perspective across
borders [8]. However, wind power makes no measurable contribution to the primary frequency
response for the electricity grid, whereas hydropower, on the other hand, contributes a large
proportion of primary frequency response [9].

The Francis turbine is the most common hydropower turbine in Norway [10]. This reaction
turbine is the most flexible with a wide range of head between 50 - 650m [11], making it
suitable for many cites in Norway. Conventional Francis turbines are single-regulated, fixed
synchronous speed type machines meaning fixed runner blades with a runner speed set to match
the frequency of the electric grid, which in Norway is 50 Hz. This involves operating the
turbine at design point, where the runner has the highest efficiency, and there is little to no
swirl at the outlet of the runner [11]. If the turbine is operated away from the design point,
i.e. best efficiency point (BEP), efficiency decreases. Having variations in power consumption
throughout the day and season make power plant owners push their turbines to operate under
conditions for which it was not designed. Doing this will increase the intensity of transient
phenomena in the runner, like pressure pulsations in the rotor-stator interaction (RSI) and vortex
rope in the draft tube [12]. These transient phenomena cause wear and tear on the runner and
hence, a decrease in lifetime [13].

Variable speed operation of Francis turbines, using the doubly fed induction machine (DFIM)
or the converter-fed synchronous machine (CFSM) omits the need for synchronous speed of the
runner [14, 15]. With this technology, the speed of the runner to be freely adjusted according to
the flow conditions and electricity demand. Already in 1987, Farell and Gulliver investigated the
hydromechanical aspects of variable speed hydro turbine operation [16]. The development of
variable-speed pumped-storage plants dates back to the early 1990s in Japan, where pioneering
achievements took place, and the world’s first of such facilities were successfully commissioned
[17]. This 400 MW adjustable speed pump storage unit can operate in a range of 330 rpm
to 390 rpm utilizing a cycloconverter [18]. Heckelsmueller [19] showed that in conventional
synchronous speed turbines, the efficiency falls rapidly when operated with smaller heads than
the design head. And by applying variable speed technology, it is possible to operate within a
range of ±40% of design head with the maximum efficiency, assuming a nominal guide vane
aperture. The hill chart of variable speed turbines appears to be “stretched” in the direction of
constant guide vane opening, making the turbine operate at high efficiency over a wider range

1
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of runner speed (see Fig. 2.2). In the design process of Francis turbines, the synchronous speed
is a governing parameter for the turbine’s dimensions [11]. However, when variable speed
operation is introduced a standardized procedure in the design of such turbine is missing.

With the rapid development of computer technology, computational fluid dynamics (CFD) has
emerged as a powerful tool to directly simulate internal turbulent flow in individual or multiple
components of a turbo machine [20, 21]. Turbines are tailor-made to specific conditions at
a specific site, and small improvements in the geometry can have a large positive effect on
operation [22]. A CFD aided design methodology applied to hydraulic turbines is, therefore, a
desirable approach for increasing efficiency [23]. This has also been studied in [24, 25]. The
efficiency diagram, also called hill chart, provides useful information about a turbine. The first
numerically predicted hill chart using CFD was published in 1996 [26]. Only two other studies
have been carried out on the prediction of hill charts using CFD [27, 28]. Accurate prediction
of hill charts is useful in the design stage of production and can be used in an optimization
procedure which may result in a more efficient runner [27]. The main objective of this work is
to create a model for making hill charts using CFD.

This master thesis seeks to investigate the efficiency of high head Francis turbines during vari-
able speed operation, utilizing the Francis-99 turbine at NTNU as validation for the study [29].
By means of CFD simulations, construction of 132 operating points in the hill chart is predicted.
These simulations are carried out using 11 different guide vane openings (GVO) from part load
(PL) (GVO 4°) to high load (HL) (GVO 14°). All simulations are then compared with exper-
imental data for validation; data is provided by Iliev [30]. Due to discrepancies in efficiency
being large in this study from Trivedi et al. [31], together with the aforementioned transient
phenomena, it was decided to do mesh independence study at PL with GVO 7°, as well as for
BEP (GVO being 9°). To ensure precise simulations for a reasonable computational cost, a para-
metric study on geometry simplification, mesh size, and different turbulence models are carried
out. Simulations for three different cases are tested; full simulation with spiral case, no spiral
case, and no spiral case with short draft tube. As a part of the mesh independence study, the
simulation time was compared for three different meshes. Three different turbulence models are
also studied to assess their accuracy and speed. Finally, an investigation of removing simulation
points to reduce computations without sacrificing the model’s precision is performed. In one
sentence, as written in the task description (see p. ii), the objective statement is; «Calibration of
a numerical method for efficiency calculations of Francis turbines.»

To address the last two points (2 and 3) in the task description (p. ii): The publication presented
at the conference; 9th International Symposium on Current Research in Hydropower Technolo-
gies (CRHT-IX) at Kathmandu University, is found in Appendix A.1. The last task was to carry
out CFD-analysis of a new runner design and compare with the Francis-99 turbine (point 3);
unfortunately, this design was not ready in time to perform any CFD-analysis.

2
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2 Theory

Most of the theory in this section, with the exceptions of some rephrasing, some paragraphs,
and Section 2.6, is reproduced from the author’s project work [32].

2.1 Hydraulic design of high head Francis turbines

The conventional method for the design of high head Francis turbines are described in Brekke’s
«Pumper & Turbiner,» and is presented in this section [33].

To design high head Francis turbines, it is necessary to start with the outlet geometry and di-
mensions of the runner. We start with the volume flow at BEP, denoted by ∗Q, and the effective
head, H. The selection of the peripheral velocity at the outlet of the runner, u2, and the meridian
velocity, cm2, is based on the submergence of the runner, given by the net positive suction head
of the turbine (NPSH):

NPSH = a
c2

m2
2g

+b
u2

2
2g

, (1)

where a and b are constants selected from Table 2.1, cm2 and u2 is the meridian component of the
absolute velocity and the peripheral velocity on the outlet respectively, and g is the gravitational
constant.

Table 2.1: Data from experience for parameters a and b for calculation of NPSH.

Parameter Turbines Pumps

a 1.05 < a < 1.15 1.6 < a < 2.0

b 0.05 < b < 0.15 0.2 < b < 0.25

It is assumed that the runner has no swirl at the outlet of the runner at BEP, i.e. cu2 = 0. Due to
experience in the design of Francis turbines, the outlet angle is selected from a range of
13° ≤ β2 ≤ 19°. The value of u2 is within the range of 35m/s ≤ u2 ≤ 43m/s, with the highest
value selected for high head Francis turbines. Now it is possible to calculate the outlet diameter
(D2) of the runner by inserting the relation (2) into (3), given by;

tan(β2) =
cm2

u2
, (2)

D2 =

√
4∗Q
πcm2

. (3)

To calculate the rotational speed of the runner one uses the relationship between u2 and the
angular velocity of the runner, ωb;

3
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u2 = ωb
D2

2
, (4)

where ωb =
2πn
60 is the angular rotational velocity of the runner. This gives,

n = u2
60

πD2
. (5)

In the conventional synchronous speed turbine, n must be adjusted to meet the frequency of the
electricity grid, which in Norway is 50 [Hz]. The synchronous speed is given by,

n =
60∗ fgrid

Zp
, Zp ∈ N, (6)

where Zp is the number of pole pairs in the generator and fgrid is the grid frequency, fgrid = 50
[Hz] in Norway. If we want to keep the blade angle on the outlet, we must correct the outlet
diameter, D2corr, this explained in Appendix A.2. The main reason we want to do this is to
conserve the velocity diagram at the outlet, to reach the true best efficiency point, see Fig. 2.1.
The submergence should now be controlled for and can be calculated by (1).

Figure 2.1: Velocity diagram of a Francis turbine runner blade, retrieved from [34, Fig. 3].

When we have found the corrected outlet dimension, it remains to calculate the inlet dimensions
at the hub. The main equation for Francis turbines is the Euler’s turbine equation given by;

ηh =
1

gH
(cu1u1− cu2u2) = 2(u1cu1−u2cu2). (7)
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We have previously assumed no swirl at the outlet, i.e. cu2 = 0, which reduce the hydraulic
efficiency to;

ηh =
1

gH
cu1u1 = 2u1cu1 = 0.96, (8)

where u1 is the reduced peripheral velocity at the inlet. The underline represents the reduced
values given as u1 =

u1√
2gHe

. cu1 is the reduced tangential component of the absolute velocity at
the inlet. To minimize the possible impact loss when varying the guide vane angle, we choose
the relationship between u1 and cu1. For high head Francis turbines, a value of u1 = 0.71−0.73
will approximately meet this criterion. By selecting, as an example, u1 = 0.71 we can calculate
cu1 by (8),

cu1 =
0.96
2u1

=
0.96

2 ·0.71
= 0.67. (9)

Now the inlet diameter of the turbine can be calculated by the following relationship:

D1 =
cu1
ω

=
2u1
√

2gHe

nπ/30
. (10)

From continuity, where we assume 10% acceleration through the runner we get:

cm1A1 = cm2A2 & cm2 = 1.1cm1, (11)

where A1 and A2 is the area at the inlet and outlet respectively. We often want to have an
accelerated flow through the runner to avoid a detached flow. Now we can calculate the height
of the inlet given by:

B1D1π =
1.1πD2

2
4

=⇒ B1 =
0.275D2

2
D1

. (12)

Finally, we can calculate the inlet angle of the blade from:

Cm1 =
cm2

1.1
& u1 = 0.72

√
2gHe & tan(β1) =

cm1

u1− cm1
, (13)

where β1 is the inlet angle of the blade.

Now we have derived the main dimensions in the design of Francis turbines. All the content
here is retrieved from Brekke [33].

2.2 Hill charts

As mentioned in the introduction (Section 1), the hill chart provides us with useful information
about a turbine. The efficiency diagram is also called the characteristic diagram; this is a suit-
ing name as it shows the turbines characteristics, or how it performs, under different operating
conditions [35]. Hill charts are created with dimensionless parameters, so it is applicable for
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all turbines that are equally shaped geometrically. We can then compare with other rotating
machinery, models, and prototypes [35]. According to IEC 60193, to construct the hill chart,
the dimensionless volume flow QED is plotted against the dimensionless rotational speed nED
[36]. These parameters are given as;

QED =
Q

D2
2
√

gH
, (14)

nED =
nD2√

gH
, (15)

where Q is the discharge (volumetric flow rate) through the turbine, D2 is the outlet diameter,
H is the effective head, n is the rotational speed, and g is the gravitational constant.

To create the experimental hill chart in the laboratory, one must measure the flow, head, and
torque. The guide vane opening must be kept constant while the rotational speed is varied. This
procedure is then repeated for several different guide vane openings, and by (14) and (15) one
can plot the points along constant guide vane lines. The hill charts iso-efficiency curves are then
interpolated using the data from the procedure above. The efficiency is calculated from

η =
ωbT

ρgQH
, (16)

where T is the torque on the runner’s hub, shroud, and blades and ωb is the rotational speed.

2.3 Variable speed Francis turbines

There are few papers or literature connected to variable speed Francis turbines. In general,
most articles only explain what the benefits of variable speed operation could be but do not say
anything about the design features of the turbines [37]. A study from Farell and Gulliver lists
the possible advantages of variable speed turbine [16]:

1. Improved performance at off-design heads and improved range of operating heads. Low
head propeller turbines, in particular, can experience a very wide range of operating head
as a percent of design head.

2. Improved performance at off-design discharges and improved range of operating dis-
charges. This is the primary topic of [16].

3. Improved performance for pump-turbine units. Here if the rotational speed is to be the
same for both turbines and pump operations, some sacrifice in efficiency in either or both
modes is generally necessary.

Tengs et al. [34] suggested a method to design variable speed Francis turbines using a numer-
ically predicted hill diagram. With a very simplified passage model and limited computational
resourced, they were able to improve the efficiency with 0.25% over a specific line of operation.
Given the vast oversimplification of the geometry and the fact that only 40 operating points
were used for creating the hill chart, the result from this study is questionable.

The rest of this subsection 2.3 explains the concept of variable speed Francis turbine and is
directly retrieved from Sundfør’s master thesis [38].
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The idea of variable speed is that if the head or discharge changes, the rotational speed can be
adjusted accordingly to maintain high efficiencies. This is demonstrated in Fig. 2.2. For fixed
speed operation at a certain head, the efficiency of the turbine will decrease from a to b′ when
the discharge decreases from Qa to Qb. With variable speed operation, the speed can be adjusted
from na to nb to obtain an efficiency in point b, which is equivalent to the efficiency in point a.

Figure 2.2: Example of variable speed hill chart, retrieved from [38].

Consequently, a variable speed turbine permits maximum efficiency tracking for a given power
demand [39]. This kind of operation is only possible if the hill chart looks like the one in Fig.
2.2. If the hill chart curve is more symmetrical like in Fig. 2.3, adjusting the speed in either
direction will not affect efficiency. Therefore, the goal is an attempt to make a turbine design,
which ultimately can yield a hill chart curve that looks similar to the one in Fig. 2.2. However,
the design should not be adjusted to such an extent that the hydraulic efficiency becomes sig-
nificantly lower. The idea is to produce a «stretched» hill chart without significantly lowering
the overall efficiencies.

Figure 2.3: Example of a hill chart, retrieved from [38].
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2.4 The Francis-99 test case

The test case for this study is a model turbine at the Waterpower Laboratory at NTNU. It is a
Francis type 1:5.1 scaled model of a prototype in a Norwegian power plant called Tokke [40].
It includes a spiral casing, a distributor with 14 stay vanes integrated into the spiral casing and
28 guide vanes. The runner has 15 blades with an additional 15 splitter blades, for a total of 30
runner blades. The draft tube is an elbow-type. A 2D section of the model is illustrated in Fig.
2.4. The test rig is a hydraulic system capable of generating ≈14m head for open loop, and ≈
100m head for closed loop [41]. The experimental data used to verify the numerical simulation
in this master thesis is given by Iliev et al. [30] study on the same model turbine.

Figure 2.4: Two-dimensional view of the investigated model Francis turbine, retrieved from
[41] and edited.

2.5 Turbulence modeling

The objective of turbulence modeling for the RANS equations is to approximate the Reynolds
stress. The Reynolds stress can be solved through the eddy viscosity model. RANS equation
and eddy viscosity model are shown in Appendix A.3. The eddy viscosity can be solved through
different turbulence models. The most common turbulence model is the k− ε-model [42] and
was introduced the first time by Jones and Launder [43]. This is a two-equation model, which
means, the model has two transport equations in order to represent the turbulence of the flow.
These equations are solved for turbulent kinetic energy and energy dissipation rate, described
below.

The first transport variable is turbulent kinetic energy k, defined as:

k =
1
2

(
(u′11)

2 +(u′22)
2 +(u′33)

2
)
, (17)

where u′ is the fluctuating velocity component.
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This variable is used in the first transport equation:

∂ (ρk)
∂ t

+
∂ (ρkui)

∂xi
=

∂
∂xi

[(
µ +

µT

σk

) ∂k
∂x j

]
+Pk−ρε. (18)

The transport equation of turbulent dissipation, ε , is:

∂ (ρε)
∂ t

+
∂ (ρεui)

∂xi
=

∂
∂xi

[(
µ +

µT

σk

) ∂ε
∂x j

]
+C1ε

ε
k

Pk−C2ερ
ε2

k
, (19)

where ui represents the velocity component the ith direction, Pk is the production of turbulent
kinetic energy and µ represents the dynamic viscosity. µT represents the eddy viscosity and is
given by:

µT = ρCµ
k2

ε
. (20)

The equations also consist of some adjustable constants Cµ , C1ε , C2ε , σk, and σε . These con-
stants are a result of many iterations of curve fitting for a wide range of turbulent flows [44].
Although this model is famous for its robustness and low computational cost, it performs poorly
in the boundary layer [45].

A second way of modeling the turbulence in a flow is with the Shear Stress Transport model
(SST). «The SST model was originally used for aeronautics applications but has since made
its way into most industrial, commercial and many research codes» [46]. This model was first
introduced by Menter in the mid-1990s, where he used the standard k− ε-model, described
above, and the k−ω model first created independently by Kolmogorov [47]. Using the strength
of k− ε to describe the flow in the free-stream and the k−ω in the viscous boundary layer,
Menter showed that through a switching function between the two models, the SST model
could better predict the accuracy for boundary layers in an adverse pressure gradient than any
similar model [48]. The SST model is expressed mathematically as:

Dρk
Dt

= τi j
∂ui

∂x j
−β ∗ρωk+

∂
∂x j

[
(µ +σkµT )

∂k
∂x j

]
, (21)

Dρω
Dt

=
γ

νT
τi j

∂ui

∂x j
−βρω2 +

∂
∂x j

[
(µ +σω µT )

∂ω
∂x j

]
+2(1−F1)ρσω2

1
ω

∂k
∂x j

∂ω
∂x j

, (22)

where τi j is the turbulent shear stress, ω is specific turbulence dissipation rate, F1 is a function
described in [49]. β ∗, σk, σω and σω2 is closure coefficients also described in [49].

In CFD, it is impossible to resolve all the turbulent scales in the flow field without discretizing as
far down as the Kolmogorov microscales. This is called direct numerical simulation (DNS) [50].
The number of nodes needed to solve required for DNS of homogeneous isotropic turbulence is
given as; N3 ∼ Re9/4

T [51]. The Francis-99 runner can reach Re = 1.8x106 at BEP [41], which
corresponds to 1.19x1014 cells to perform DNS. To do this often involves high-performance
computers (HPCs) with big capability both with respect to memory and performance [52].
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2.6 Uncertainty and errors in CFD simulations

«The best measure of the efficiency of a solution method is the computational effort required
to achieve the desired accuracy» [53]. This section will outline the different numerical uncer-
tainty and errors related to CFD and will give insight into limitations when performing CFD
simulations.

First, what is the difference between uncertainty and error? According to AIAA guidelines [54]:

Uncertainty is defined as: «A potential deficiency in any phase or activity of the modeling
process that is due to the lack of knowledge.»

Error is defined as: «A recognizable deficiency in any phase or activity of modeling and
simulation that is not due to lack of knowledge.»

A complete detailed description of the different categories of errors and uncertainties is found
in [53, 55] but will be briefly outlined here:

1. Physical modeling errors: Are the errors related to the description of the model and de-
liberate simplifications of the model. This includes: • An incomplete understanding of
the model to be solved, • geometry modeling error, i.e. simplifying the model’s geometry,
thereby introducing uncertainty (e.g. include fillets or remove part of the geometry), •
parameters introduced in the model are known but with a degree of uncertainty (e.g. fluid
properties or inlet/outlet conditions), and • the experimental confirmation is not possible
or incomplete [56].

2. Iterative convergence errors: Entails stopping the iteration process at a reasonable time to
decrease the computational cost but introduces error. This error scales with the variation
of the solution for the last iterations of the simulation and is described in Section 3.7.1.

3. Discretization errors: «ANSYS CFX uses an element-based finite volume method, which
first involves discretizing the spatial domain using a mesh [57].» This is an approximation
which becomes more accurate for denser meshes. To study the influence of discretization;
the mesh independence study is often used. This is outlined in Section 3.7.2.

4. Programming and user errors: The CFD user is responsible for trying to eliminate these
kinds of error. It is often difficult for the user to locate their own errors to study their
code. A better way of reducing programming errors is to run small test cases, for which
the results can be compared against other studies or analytical solutions. Being thorough
in analyzing the results is also crucial, e.g. checking if boundary conditions are met.

5. Computer round-off errors: Involves the computers capability to store floating point num-
bers. Typically, this means storing numbers as 64-bit words. Using double-precision in
ANSYS CFX ensures numerical accuracy by doubling the computer memory used for a
given problem [58]. Computer round-off error is not considered significant compared to
other sources of errors [55].
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3 Numerical method

3.1 Reducing computational domain

The content in this section has been reproduced with some improvements from the authors’
project thesis [32].

The experimental model in the laboratory consists of many parts in which several of them have
an impact on the measured output data. A complete simulation of the turbine with spiral casing,
distributor, runner and draft tube including the labyrinth seal and disk friction losses is nec-
essary for a realistic simulation of the flow in Francis turbines [59]. However, the increasing
complexity and size of the geometry will make a necessity for more cells in the computational
mesh in order to get a good resolution of the flow in the simulation. This is computationally
demanding and will result in longer simulation time. A full simulation with all details is there-
fore not feasible. The spiral case and draft tube are large and thereby requires a lot of cells. A
study by Jakobsen et al. [60], showed that reducing the computational effort of high head Fran-
cis turbines by limiting the computational domain can increase the relative speedup 2.2 times
with no volute and short draft tube. Similarly, the reduction of the computational domains is
assessed in this thesis. The simulations have been divided into three different cases; Case 1:
Full model, Case 2 No spiral case and Case 3: Short draft tube and no spiral case. The different
cases are presented in Fig. 3.1 - 3.3. Case 3, the short draft tube and no spiral case, was kindly
provided by Jakobsen’s study [60]. The spiral case, used in Case 1, was retrieved from the
second workshop of Francis-99, and it was not possible to alter the mesh.

Figure 3.1: Case 1: Full model with spiral case, runner and draft tube

All simulations of Case 1-3 were performed with steady-state analysis type and at runner speed
equal nED = 0.18, and guide vane opening α = 4°. This operation point were selected to
compare against Hallén’s thesis [61], which could be used as an indicator to reduce user errors.
A relative strict convergence criterion for all the simulations was set to root-mean-square (RMS)
≤ 10−5. Simulations were set to run for 1000 iterations if the convergence criteria for RMS of
pressure, mass-momentum, and turbulent parameters were not met. All the parameters used for
performing the numerical simulations for the geometry study are shown in Table 3.1

Yaping et al. showed that the opening-type boundary condition gave a slightly better estimation
of efficiency [62]. In order to further investigate these effects, several different outlet conditions
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Figure 3.2: Case 2: No volute only guide vane ring and full draft tube.

Figure 3.3: Case 3: Short draft tube and no volute.

were tested on case 2. More runs were carried out on case 2 due to its ability to easily improve
and alter the mesh. The different meshes and boundary conditions for case 2 are shown in
Table 3.2. The pressure at the outlet was set equal to the measured pressure from experiments
Pout = 113kPa, see Section (2.4). However, CFX will adjust the pressure at the inlet to meet this
boundary condition and should, therefore, be no different than a 0 Pa outlet condition. A slight
difference was observed between the two was observed.

Total pressure inlet and static pressure outlet are very sensitive to initial guess [63]; therefore,
the pressure from experiments (see Section 2.4) was applied. Unfortunately, this did not work,
and the program stopped with an overflow problem after only 5 iterations, see Appendix A.2.
A mass flow inlet condition was therefore applied instead.

Although a proper mesh Independence study was not performed at this stage, different mesh
sizes for the runner and draft tube were tested in order to observe the impact of mesh refinement.
In addition, a test on the number of cells that could be numerically calculated on the local
desktop computer (see Table 3.1), was performed. The largest number of cells, limited by
RAM on the computer (see Section 3.6), were run #11 with a global element count of 26.37
million.
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Table 3.1: Simulation setup performed on all cases in the reduced geometries.

Parameter Description

Analysis type Steady-State
Interfaces Frozen rotor; discretization type-GGI
Fluid Incompressible Newtonian fluid;

water properties updated with actual density and viscosity
Boundary conditions Inlet: mass flow inlet with direction, Turbulence intensity 5%

Outlet: Outlet-type with static pressure
Opening-type with Opening Pres. and Dirn , Normal to Boundary
Reference pressure: 0 Pa

Discretization and Advection scheme: High resolution
solution controls Turbulence numeric: First order
Turbulence models Standard k− ε (scalable wall function), k−ω SST (automatic wall function)
Convergence control rms of pressure, mass-momentum, and turbulent parameters ≤ 10E-5
Physical timescale 1/rpm = 0.0281 [s]
Run type IBM MPI Local Parallel: Partitions 8 (Logical)
Total run Case 1: k− ε , Static pressure outlet 0 Pa

Case 2: Given in Table 3.2
Case 3: k− ε , Static pressure outlet 0 Pa

Table 3.2: List of simulations performed on Case 2.

Run
Nr.

Elements in
runner (mill)

Elements in
draft tube (mill)

Global
elements (mill)

Turbulence
model

Outlet
condition

01 3.3 1.0 7.52 SST Static Pressure
113 kPa

02 9.15 1.0 13.38 SST Static Pressure
113 kPa

03 11.76 1.0 15.98 SST Static Pressure
113 kPa

04 11.76 3.33 18.31 SST Static Pressure
113 kPa

05 3.3 1.0 7.52 SST Static Pressure 0 Pa
06 3.3 1.0 7.52 SST Avg. Static Pressure

0 Pa
07 3.3 1.0 7.52 k− ε Static Pressure 0 Pa
08 9.15 1.0 13.38 k− ε Static Pressure 0 Pa
09 11.76 1.0 15.98 k− ε Static Pressure 0 Pa
10 11.76 3.33 18.31 k− ε Static Pressure 0 Pa
11 11.76 12.16 26.37 k− ε Static Pressure 0 Pa
12 3.3 1.0 7.52 k− ε Opening 0 Pa

Results for all simulations described in this section, is presented and discussed in Section 4.1.1.
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3.2 Mesh

Based on the results, discussed in Section 4.1.2, it was decided to proceed with Case 2, i.e. no
volute only guide vane ring and full draft tube.

At an early stage of this thesis, it was attempted to use all the meshes from the first Francis-
99 workshop [29]. A considerable amount of time was spent trying to make changes to these
files, e.g. altering the number of elements along a line. These files were constructed with an old
version of the ANSYS CAD module called ICEM. Attempts on alteration using a newer version
of ICEM 19.1, resulted in the program not responding and had to be closed. It was decided to
proceed to another solution.

The draft tube mesh is an altered mesh from the first workshop. The inlet of the draft tube was
made conical to better simulate the runner cone. This was done using ICEM 19.1 and is shown
in Fig. 3.4 (a). Blocking and inflation layer was created in order to retain good element quality
and y+ values (see Appendix A.4). The runner mesh was made in TurboGrid using curve files
extracted from the geometry for the first workshop and provided by Igor Iliev. This mesh was
checked for quality and imported to CFX, see Appendix A.4.

A previous master student, Hallén [61], provided the guide vane geometry complete with block-
ing and mesh. However, this produced a bad mesh quality and was difficult to change guide vane
angle. For that reason, it was decided to extract curve files from this geometry in ICEM. The
curve files were extracted by creating points orderly around a constant height of the guide vane.
This is illustrated in Fig. 3.4 (b). Then create a text file of the coordinates of those points
which had to be in perfect order; otherwise, it would not work. These text files for guide vane
blade, hub, and shroud were imported to TurboGrid to create the mesh. 11 different meshes
were created for guide vane angles in the range of α = [4◦,14◦]. The mesh was then checked
for element quality and then exported for further use in CFX. An example of this mesh quality
is shown in Appendix A.4. All domains were made with hexahedral element type.

Figure 3.4: (a) Draft tube inlet with conic form. (b) Extracting points from guide vane.

3.3 Simulation setup

No change in any parameter of interest was seen after 3500 iterations when conducting mesh
independence study (set to 5000 iterations). All simulations were conducted using double-
precision in order to reduce computer round-off errors. The solution parameters used for per-
forming the numerical simulations are shown in Table 3.3.
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Table 3.3: System setup for all simulations.

Parameter Description

Analysis type Steady-state
Interfaces Frozen rotor; discretization type-GGI
Fluid Incompressible Newtonian fluid;

water properties updated with actual density and viscosity
Boundary conditions Inlet: total pressure inlet with direction, P1,tot = 231250 [Pa] ≈ 12.05m net head

Turbulence intensity 5%
Outlet: Static pressure
Reference pressure: 0 Pa
Wall: No slip

Discretization and Advection scheme: High resolution
solution controls Turbulence numeric: High resolution
Turbulence models Standard k− ε , with scalable wall function
Convergence control rms of pressure, mass-momentum, and turbulent parameters ≤ 10E-5
Physical timescale Auto timescale Conservative
Run type Intel MPI Distributed Parallel: 8 nodes with 16 cores per node (see Section 4.3)
Total run for GCI PL (GV opening 7°): n = 188 rpm, n = 244 rpm and n = 299 rpm

BEP (GV opening 9°): n = 320 rpm

Figure 3.5: Computational domain of the model Francis turbine with two interfaces namely
guide vane to runner (interface–I) and runner to draft tube (interface–II). Made similar to [31].

All meshes were connected with Frozen rotor interface between the stationary and the rotating
domain. The frozen rotor interface works so that the frame of reference is changed, but the
relative orientation of the components across the interface is fixed. This model produces a
steady-state solution to the multiple frame of reference problem, with some account of the
interaction between the two frames. These interfaces, together with the boundary conditions,
are shown in Fig. 3.5.
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3.4 Turbulence models

Three turbulence models have been tested in this master thesis, the k− ε-model, RNG k− ε-
model, and the Shear Stress Transport model (SST). For the same turbine as this thesis, the
model turbine installed at the Waterpower Laboratory at NTNU, Trivedi et al. [31] conducted
a numerical study where they used the same two turbulence models, namely SST and k− ε .
They found that k− ε was better at estimating the hydraulic efficiency with about ∼ 1%. An-
other study on the same turbine, the Francis-99, from Yaping et al. [62] compared the standard
k−ε turbulence model to the SST model with different outlet boundary conditions. They found
that the differences between the experimental and numerical efficiency, head and torque simu-
lated by standard k− ε turbulence model is smaller than that simulated by the SST turbulence
model. Hence, the k−ε model could better predict steady-state efficiency. They concluded that;
«the unstable flow such as impact, flow separation and vortex may cause the torque calculation
inaccuracy in the numerical simulation, which leads to numerical efficiency greater than the
experimental data.» Again, on the same turbine, Jošt et al. [64] carried out a numerical study
where they used SST, standard k− ε and zonal large-eddy-simulation (ZLES) with different
inlet conditions and solvers in order to estimate the efficiency at three operating points. They
found that the efficiency, calculated with CFX, yielded good agreement with the use of k− ε
model. However, this was only so because both head and torque were wrong with about the
same.

The selection of turbulence models for this master thesis was made from the basis of these
studies. Since it is the same turbine in all three studies, it is easy to compare with the results
of this thesis. Other, more advanced, turbulence models have been studied. However, these
are more computational heavy and are more suited to capture transient flow [22]. All three
turbulence models used in this master thesis is described in Sharcnet [65].

3.5 Boundary conditions

In addition to choosing interface and turbulence model, different boundary conditions have
been tested in order to look at the effect of these. The pressure at the outlet was set equal to the
measured pressure from experiments Pout = 113kPa.

As well as outlet condition, it is necessary to prescribe a proper inlet condition. Tests were
conducted in the project thesis (see Section 3.1) with mass flow inlet condition. However, when
designing a new turbine, the flow rate corresponding to a certain guide vane opening is not
known in advance. Therefore, we want to know how accurate prediction is when a value of head
is input data, and flow rate is the output of the numerical simulation. For that reason, numerical
simulations were conducted with total pressure at the inlet. In this case, head becomes the input
data, while a value of flow rate is a result of numerical simulation [64]. Total pressure inlet and
static pressure outlet are very sensitive to initial guess. Therefore, the median pressure from
experiments was applied. The total pressure inlet was set to P1,tot = 231 250 [Pa], which results
in ≈ 12.05m net head.

No slip condition was applied at the walls of all domains. This means that the velocity along
the wall is zero in all three directions, i.e. u = v = w = 0.
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3.6 Software and hardware

The CFD simulations for Section 3.1 were carried out with ANSYS CFX version 19.1. All
steady-state simulations were run on an Intel(R) Core(TM) i7-4770 CPU @ 3.40GHz clock
speed, 3401 Mhz, 4 Cores, 8 Logical Processors and 32 GB RAM.

The rest of the simulations were executed on two different high-performance computers (HPC);
Idun and Vilje.

3.6.1 Idun

Idun is a cluster at NTNU used for rapid testing and prototyping of HPC software. It consists
of 25 computing nodes with type Intel Xeon E5-2630 v4 CPU @ 2.2/ 3.1GHz clock speed, 10
cores, 20 Logical Processors and 128 GB RAM. In addition, it has 8 nodes with Intel Xeon E5-
6132 v5 CPU @ 2.6/3.7GHz clock speed, 14 cores, 28 Logical Processors and 192 GB RAM.
All together 33 computing nodes (on WORKQ partition). See [66] for more information. Idun
uses Slurm Workload Manager to manage the provided resources and to schedule jobs on these
resources. A slurm script (.sh) must be sent to the Linux cluster in order to run jobs. An example
of this script which was used in this thesis is given in Appendix A.10.

3.6.2 Vilje

Vilje is a supercomputer at NTNU used for research in a broad range of topics by several
universities and research institutes in Norway. It consists of 1404 computing nodes with type
Intel Xeon E5-2670 CPU @ 2.6/ 3.3GHz clock speed, 2x 8 cores, 16 (dual eight-core) and 32
GB RAM/node. See [67] for more information. Vilje uses Portable Batch System (PBS) for
running jobs. A PBS script (.pbs) have to be sent to the Linux supercomputer in order to run
jobs. An example of this script which was used in this thesis is given in Appendix A.11.

3.7 Mesh independence study

It is common to use BEP to evaluate mesh independence, e.g. [31, 68, 69]. However, this is
a highly stable operating point which could lead to an artificially low grid convergence uncer-
tainty. At part load, the flow characteristics in the runner and draft tube are highly unstable
[13]. Therefore, two different loads were used to perform the mesh independence study; part
load (PL), i.e. guide vane opening of α = 7°, and BEP.

From Celik et al. [70], the recommended procedure for estimation of uncertainty due to dis-
cretization in CFD has been used to evaluate the mesh independence. In accordance with these
guidelines, the application of this procedure to the case at hand is presented in this section. The
results from this study are presented in Section 4.2.
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3.7.1 Iterative convergence

In order to decrease the iterative convergence error of the CFD simulations, the time history of
the RMS residuals of pressure, mass, and momentum were analyzed in more detail. To improve
the validity of the mesh independence study, a selection of three different operating points was
applied. Using the same mesh with guide vane opening of α = 7°, the runner speed was varied.
All simulations ran for 5000 iterations to ensure iterative convergence. Figure 3.6 presents the
convergence history of the RMS values for runner speeds n = 188 [rpm], n = 244 [rpm], and
n= 299 [rpm]. It turns out that the residuals vary some depending on runner speed. For n= 299,
the highest RMS residual where 1.3x10−4 for U-velocity momentum. Whereas for n = 244 all
residuals were well below 2x10−7.
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Figure 3.6: RMS residuals for pressure, mass, and momentum for three different runner speeds;
n = 188 [rpm], n = 244 [rpm], and n = 299 [rpm].

As well as checking convergence for the residuals, it is important to check the convergence for
the parameter of interest. To this specific study, it is the hydraulic efficiency, η . The iterative
history for efficiency is presented in Fig. 3.7 for n = 188 [rpm] and n = 244 [rpm] (n = 299
[rpm] was intentionally left out but showed the same trend as for n = 188 [rpm]). The residuals
from Fig. 3.6 is somewhat reflected in Fig. 3.7. The relatively high and oscillating residuals
for n = 188 [rpm] may cause oscillating behavior in efficiency. However, attention should be
paid to the y-axis scaling in Fig. 3.7. The amplitude is so little, that is practical to consider it
converged. The residuals for BEP were well below 10−5, and efficiency converged after only
500 iterations.
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Figure 3.7: Iteration history of efficiency for two runner speeds; n = 188 [rpm] and n = 244
[rpm]. Pay attention to the scale of y-axis!

This shows that the simulation results should be analyzed carefully. The RMS residuals were
checked for every following simulation. Convergence for the parameter of interest is also nec-
essary. Looking at η188 in Fig. 3.7, if oscillating behavior occurs, an average of the last 500
iterations were calculated. From Fig. 3.7 it was decided to set the iterative convergence at 3500
iterations, to ensure convergence for the following simulation. Reducing the number of itera-
tions would linearly decrease the simulation time, however, to have reliable results it is safer to
stay on the conservative side.

3.7.2 Grid Convergence Index

The grid convergence index (GCI) [70] is an industry-recognized method for assessing mesh
quality. The procedure for the estimation of the discretization error according to this method
was summarized by Celik et al. [70] but will be briefly explained here.

First, three meshes were created to fulfill the criteria for the refinement factor r = hcoarse/h f ine,
which desirable, should be greater than 1.3. The representative size factor were h3 = 6.16 mm,
h2 = 4.58 mm, and h1 = 3.47 mm, for the coarse, medium, and fine mesh, respectively. Inserting
[70, eq. 2] into the definition of r, it is possible to approximate (assuming constant volume, V)
the number of elements, N;

h =

[
1
N

N

∑
i=1

(∆Vi)

] 1
3

V=const.
=⇒ N f ine = r3Ncoarse

r=1.3
=⇒ N f ine ≈ 2.2Ncoarse. (23)

19



Master thesis Andreas Nordvik

This was the method that was applied to make the three mesh sizes. Refining by global cell
size and keeping good mesh quality, the three different mesh sizes were made. The information
about the different mesh, including mesh quality, is presented in Table 3.4.

Analyzing the results from the three simulations, one may calculate the grid convergence index
(GCI) defined as,

GCI21
f ine =

1.25e21
a

rp
21−1

, (24)

where 1.25 is the safety factor, ea is the approximate relative error, p is the apparent order, and
index 1, 2 are the fine and medium mesh respectively. For more details, see [70].

Table 3.4: Grid densities used in grid scaling tests

Grid type N1 N2 N3

Draft tube 1,914,614 851,190 378,082
Runner 18,360,540 8,049,240 3,572,640
Guide vane 6,725,600 2,891,476 884,100
Total elements (million) 27.00 11.79 4.83
Element angle [◦] (average) 75.67 75.39 74.92
Expansion factor (average) 1.24 1.37 3.38
Element aspect ratio 5.67 5.30 6.56
Y+ (area average at all domains) 117.74 133.06 109.02

GCI was calculated for the parameter of interest, φ , being efficiency, torque, and discharge.
Due to computational cost, and GCI being low, it was decided to continue using the medium
grid size, N2, for the following simulations. More details are presented in the results Section
4.2.
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4 Results and Discussion

4.1 Geometry Simplification

This section presents the results for what geometry simplifications can be done to reduce com-
putational cost without loss in accuracy.

4.1.1 Reduced models

The content of this section comes from earlier work on the author’s project thesis [32].

All the parameters of interest in (16) like efficiency, head, and torque were estimated in CFX-Pre
using the expression language CEL [71]. These expressions are listed in the equations below:

H =
∆P
ρg

+
v2

1− v2
2

2g
+(z1− z2), [m] (25)

T = TFullBlade +TSplitterBlade +THub +TShroud, (26)

where v1 and v2 are the velocities at the inlet and outlet respectively. Water density is expressed
as ρ , and the gravitational acceleration is g. The last term describes the difference in elevation
from inlet to outlet. The value of the pressure (∆P) is acquired by the differential pressure, as
shown in Fig. 2.4. The total torque T is the sum of torque from runner blades, hub, and shroud.
To compare the absolute values of the numerical results compared to experimental data, we
define the difference (∆) calculated as, ∆X = Xnumerical −Xexperimental , where X is the variable
of interest. E.g. efficiency;

∆η = ηnumerical−ηexperimental. (27)

The reduced models, Case 1-3, presented in Section 3.1 has been analyzed in order to reduce
computational cost without sacrifice accuracy in prediction of efficiency. All the simulations
where the standard k− ε model was used, met the convergence criteria, except for Case 3. The
other simulations, using SST, ran for 1000 iterations, except for Case 3 which were stopped after
704 iterations. When CFX sense fluid going across a boundary in both directions, it creates an
artificial wall to prevent backflow. This happened to all SST simulations, which makes these
simulations more unreliable, see Appendix A.9. However, the efficiency was quite similar using
both turbulence models. The relative speedup was calculated for the runs that managed to reach
the convergence criteria. Relative speedup is defined as CPU-time for the longest run, i.e. Case
2 #11, divided by CPU-time for a given run. The fastest relative speedup was 7.78, for the
opening-type run #12. For all simulations, CPU-time and number of iterations are given in
Table 4.1.

Efficiency, given by (16), is proportional to τ/H; therefore, it is important to look at the individ-
ual parameters to get a better understanding of the simulated efficiency. The smallest deviation
in head was observed with the coarsest mesh with k− ε model; here, the difference was 1.11
meter higher than experiments. The largest deviation in head was the same for all SST simu-
lations, with 1.76m over prediction. In the torque parameter, the smallest discrepancy was at

21



Master thesis Andreas Nordvik

35.13 Nm higher than experiments, for run #08. In the efficiency, the most important parameter
of this thesis, the lowest discrepancy compared to experiments were 2.89% in run #01. This was
the coarsest mesh, with the SST turbulence model, and showed large deviations in both head
and torque. However, the percentage deviation was similar in both parameters and resulted in
the best estimation of efficiency. The best simulation with k− ε model was both run #10 and
#11 with relatively fine mesh. To make a case for mesh independence, different mesh sizes were
tested. Little variation in head, torque and efficiency were seen after the second grid refinement
of the runner, when using k− ε model (i.e. run # 07-11). Since the last simulation (#11), with
26.37 million elements, gave no different result in efficiency than the second grid refinement
(# 08 with 13.38 million elements) it could be argued that one has reached a mesh independent
solution. However, the grid convergence method (GCI) method is more acceptable and a rec-
ommended method that has been evaluated over several hundred CFD cases and is considered
a standard amongst CFD users [70]. All the results from the simulations of Case 2 are given in
Table 4.3.

Table 4.1: Computation time and relative speedup.

Simulation speed table

Run Nr. CPU seconds Iterations Converged
[Y/N]

Mesh size
factor

Relative
speedup

Case 1: 6.352E+05 314 Y 1.26 2.67
Case 2:

01 5.858E+05 1000 N 3.51 -
02 1.118E+06 1000 N 1.97 -
03 1.422E+06 1000 N 1.65 -
04 1.660E+06 1000 N 1.44 -
05 5.939E+05 1000 N 3.51 -
06 5.952E+05 1000 N 3.51 -
07 2.293E+05 395 Y 3.51 7.65
08 3.724E+05 329 Y 1.97 4.71
09 4.225E+05 295 Y 1.65 4.15
10 6.118E+05 360 Y 1.44 2.87
11 1.753E+06 322 Y 1.0 1.0
12 2.254E+05 397 Y 3.51 7.78

Case 3: 1.260E+06 704 N (Stopped) 1.55 -

Case 1, the full model with spiral case, converged after 314 iterations. The results from this case
showed a 1.16m deviation in head, compared with experiments. It also showed a 35.2 Nm dis-
crepancy in torque. This corresponds to a 3.66% difference in efficiency, which makes it more
accurate than Case 3 to predict efficiency. Case 3, the short draft tube no volute case, scored
the poorest off all simulations in this thesis. The fact that it did not converge, together with the
highest deviation in efficiency of 5.82% made it the most unreliable of all the simulations and
was stopped after 704 iterations. This makes Case 2 the most accurate model for simulating
efficiency. The results for Case 1 and 3 are presented in Table 4.2.

So, what happens when using the same mesh and setup (see Table 3.1) on another operating
point? To answer this, it has been simulated another problematic operating point, namely guide
vane opening of α = 7°. This is around the point where we can observe the vortex rope for-
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mation in the draft tube [30]. Looking at the results from this simulation in Table 4.2, one can
see an even better estimation of the efficiency. With only 0.84% underprediction of efficiency
compared to experiment for this operating point, one can argue that the «calibration of the nu-
merical method» made at α = 4° proved itself effective in a similar problematic operating point.
However, it remains to see if this holds true for the whole hill chart.

Table 4.2: Result from simulations of Case 1 and Case 3 α = 4° and the case of α = 7°.

Case Nr. Head [m] Torque [Nm] η [%] ∆η [%]

Case 1 13.39 282.33 88.17 3.66
Case 3 13.06 282.01 90.33 5.82

Case α = 7°

Experiments: 12.02263028 655.7504902 83.0634938 -
Simulations: 12.97 700.51 82.22 -0.84

Table 4.3: Result from simulations of α = 4°. Corresponds to Table 4.3.
∆η is the difference in efficiency from simulation to experiments [30].

Experiments
Head [m] Torque [Nm] η [%]

12.23310356 247.1170519 84.5136798

Simulations
Run Nr. Head [m] Torque [Nm] η [%] ∆η [%]

01 13.99 292.39 87.40 2.89
02 13.99 293.07 87.64 3.12
03 13.99 293.51 87.73 3.22
04 13.99 293.53 87.75 3.24
05 13.99 292.72 87.50 2.99
06 13.99 292.72 87.49 2.98
07 13.34 282.38 88.45 3.93
08 13.36 282.25 88.38 3.86
09 13.36 282.30 88.37 3.86
10 13.36 282.31 88.38 3.87
11 13.36 282.31 88.38 3.87
12 13.36 282.45 88.47 3.95
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4.1.2 Project thesis conclusions

The three cases were simulated, using two turbulence models (k− ε and SST) and four compu-
tational grids. All simulations were carried out at part load, with guide vane opening of α = 4°,
except one simulation at α = 7°. The selection of these operating points was made based
on them being problematic operating points due to its highly transient nature and to compare
against [61]. All the simulations where the standard k−ε model was used, met the convergence
criteria, except for Case 3. The other simulations, using SST, ran for 1000 iterations, except for
Case 3 which was stopped after 704 iterations. The k−ε simulations were much faster than the
simulations using SST.

The lowest difference between experimental and numerical efficiency was found using the
coarsest mesh and the SST turbulence model, with a difference of 2.89%. Given that the de-
viation in head and torque was large compared to the efficiency, it is most likely an unreliable
result. The largest discrepancy in efficiency of 3.95% was found using the k− ε turbulence
model and opening-type boundary condition. Using different mesh sizes, it was observed the
impact it had on the numerical simulations. Using the k− ε turbulence model gave the most
reliable result for this comparison, and little variation in head, torque and efficiency was seen
after the second grid refinement of the runner. It was observed no difference in head, torque,
and efficiency from the simulation of two finest meshes. However, the grid convergence method
(GCI) method is more acceptable and a recommended method for studying mesh independence.

Given this insight from the project thesis, including the fact that spiral case mesh was hard to
manipulate (see Section 3.2), it was decided to proceed with Case 2, i.e. no volute only guide
vane ring and full draft tube. The k− ε model proved to give more reliable results and was
therefore prioritized (see Section 4.4).

4.1.3 Sensitivity of guide vane inlet angle

Proceeding with Case 2, it was important investigate into the prescribed angled flow field into
the guide vane inlet. This angle was decided based on the averaged flow vector from the sim-
ulation using the full model, i.e. Case 1. It is necessary to model the flow angle after leav-
ing the stay vanes to decrease geometry modeling error. Figure 4.1(a) displays this boundary
vector prescribed at the guide vane inlet. To quantify this angle’s influence on the result, an
«angle sensitivity study» was conducted. Presented in Fig. 4.1(b), five simulations with an-
gles 27.269°±2° were performed using the boundary conditions in Table 3.3. It turns out that
the impact is small, varying with only 0.028% in efficiency (η) from highest to lowest value.
Knowing this, a ballpark estimate might be enough to model the flow inlet angle.

4.1.4 Simplified guide vane

The last geometry simplification tested was the simplification of the guide vane geometry. Using
only one symmetric profile gave better mesh quality (see Appendix A.4), considering min- and
max face angle, which leads to faster simulations. The original geometry is seen in Fig. 3.4,
whereas the simplified geometry is displayed in Fig. 4.2. Simulation of the simplified guide
vane was around 50% faster than the other. However, the difference in efficiency (27) was
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about 0.6% higher for the simplified guide vane. To reduce the geometry modeling error, it was
decided to continue with the original guide vane.

(a) Constant velocity profile at the inlet.

-2 -1 0 1 2

angle [degree]
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Angle sensitivity study

(b) Constant velocity profile at the inlet.

Figure 4.1: Modelling stay vane angle on guide vane boundary.

Figure 4.2: Simplified guide vane.

4.2 Mesh independence study

This section presents the results for the mesh independence study, where the uncertainty due to
discretization is estimated and reported.

To estimate the error due to discretization, as suggested by Celik et al. [70], discharge, torque,
and efficiency of the turbine were simulated using k− ε turbulence model for all three meshes
in the mesh independence study. The computed flow parameters are tabulated in Table 4.4-4.7.
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Table 4.4: nED ≈ 0.13, GV: 7°

Parameter η [%] T [Nm] Q [m3/s]

φ1 84.600 618.96 0.16179
φ2 84.488 615.02 0.16097
φ3 83.940 586.76 0.15456
φ 21

ext 84.630 619.73 0.16194
e21

a [%] 0.132 0.637 0.507
e21

ext [%] 0.041 0.125 0.090
GCI21

f ine [%] 0.051 0.156 0.113
GCI32

med [%] 0.217 0.958 0.750

Table 4.5: nED ≈ 0.10, GV: 7°

Parameter η [%] T [Nm] Q [m3/s]

φ1 71.289 716.99 0.17163
φ2 71.155 711.57 0.17650
φ3 70.570 676.27 0.16350
φ 21

ext 71.34 718.18 0.16846
e21

a [%] 0.138 0.756 2.838
e21

ext [%] 0.067 0.165 1.882
GCI21

f ine [%] 0.084 0.207 2.309
GCI32

med [%] 0.319 1.161 5.347

Table 4.6: nED ≈ 0.16, GV: 7°

Parameter η [%] T [Nm] Q [m3/s]

φ1 92.495 511.07 0.14956
φ2 92.434 508.62 0.14894
φ3 91.961 486.40 0.14315
φ 21

ext 92.506 511.44 0.14965
e21

a [%] 0.056 0.479 0.415
e21

ext [%] 0.012 0.073 0.061
GCI21

f ine [%] 0.015 0.091 0.076
GCI32

med [%] 0.097 0.693 0.597

Table 4.7: nED ≈ 0.17, BEP

Parameter η [%] T [Nm] Q [m3/s]

φ1 94.586 614.50 0.18446
φ2 94.506 610.32 0.18335
φ3 94.050 588.35 0.17758
φ 21

ext 94.605 615.58 0.18475
e21

a [%] 0.035 0.630 0.602
e21

ext [%] 0.020 0.176 0.158
GCI21

f ine [%] 0.025 0.220 0.197
GCI32

med [%] 0.131 1.078 0.955

Here φ and φext is a variable critical to the conclusions being reported and the extrapolated value,
respectively. The subscript 1, 2 and 3 denotes the fine, medium, and coarse mesh, respectively.
GCI21

f ine is the fine-grid convergence index and is a measure of discretization error of the mesh.
The apparent order, p, of the solution ranged from 3.37 to 7.44. The different mesh sizes
were made according to [70], with refinement factor r > 1.3. For Table 4.4-4.6, r21 = 1.318
and r32 = 1.346. For Table 4.7, r21 = 1.312 and r32 = 1.326. Presented in Table 4.5; the
highest estimated numerical uncertainties in the hydraulic efficiencies were ≈ 0.32% and ≈
0.08 with fine and medium grid densities, respectively. In general, the medium mesh showed
lower uncertainties, particularly on hydraulic efficiency, compared to torque and discharge. The
maximum uncertainty was discharge (Q) at 5.35% with nED ≈ 0.10 and GV angle 7°, using
medium mesh. For the fine grid, the maximum uncertainty was 2.3%, on the same operating
point.

Jakobsen et al. [60], studied the computational effort of CFD simulations of the Francis-99
runner. He found a close linear speed-up with the mesh size. Table 4.8 shows that the relative
speed-up does not quite follow the mesh size factor as it did in [60]. Still, the computational
cost may be reduced by more than two times, reducing mesh from fine to medium.

The GCI21
f ine was very low compared to the GCI32

med . The converged solution with the medium
grid was used for further simulations at different operating conditions, considering how com-
putationally demanding the fine grid was. However, the GCI error is still quite low.

26



Master thesis Andreas Nordvik

Table 4.8: Speed-up for mesh sizes at GVO 7° and nED = 0.13.

Grid
type

Global number
of nodes

Mesh size
factor

Relative
speedup

N1 27,000,754 1 1
N2 11,791,906 2.29 2.24
N3 4,834,822 5.58 3.70

4.3 High-performance computing (HPC)

The supercomputer, Vilje, were used for most of the simulations done in this thesis (see Sec-
tion 3.6.2). When using HPC, it is important to discuss the issue of scalability. The concept
of scalability connotes the ability of a system to work efficiently with a growing amount of
work by adding resources to the system [72]. The theoretical limits to scalability are described
by Amdahl’s law [73], which gives the speedup in latency of the task execution with a fixed
workload, that can be expected of a system whose resources are improved. A way to quantify
the scalability, as well as the performance of a given software, is to perform a benchmark test.
Figure 4.3(a) presents the benchmark test performed on Vilje using ANSYS CFX. Performance
is defined here as 1/simulation time [1/hr], whereas the efficiency in Fig. 4.3(b) is defined as
(1− (Pl−Pa)/Pl)x100 where Pl and Pa is the linear and actual performance, respectively. This
benchmark test were conducted using the same simulation, i.e. same operating point (BEP),
mesh size, and simulation setup. By doubling the number of compute nodes (n), i.e. n x 16
cores, the simulation time compared to linear scaling. Simulation efficiency, is presented in
Fig. 4.3(a). From this benchmark, one sees almost a linear drop in simulation efficiency be-
tween 64 and 256 cores. The relative speedup from 64 to 128 cores was 1.92, whereas from 128
to 256 cores gave 1.76 relative speedup. To achieve high performance, as well as a reasonable
efficiency, it was decided to do most simulations using 128 cores (8 nodes).
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Figure 4.3: High-performance computing data for Vilje.
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4.4 Different turbulence models

As discussed in Section 4.4 different turbulence models have been used in several studies to
address its accuracy to predict the hydraulic efficiency. A more extensive examination of the
accuracy and speed of different turbulence models is presented in this section.

Simulations of 25 different operating points using three different turbulence models were con-
ducted to get a quantitative foundation for comparison. These turbulence models were; the
standard k− ε model, RNG k− ε model, and the SST model. The simulations lied within the
range of nED = [0.16,0.20] and QED = [0.11,0.19], in order to capture the innermost efficiency
isocurve where the BEP exist. Simulation setup and mesh (medium size) were kept constant in
order to extract the influence of the turbulence models only. It is important to recognize that
the different turbulence models have different demand for Y+ values, SST requiring a value of
Y+ < 1 and k−ε having 30 <Y+ < 300 (outside the buffer layer) [74]. Figure 4.4 presents this
isocurve made form interpolation of the simulations results. Visually, it is little difference in the
shape of the three curves. The absolute value, however, is more prominent and shows that the
RNG k−ε model and SST predicts higher efficiency than the standard k−ε model. From (27),
the average difference in hydraulic efficiency were 2.73%, 3.26%, and 3.10% for the standard
k− ε , RNG k− ε , and SST turbulence model, respectively.
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Figure 4.4: Comparison of different turbulence models.

Renormalization group (RNG) k− ε , model is more computationally expensive than the stan-
dard k− ε model due to an additional term in the ε-equation (19). This model provides an
option for modifying the turbulent viscosity, thereby cater to the effects of swirl in the flow
[75]. The SST model is also more computationally heavy due to it switching from k− ε to
k−ω [74]. The k− ε and SST model are both described in Section 2.5. Table 4.9 presents the
average and total simulation time for the three different turbulence models. The slowest, being
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the SST model, is set as a basis for the speed-up number (= 1.0) in Table 4.9, where speedup
is the total simulation time of SST divided by total simulation time of e.g. k− ε . Based on
k− ε being more accurate and faster, it was decided to proceed using this turbulence model for
creating the expanded hill chart.

Table 4.9: Evaluation of different turbulence models for reducing simulation time

Turbulence model: Standard k− ε RNG k− ε SST

Average simulation time [h] 9.61 11.43 12.79
Total simulation time [h] 240.19 285.67 319.79
Speed-up 1.33 1.12 1.0

4.5 Main results

Having assessed the right geometry, mesh size, and turbulence model to achieve accurate and
fast simulations, it is ready to present the main results of this master thesis. Using the medium
mesh from the GCI study described in Section 4.2 and the standard k− ε model, simulations
for 132 operating points with 11 different guide vane angles were carried out.

These 132 operating points lied within the range of nED = [0.12,0.23] and QED = [0.04,0.236].
This range excludes the efficiency isocurves for runaway speed, i.e. zero efficiency. Operation at
runaway speed is associated with high amplitude pressure fluctuation and is transient in nature.
To capture the unsteady flow field in the runner, more advanced turbulence models like SAS-
SST is necessary to use under these conditions [76]. Jakobsen and Holst [77] investigated the
transient load change on the Francis-99 runner. A very low difference in hydraulic efficiency
was observed when performing transient simulation compared to steady-state at BEP, where the
transient simulation deviated the most from experimental data. Using steady-state and the setup
from Table 3.3 should, therefore, be sufficiently accurate within this range of operation.

All simulations were carried out with GV opening in the range of α = [4◦,14◦], and with an
increment of 1◦ angle. These simulations were carried out using experimental values as input,
i.e. exact runner speed and the average GV angle for each data set. To verify the results, head,
torque, and efficiency were compared against experimental measurements given by Iliev (see
Section 2.4). A reproduced hill chart from [30] is presented in Fig. 4.5(a). The red X mark
the BEP, which is interpolated for the 132 experimental points. The hill chart was made using
MATLAB’s griddata interpolation function and contour plot, see Appendix A.8. Figure 4.5(b)
shows the numerically predicted hill chart with the interpolated BEP. The red line in each plot
is the efficiency-optimized variable-speed path.

To make the comparison between the experimental and the numerically predicted hill chart
easier, the two are plotted on top of each other in Fig. 4.5. The experimental line is in red,
and the numerical contour line is in green. Similarly, BEP is marked with red and green for
experiments and CFD, respectively. Notice here, the BEP for the experiments is shifted up and
to the right, i.e. higher nED and QED. The reason being that experiments, see Section 2.4,
were not conducted with an objective to locate the BEP. In order to pinpoint the location of
BEP, several measurements must be conducted in a narrow nED−QED-range. These kinds of
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Figure 4.5: Comparison of experimental and numerically predicted hill chart.

measurements were performed by O.G. Dahlhaug, which found BEP at nED = 0.18, QED =
0.153. The efficiency isocurves for CFD appears to be shifted to the right, the variable-speed
line in Fig. 4.5 follows this trend.
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Figure 4.6: Experimental and numerically predicted hill chart on top of each other.

The hydraulic efficiency was numerically predicted with the maximum difference found at GV
opening of 6° and n = 432.5 rpm, was calculated to be 6.93%, compared to experiments. At the
lowest guide vane opening (4°), the minimum difference in efficiency was found at 0.13%, with
n = 244.4 rpm. This is not trivial, as stated earlier, this is a highly problematic operating point
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with transient flow occurring in the draft tube. It is also recognizable considering other studies
on the same runner, presented in a review paper by Trivedi et al. [41], showed a much larger
deviation in efficiency at part load than this study. The maximal difference in torque, found at
GV opening of 14° and n = 222.5 rpm, was calculated to be 72.4 Nm.

Even more important than the absolute value of efficiency is getting the shape of the efficiency
curve and the position of BEP. Fig. 2.3 shows that the BEP for numerical results is higher,
i.e. higher efficiency, and shifted to the right in the hill chart compared to experiments. QED
matches almost exactly the experimental value, whereas the nED is off by 4.3%. The average
difference in efficiency was 2.87% for the whole hill chart. Jošt et al. [64] tested both head
and volume flow as input data and found that volume flow was slightly underpredicted when
using head as input data. Similarly, this study underpredicted volume flow, on average, -5.6
l/s. The maximal difference in discharge, found at GV opening of 11° and n = 241 rpm, was
calculated to be 6.5 l/s. It is worth mentioning that the imposed total pressure at the inlet P1,tot
resulted in a head that varied only with 5.3cm from largest to smallest, whereas the head from
the experimental data varied with 50.1cm correspondingly. This affects the result, and deviation,
of the discharge. Even so, using total pressure inlet has been justified in Section 3.5.

A cross-section from the hill chart in Fig. 4.6 with constant nED = 0.18 is shown in Fig. 4.7.
The constant nED-line describes the characteristics of normal operation at synchronous speed.
Figure 4.7 also presents the efficiency curve for constant guide vane opening of 7°. All the
efficiency plots for constant nED and GV opening is found in Appendix A.5 and Appendix A.6,
respectively. Hydraulic efficiency (16), is proportional to torque divided by discharge, ∼ τ/Q.
If torque is underpredicted by the same amount as discharge, the efficiency parameter would
be artificially close to experiments, although the simulation was inaccurate. It is, therefore,
important to look at these parameters individually and compare CFD against experiments. This
comparison is shown in Fig. 4.7 on the second and third row in the figure. A close match be-
tween experiments and CFD can be seen in all plots in this figure. Absolute values of efficiency
for CFD is greatest, compared to experiment, looking at the nED = 0.18-plot. Numerical pre-
diction of torque follows a close match to the experimental values, where CFD underpredicts.
Underprediction also happens for volumetric discharge, with a larger difference for smaller GV
openings. Discharge follows an almost linear trend with GV opening.

Another way of calculating the efficiency is by the Euler equation (7). A comparison between
the efficiency hill chart by (16) and the Euler efficiency (7) is presented in Appendix A.7.
Hardly surprising, the Euler efficiency hill chart is similarly shaped as the normal hill chart.
The numerator in (7) is just another way of calculating torque times omega divided by mass
flow (T ωb/ṁ) in (16). However, the losses in the guide vanes and draft tube are not taken into
account in (7) and, therefore, the efficiency isocurves appear larger (see Appendix A.7).

4.5.1 Losses and hydraulic efficiency

To get a better grasp of the results, as well as a more fruitful discussion, this section will cover
the hydraulics from a physics perspective.

According to the International Electrotechnical Commission (IEC) standard [36], the efficiency
is calculated as follows;

ηIEC =
Pm

Ph
, (28)
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Figure 4.7: The three left plots show experimental and numerical CFD data for constant guide
vane opening of α = 7◦. The three right plots show experimental and numerical CFD data for
constant nED ≈ 0.18.
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where Pm is the mechanical power transmitted through the coupling of the runner shaft and Ph
is the hydraulic power exchanged with the water. This definition is similarly expressed in (16).

Another way of expressing the hydraulic efficiency is to analyze the power losses Ploss of each
individual component over the power input Pin of the turbine. This way, the hydraulic efficiency
would then be expressed as,

η = 1− ∑Ploss

Pin
. (29)

Considering the waterway from the inlet of the spiral case to the outlet of the draft tube (see
Fig. 2.4), these losses may be categorized into:

• PLoss−SpiralCase : Power loss from wall friction and secondary flow losses in the spiral case
including friction and incidence loss on stay vanes.

• PLoss−GuideVanes : Power loss from guide vanes due to friction and incidence on the guide
vane blades.

• PLoss−Runner : Power loss from the runner, which can be divided into:

(a) PLoss−Runner−Friction : Friction loss in the blade channel of the runner due to shear
forces in the boundary layer.

(b) PLoss−SwirlLoss : Loss in kinetic energy due to residual whirl being created at the
outlet of the runner.

(c) PLoss−IncidenceLoss : Loss caused by a difference between the direction of the fluid
flow and the fixed blade angle at the inlet of the runner.

(d) PLoss−Lekage : The leakage flow through the runner seals.

(e) PLoss−DiskFriction : Fiction loss losses of the outer surface of the runner not in contact
with the main flow that is passing the runner blades [36].

• PLoss−Dra f tTube : Due to skin friction, secondary flow in the elbow and decelerating flow
in the draft tube.

Iliev et al. [78], outlined these different losses and applied simplified models to predict the gen-
eral shape of the hill chart based on velocity triangles at the inlet and outlet of the shroud stream-
line. Considering PLoss−IncidenceLoss, PLoss−SwirlLoss, PLoss−Dra f tTube, and PLoss−Runner−Friction,
theoretical equations were used to explain the different losses in the in the turbine, and their
impact on the shape of the hill chart. Figure 4.8 (a) shows that PLoss−IncidenceLoss is most depen-
dent on nED, and moving away from nED = 0.18, especially for higher values of nED, increases
the incidence loss. In Fig. 4.8 (b); PLoss−Runner−Friction is also somewhat dependent on nED with
higher gradient towards increasing nED, however the largest gradient in the QED-direction. The
draft tube loss and the swirl losses were most dependent on QED (not seen in the figure).

Schiffer et al. [79], conducted a numerical study analyzing the different hydraulic losses and
their impact on the hydraulic efficiency. The specific speed of the runner in [79] is almost two
times the specific speed of the Francis-99 runner in this thesis. The comparison between the
two runners should, therefore, be made carefully. Varying the flow rate, Schiffer [79] found that
the losses due to spiral case were very small, i.e. max 0.8 percentage point of efficiency at a
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Figure 4.8: a) Hydraulic losses from incidence on the leading edge at the runner blade. b)
Friction loss in runner. The figure is retrieved from [78, Fig. 3].

high flow rate. Leakage and disk friction loss were also relatively small compared to friction
losses in guide vanes, runner, and draft tube.

The leakage flow is driven only by the pressure difference, which is almost the same since
the head of the turbine is more or less the same in the experiments. On the Francis-99 run-
ner; Celič et al. [59] studied the influence on hydraulic efficiency from labyrinth seal and disk
friction losses using CFD. They found that the difference between the experimental and numer-
ical efficiency lowers down from 7% to 2% at PL operation when accounting for these losses.
The influence from leakage losses becomes more predominant for lower discharges as leakage
flow becomes relatively higher compared to the flow through the runner, although the leakage
flow stays the same. Reversely, the influence of labyrinth losses on the hydraulic efficiency de-
creased with the increase of the flow through the turbine. Disk fiction losses are most dependent
on runner speed, where increased speed increases the disk friction loss.

Having accurate numerical simulations with no spiral case might, by considering this research
[79] and with the investigation outlined in Section 4.1; be justifiable. However, this deserves
further scrutiny. Figure 4.9 brings together all the 2D plots from Appendix A.5 by calculating
the difference in hydraulic efficiency (∆η) from (27). Increasing ∆η can be seen in Fig. 4.9 with
increasing nED. Figure 4.10 confirms this, showing an increase in ∆η with increasing runner
speed, n. A few negative values of ∆η can be observed in Fig. 4.10 for GV 4° and 5°, meaning
underprediction of efficiency. Figure 4.10 collects all the information from Appendix A.6,
showing ∆η for different guide vane angles. The rise in discrepancy for hydraulic efficiency is
here related to a greater rotational speed of the runner. In regard to [78] and Fig. 4.8, one could
argue that the simulations in this thesis underestimates the incidence loss from the runner blade
leading edge and/or the runner friction loss. However, such conclusions, based on the evidence
put forward in this thesis, should be drawn carefully. It is only meant as a possible explanation
where further scrutiny is required. The last argument in this discussion is that higher values
of ∆η are found at lower discharges, as is seen in Fig. 4.9. Considering [59], the reason for
this might be the influence from the disk fiction and labyrinth seal leakage loss, its effect on
∆η being higher at PL, i.e. low discharges. Again, one should be cautious in trusting such
conclusions.
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Accurate prediction of the variable speed line is crucial when designing a Francis turbine meant
for variable speed. Figure 4.5 showed how this line shifts from left for the experiment to the
right for the numerical simulation. Having higher discrepancies efficiency (∆η) is discussed
above. Figure 4.11 displays the 2D-graph of the variable-speed line. The numerical simulations
over-predict the absolute value of this line. However, the general shape seems to be preserved
well in Fig. 4.11.
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Figure 4.11: Variable speed line comparison between experiments and CFD.

4.6 Reducing simulation time

To reduce simulation time, the following methods have been discussed in this chapter:

• Reducing the geometry model, e.g. removing spiral case, simplifying GV geometry.

• Reducing mesh size.

• Optimizing parallel computing.

• Selection of turbulence model.

The last thing to address in this subject matter is; how many simulations do you need to solve?

To answer this question, it was attempted to reduce the number of operating points, i.e. sim-
ulations, in order to investigate this influence on the shape of the hill chart. The following six
cases were considered:

• Case 1: Only even numbered guide vane angles were included. Resulted in 72 points.
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• Case 2: Only odd numbered guide vane angles were included. Resulted in 60 points.

• Case 3: Only even numbered nED taken into account. Resulted in 66 points.

• Case 4: Combination of 1 and 3, i.e. even GV angles with 2nd turbine speed. Resulted in
36 points.

• Case 5: Combination of 2 and 3, i.e. odd GV angles with 2nd turbine speed. Resulted in
30 points.

• Case 6: Structurally removing every other point in nED- and QED-direction. Resulted in
66 points.

All these cases, compared together with the full 132 point hill chart, is shown in Fig. 4.12.
The complete hill chart, similar as in Fig. 4.6, is here shown in green. The red line shows the
reduced hill chart for the different cases above. Red and green X is marked on each figure to
show the location of BEP for the reduced and the full hill chart, respectively. The data points
used to create the different cases is marked with blue squares, whereas the points left out is
marked with small dots.

To quantify the different shape of the complete and reduced hill chart, the root-mean-square
deviation was calculated by,

RMS =

√
∑N

1 (η132−ηreduced)2

N
x100 [%], (30)

where η132 and ηreduced is the hydraulic efficiency for the complete and the reduced hill chart,
respectively. These values are from the interpolated points, where N is the number of points
considered. In Table 4.10, (30) is calculated for 3.75x105 interpolation points as well as the
deviation in percent. It turns out that all cases are very close to the complete hill chart, deviating
<0.2% for every case. With only a deviation of ≈ 0.08%, the best method to reduce the number
of operation points in the hill chart is Case 6. Reducing the number of simulation points would
drastically reduce the computational cost of simulation of hill charts. This study shows that the
number of operation points may be cut in half, and still produce accurately predicted hill chart.

Table 4.10: Evaluation of different methods for reducing interpolation points in
hill chart.

Case 1 2 3 4 5 6

RMS [%] 0.107 0.191 0.085 0.111 0.160 0.076
Normal Percent [%] 0.077 0.120 0.068 0.087 0.119 0.045
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Figure 4.12: Different methods for reducing interpolation points in hill chart.
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5 Conclusion

Flow in a high head Francis turbine was analyzed using the standard k− ε turbulence model.
Numerical simulations were performed at 132 representative operating points and compared
with available experimental data to verify its reliability. Simulations of different geometries
were performed in order to reduce computational cost without sacrificing accuracy. A simpli-
fied geometry, without spiral case, were selected for the mesh independence study. Mesh inde-
pendence study was carried out at part load, with guide vane opening of 7° for three different
runner speeds. Mesh independence was also studied at BEP. This test showed grid discretiza-
tion uncertainties up to 5.34% in discharge, Q. For the most part, uncertainties were low for
efficiency. Medium mesh size was selected for further use due to computational cost. More
precise prediction could be achieved, taking the labyrinth seals and disk friction loss into ac-
count.

Using three different turbulence models; k− ε , SST, and RNG-k− ε , investigation was done in
order to address find the speed and accuracy of the models. The standard k− ε were faster and
more accurate and were selected for further use. A benchmark study was carried out to find the
optimal number of computational cores to use, and were found to be 8 nodes. A hill chart over
a wide range of nED-QED was produced and compared with experimental data. The difference
between the experimental and numerical results was on average 2.87% overprediction, with
the maximum difference (6.93%) being observed at n = 432.5 [rpm] and GV opening 6°. The
BEP for the numerical results was higher and shifted to the right, compared to experiments.
Torque was well predicted for most operating points. Omitting the simulation of labyrinth seals
is believed that this is the main contributor to the discrepancies in efficiency in this thesis.
However, the discrepancies could also come from disregarding losses in the spiral case and stay
vanes. In general, efficiency is overestimated. Otherwise, the shape of the efficiency curve is
fairly well captured. Reduction in the number of simulated operating points will reduce the
computational cost a lot. Findings from this work shows that the number of points can be cut
in half, compared to the original 132-point hill chart, without losing accuracy. That is if the
reduction is made in a structural way, i.e. Case 6.

The calibration of a numerical method for efficiency calculations of Francis turbines is com-
pleted. This method proved itself effective for prediction of hill charts. However, it remains to
see if this holds true for different turbine designs.
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6 Further work

The different turbulence models are sensitive to different mesh with different Y+-values and
element quality. Although the quality of the mesh has been checked (and were good) before a
simulation, a systematic procedure to inspect the sensitivity of mesh quality on different turbu-
lence models may be considered for further work. This also includes the study of the Y+-values.

When the mesh is satisfactory, the next step would be to perform simulations to investigate
the influence of different losses, and to categorize them into parts to address their influence in
hydraulic efficiency. This would create a deeper understanding of the physical features of the
turbine as well as revealing the limitation of CFD-simulations.

Simulations at deep part load guide vane openings, α < 4, and with high/low rotational speeds,
can be considered for further work. This would include simulation on the runaway line where
the flow is transient and highly unstable. A complete hill chart could then be created entirely
from numerical simulations.

Several measures can be done to increase the simulation, speed such as; having a looser conver-
gence criterion, fewer iterations, lower ordered advection scheme, and initializing simulations
from previous ones.

The last, perhaps, most important step for further work is to apply this calibrated method on
a different runner, where experimental data are available. The true accuracy of this simulation
method would then be revealed and only then could say if the method applies to other turbines.
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Abstract. This present work compares numerically predicted hill chart to experimental
measurements of a Francis turbine. The main objective is to create a model for recreating
hill charts using computational fluid dynamics (CFD). Accurate prediction of hill charts are
useful in the design stage of production and may result in a more efficient runner. The primary
focus is the prediction of efficiency and investigation of possible simplifications without loss
in accuracy. By using steady-state simulations, preliminary tests were made on four different
meshes, and two different turbulence models, namely the standard k−ε model and the shear
stress transport model. Simplifications of geometry have been tested to investigate if the
simulation time can be reduced without sacrificing accuracy. Numerical simulations of 132
operating points were carried out. The efficiency was predicted with the maximal difference
from measured values of 6.93%.

1. Introduction

With the rapid development of computer technology, computational fluid dynamics (CFD)
has emerged as a powerful tool to directly simulate internal turbulent flow in individual
or multiple components of a turbomachine [1, 2]. Turbines are tailor-made to specific
conditions at a specific site, and small improvements in the geometry can have a large
positive effect on operation [3]. A CFD aided design methodology applied to hydraulic
turbines is, therefore, a desirable approach for increasing efficiency [4]. This has also been
studied in [5, 6]. The efficiency diagram, also called hill chart, provides useful information
about a turbine. The first numerically predicted hill chart using CFD was published in 1996
[7]. Accurate prediction of hill charts are useful in the design stage of production and can be
used in an optimization procedure which may result in a more efficient runner [8]. The main
objective of this work is to create a model for recreating hill charts using CFD.

This paper seeks to investigate the efficiency of high head Francis turbines utilizing
the Francis-99 turbine at NTNU as validation for the study. By means of CFD simulations,
construction of 132 operating points in the hill chart are predicted. The simulations are then
compared with experimental results for validation. Trivedi et al. [9] carried out experimental
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and numerical studies for a high head Francis turbine at several operating points, namely best
efficiency point, high load (HL), and two different operating points at part load (PL). The
simulations took 90 days to complete on a cluster of central processing units (CPU), and the
results showed good agreement with experiments for efficiency. The difference between the
experimental and numerical results increased on moving away from the best efficiency point,
with the maximum difference (∼11%) being observed at part load. Due to discrepancies
in efficiency being large together with the aforementioned transient phenomenons, it was
decided to mesh independence study on part load with guide vane (GV) opening of 70%, as
well as for BEP (GV opening being 100%). Steady-state simulations for 11 different guide
vane openings were carried out from PL (GV opening 40%) to HL (GV opening 140%).

2. Theory

2.1. The Hill-diagram

The hydraulic efficiency in a hydro turbine is calculated as the power output divided by the
available water power:

η =
ωT

ρgQH
[−] (1)

where T is the torque on the runner’s hub, shroud, and blades, ω is the angular velocity of the
turbine runner, ρ is the fluid density, g is the gravitational acceleration and Q is the discharge
(volumetric flow rate) through the turbine.

The net head in equation (1) is, according to the guidelines set in IEC 60193 [10],
defined as

H =
∆P
ρg

+
v2

1− v2
2

2g
+(z1− z2) [m] (2)

, where v1 and v2 are the velocities at the inlet and outlet respectively. The last term describes
the difference in elevation from inlet to outlet. The value of the pressure (∆P) is acquired by
the differential pressure, as shown in figure 1.

The Hill-diagram provides us with useful information about a turbine. The efficiency
diagram is also called the characteristic diagram. It shows the turbines characteristics,
or how it performs, under different operating conditions [11]. Hill-diagrams are created
with dimensionless parameters so it is applicable for all turbines that are equally shaped
geometrically. We can then compare with other rotating machinery, models and prototypes
[11]. According to IEC 60193, to construct the Hill-diagram, the dimensionless volume flow
QED is plotted against the dimensionless rotational speed nED [10]. These parameters are
given as,

QED =
Q

D2
2
√

gH
[−] (3) nED =

nD2√
gH

[−] (4)



3

, where D2 is the outlet diameter in meter and n is the rotational speed in rpm.
To create the Hill-diagram, one has to measure the flow, head, and torque. The guide

vane opening has to be kept constant while the rotational speed is varied. This procedure is
then repeated for several different guide vane openings, and by (3) and (4) one can plot the
points along constant guide vane lines.

Figure 1. Two-dimensional view of the investigated model Francis turbine, retrieved from
[12] and edited. ∆P = P1−P2 and A denotes the area.

2.2. The Francis-99 test case

The test case for this study is a model turbine at the Waterpower Laboratory at NTNU. It is
a Francis type 1:5.1 scaled model of a prototype in a Norwegian power plant called Tokke
[13]. It includes a spiral casing, a distributor with 14 stay vanes integrated into the spiral
casing and 28 guide vanes. The runner has 15 blades with an additional 15 splitter blades,
for a total of 30 runner blades. The draft tube is an elbow-type. A 2D section of the model is
illustrated in figure 1. The test rig is a hydraulic system capable of generating≈14m head for
open loop, and≈ 100m head for closed loop [12]. The experimental data used for validation
of the CFD method in this paper is taken from [14]. However, the placement of BEP in figure
3 does not come from this study but have been tested more extensively in other measurement
performed in the lab in accordance with IEC 60193 [10].

3. Numerical model

3.1. Computational domain

A complete simulation of the turbine with spiral casing, distributor, runner and draft tube
including the labyrinth seal and disk friction losses is necessary for a realistic simulation
of the flow in Francis turbines [15]. However, the increasing complexity and size of the
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geometry will make a necessity for more cells in the computational mesh in order to get a
good resolution of the flow in the simulation. This is computationally demanding and will
result in longer simulation time. A full simulation with all details is therefore not feasible.
The spiral case and draft tube are large and thereby requires a lot of cells. To reduce the
computational cost, preliminary tests were conducted and are divided into three different
cases; Case 1: Full model, Case 2: No spiral case and Case 3: Short draft tube and no spiral
case. These tests showed that the relative speedup between Case 2 and Case 1 was about
1,8. Which means that reducing the geometry by excluding the spiral case was almost twice
as fast to simulate as well as preserving the accuracy of the simulation. Case 3 showed and
unstable behavior and did not converge. It was then decided to proceed with Case 2. The
computational domain of Case 2 including boundary conditions is shown in figure 2.

3.2. Mesh

The meshes for the draft tube, runner and the guide vanes were made separately for
different studies connected to Francis-99. The mesh for the draft tube was made with the
ANSYS CAD module ICEM CFD. Similar meshes from previous studies had been tested
for convergence [9]. However, a new mesh independence study was conducted in order to
ensure mesh independence with the changes that were made.

Because simulations were going to be executed for several different guide vane openings
it was necessary to create several meshes for each change in the guide vane angle. TurboGrid
was used to rotate the geometry and create the mesh. The mesh was then checked for element
quality and then exported for further use in CFX.

3.3. Turbulence models

Preliminary tests were conducted on two different turbulence models, the Shear Stress
Transport model (SST) and k− ε-model. For the same turbine, the model turbine installed
at the Waterpower Laboratory at NTNU, C. Trivedi et al. [9] conducted a numerical study
where they used the same two turbulence models, namely SST and k− ε . They found that
k− ε was better at estimating the hydraulic efficiency with about ∼ 1%. Another study on
the same turbine, the Francis-99, from Z. Yaping et al. [16] compared the standard k− ε
turbulence model to the SST model with different outlet boundary conditions. They found
that the differences between the experimental and numerical efficiency, head and torque
simulated by standard k− ε turbulence model are smaller than that simulated by the SST
turbulence model. Hence, the k−ε model could better predict steady-state efficiency. Again,
on the same turbine, D. Jošt et al. [17] carried out a numerical study where they used
SST, standard k− ε and zonal large-eddy-simulation (ZLES) with different inlet conditions
and solvers in order to estimate the efficiency at three operating points. They found that
the efficiency, calculated with CFX, yielded good agreement with the use of k− ε model,
however, this was only so because both head and torque were wrong with about the same.
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The selection of turbulence models for this paper was made from the basis of these
studies. Since it is the same turbine in all three studies, it is easy to compare with the results
of this article.

3.4. Simulation setup

The preliminary tests were performed on a local computer with steady-state analysis type
and at runner speed equal nED ≈ 0.18, and guide vane opening of 40%. The convergence
criteria for all the simulations was set to RMS ≤ 10−5. Simulations were set to run for
1000 iterations even if the convergence criteria for rms of pressure, mass-momentum, and
turbulent parameters were met.

The computational resources to perform simulations were used under the No-
tur/Norstore project: Numerical investigations of a Francis turbine (project number
NN9504K), using a super-computer at NTNU . No change in any parameter of interest was
seen after 3500 iterations when conducting mesh independence study (set to 5000 iterations).
This was done to ensure convergence for the mesh independence study. All the solution pa-
rameters used for performing the numerical simulations are shown in table 1.

Table 1. System setup for all simulations.

Parameter Description

Analysis type Steady state
Interfaces Frozen rotor; discretization type-GGI
Fluid Incompressible Newtonian fluid;

water properties updated with actual density and viscosity
Boundary conditions Inlet: total pressure inlet with direction, P1,tot = 231250 [Pa] ≈ 12.05m net head

Turbulence intensity 5%
Outlet: Static pressure
Reference pressure: 0 Pa
Wall: No slip

Discretization and Advection scheme: High resolution
solution controls Turbulence numeric: High resolution
Turbulence models Standard k− ε
Convergence control rms of pressure, mass-momentum, and turbulent parameters ≤ 10E-5
Physical timescale Auto timescale Conservative
Run type Intel MPI Distributed Parallel: 5 nodes with 20 cores per node
Total run for GCI PL (GV opening 70%): n = 188 rpm, n = 244 rpm and n = 299 rpm

BEP (GV opening 100%): n = 320 rpm

All meshes were connected together with Frozen rotor interface between the stationary
and the rotating domain. The frozen rotor interface works so that the frame of reference is
changed but the relative orientation of the components across the interface is fixed. This
model produces a steady-state solution to the multiple frame of reference problem, with
some account of the interaction between the two frames. These interfaced together with the
boundary conditions are shown in figure 2.
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Figure 2. Computational domain of the model Francis turbine with two interfaces namely
guide vane to runner (interfaceI) and runner to draft tube (interfaceII). Made similar to [9].

3.5. Boundary conditions

In addition to choosing interface and turbulence model, different boundary conditions have
been tested in order to look at the effect of these. In the aforementioned study, Z. Yaping et
al. [16] showed that the opening-type boundary condition gave a slightly better estimation of
efficiency. In order to further investigate these effects, preliminary tests of several different
outlet conditions were conducted. The pressure at the outlet was set equal to the measured
pressure from experiments Pout = 113kPa.

As well as outlet condition, it is necessary to prescribe a proper inlet condition.
Preliminary tests were conducted with mass flow inlet condition. However, when designing
a new turbine, the flow rate corresponding to a certain guide vane opening is not known in
advance. Therefore we want to know how accurate prediction is when a value of head is
input data and a value of flow rate is the output of the numerical simulation. For that reason,
numerical simulations were conducted with total pressure at the inlet. In this case, head
becomes the input data, while a value of flow rate is a result of numerical simulation [17].
Total pressure inlet and static pressure outlet are very sensitive to initial guess, therefore
the median pressure from experiments was applied. The total pressure inlet was set to
P1,tot = 231250 [Pa], which results in ≈ 12.05m net head.

4. Results and Discussion

The error in the quantities head, torque, and hydraulic efficiency will be regarded separately.
This is to avoid that errors in head and torque cancels. Efficiency (η), given by equation (1),
is proportional to ∝ T/H, therefore it is important to look at the individual parameters to
get a better understanding of the simulated efficiency. It is a common mistake to make, and
could potentially lead to perfect results in hydraulic efficiency, even though both head and
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torque have errors.

4.1. Mesh independence study

The recommended procedure for estimation of uncertainty due to discretization in CFD has
been used to evaluate the mesh independence [18]. The grid convergence index (GCI) [18]
is an industry-recognized method for assessing mesh quality but will not be repeated here.
The computed flow parameters are tabulated in table 2-5:

Table 2. nED ≈ 0.13, GV: 70%

Parameter η [%] T [Nm] Q [m3/s]

φ1 84.600 618.96 0.16179
φ2 84.488 615.02 0.16097
φ3 83.940 586.76 0.15456
φ 21

ext 84.630 619.73 0.16194
GCI21

f ine [%] 0.051 0.156 0.11286
GCI32

med [%] 0.217 0.958 0.75020

Table 3. nED ≈ 0.10, GV: 70%

Parameter η [%] T [Nm] Q [m3/s]

φ1 71.289 716.99 0.17163
φ2 71.155 711.57 0.17650
φ3 70.570 676.27 0.16350
φ 21

ext 71.34 718.18 0.16846
GCI21

f ine [%] 0.084 0.207 2.30914
GCI32

med [%] 0.319 1.161 5.34657

Table 4. nED ≈ 0.16, GV: 70%

Parameter η [%] T [Nm] Q [m3/s]

φ1 92.495 511.07 0.14956
φ2 92.434 508.62 0.14894
φ3 91.961 486.40 0.14315
φ 21

ext 92.506 511.44 0.14965
GCI21

f ine [%] 0.015 0.091 0.07598
GCI32

med [%] 0.097 0.693 0.59664

Table 5. nED ≈ 0.17, GV:100%(BEP)

Parameter η [%] T [Nm] Q [m3/s]

φ1 94.586 614.50 0.18446
φ2 94.506 610.32 0.18335
φ3 94.050 588.35 0.17758
φ 21

ext 94.605 615.58 0.18475
GCI21

f ine [%] 0.0248 0.220 0.19732
GCI32

med [%] 0.1306 1.078 0.95526

Here φ and φext is a variable critical to the conclusions being reported and the extrapolated
value. The subscript 1, 2 and 3 denotes the fine, medium and coarse mesh, respectively.
GCI21

f ine is the fine-grid convergence index and is a measure of discretization error of the
mesh. The apparent order, p, of the solution ranged from 3.37 to 7.44. The different mesh
sizes were made according to [18], with refinement factor r > 1.3. For table 2-4, r21 = 1.318
and r32 = 1.346. For table 5, r21 = 1.312 and r32 = 1.326. Presented in table 3; the highest
estimated numerical uncertainties in the hydraulic efficiencies were ≈ 0.32% and ≈ 0.08
with fine and medium grid densities, respectively. In general, the medium mesh showed
lower uncertainties particularly on hydraulic efficiency, compared to torque and discharge.
The maximum uncertainty was discharge (Q) at 5.35% with nED ≈ 0.10 and GV angle 70%,
using medium mesh. For the fine grid, the maximum uncertainty was 2.3%, on the same
operating point.

The GCI21
f ine was very low compared to the GCI32

med . The converged solution with the
medium grid was used for further simulations at different operating conditions, considering
how computationally demanding the fine grid was.
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4.2. Hill chart

Using the medium mesh from the GCI study, 132 simulations with 11 different guide vane
angles were carried out. The results for efficiency and torque are presented in figure 3-4.
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Figure 3. Red line shows experimental hill chart with data from [14]. Green line shows
numerically predicted hill chart using CFD.
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Figure 4. The left plot shows experimental and numerical CFD efficiency for constant
nED = 0.18. The right plot shows torque for constant nED = 0.18.

A cross-section from the hill chart in figure 3 with constant nED = 0.18 is shown in figure
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4. The constant nED-line describes the characteristics of normal operation. All simulations
were carried out with GV opening in the range of [40%, 140%] with an increment of ≈ 10%
or 1◦ angle. The approximation (≈) used throughout the paper is only used to present the
data. All simulations were carried out using experimental values as input.

The hydraulic efficiency was numerically predicted with the maximum difference found
at GV opening of 60% and n = 432.5 rpm, was calculated to be 6.93%, compared to
experiments. The difference (∆) is calculated as, ∆X = Xnumerical −Xexperimental , where X
is the variable of interest. At the lowest guide vane opening (40%), the minimum difference
in efficiency was found at 0.13%, with n = 244.4 rpm. This is not trivial, as stated earlier,
this is a highly problematic operating point with transient flow occurring in the draft tube.
It is also recognizable considering other studies on the same runner, presented in a review
paper by Trivedi et al. [12], showed a larger deviation in efficiency at part load than this
study. The maximal difference in torque, found at GV opening of 140% and n = 222.5 rpm,
was calculated to be 72.4 Nm.

Even more important than absolute value of efficiency is getting the shape of the
efficiency curve and the position of BEP. Figure 3 shows that the BEP for numerical results
is higher, i.e. higher efficiency, and shifted to the right in the hill chart compared to
experiments. QED matches almost exactly the experimental value whereas the nED is of
by 4.3%. The average difference in efficiency was 2.87% for the whole hill chart. D. Jošt
et al. [17] tested both head and volume flow as input data, and found that volume flow was
slightly underpredicted when using head as input data. Similarly, this study underpredicted
volume flow, on average, -5.6 l/s. D. Celič et al. [15] studied the influence on hydraulic
efficiency from labyrinth losses. They found that the difference between the experimental
and numerical efficiency lowers down from 7% to 2% at PL operation. It is believed that
this is the main contributor to the discrepancies in efficiency in this study. However, the
discrepancies could also come from disregarding losses in the spiral case and stay vanes. In
general efficiency is overestimated, otherwise, the shape of the efficiency curve is fairly well
captured.

5. Conclusion

Flow in a high head Francis turbine was analyzed by using k − ε turbulence model.
Numerical simulations were performed at 132 representative operating points and compared
with available experimental data to verify its reliability. The difference between the
experimental and numerical results was on average 2.87% overprediction, with the maximum
difference (6.93%) being observed at nED = 432.5 and GV opening 60%. The BEP for the
numerical results was higher and shifted to the right, compared to experiments. Torque was
well predicted for most operating points. Simulations for the mesh independence study were
carried out at part load, with guide vane opening of 70% for three different runner speeds.
Mesh independence was also studied at BEP. This grid scaling test showed grid discretization
uncertainties up to 5.34% in discharge, Q. Medium mesh size was selected for further use due
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to computational cost. The shape of the efficiency curve was fairly well captured, however
more accurate prediction could be achieved with other turbulence models.

References

[1] T. Vu and W. Shyy, “Performance prediction by viscous flow analysis for Francis turbine runner,” Journal
of fluids engineering, vol. 116, no. 1, pp. 116–120, 1994.

[2] M. Sabourin, Y. Labrecque, and V. De Henau, “From components to complete turbine numerical
simulation,” in Hydraulic Machinery and Cavitation, pp. 248–256, Springer, 1996.

[3] K. Anup, B. Thapa, and Y.-H. Lee, “Transient numerical analysis of rotorstator interaction in a Francis
turbine,” Renewable Energy, vol. 65, pp. 227 – 235, 2014. SI:AFORE 2012.

[4] H. Akin, Z. Aytac, F. Ayancik, E. Ozkaya, E. Arioz, K. Celebioglu, and S. Aradag, “A CFD aided
hydraulic turbine design methodology applied to Francis turbines,” in Power Engineering, Energy and
Electrical Drives (POWERENG), 2013 Fourth International Conference on, pp. 694–699, IEEE, 2013.

[5] J. Wu, K. Shimmei, K. Tani, K. Niikura, and J. Sato, “Cfd-based design optimization for hydro turbines,”
Journal of Fluids Engineering, vol. 129, no. 2, 2007.

[6] S. Aradag, H. Akin, and K. Celebioglu, “CFD based design of a 4.3MW francis turbine for improved
performance at design and off-design conditions,” Journal of Mechanical Science and Technology,
vol. 31, pp. 5041–5049, Oct 2017.

[7] H. Keck, P. Drtina, and M. Sick, “Numerical hill chart prediction by means of CFD stage simulation for
a complete francis turbine,” in Hydraulic Machinery and Cavitation, pp. 170–179, Springer, 1996.

[8] E. Tengs, P.-T. Storli, and M. A. Holst, “Numerical generation of hill-diagrams; validation on the francis99
model turbine,” International Journal of Fluid Machinery and Systems, vol. 11, no. 3, pp. 294–303,
2018.

[9] C. Trivedi, M. Cervantes, B. K. Gandhi, and O. G. Dahlhaug, “Experimental and numerical studies for a
high head Francis turbine at several operating points,” Journal Of Fluids Engineering - Trancactions
Of The Asme, vol. 135, no. 11, 2013.

[10] International Electrotechnical Commission, “Hydraulic turbines, storage pumps and pump-turbines -
Model acceptance tests,” Nov. 1999.

[11] H. Brekke, Introduction To Hydraulic Machinery. NTNU, March 2000.
[12] C. Trivedi, M. Cervantes, and O. G. Dahlhaug, “Experimental and numerical studies of a high-head francis

turbine: A review of the Francis-99 Test Case,” Energies, 2016.
[13] C. Bergan, R. Goyal, M. J. Cervantes, and O. G. Dahlhaug, “Experimental investigation of a high head

model Francis turbine during steady-state operation at off-design conditions,” IOP Conference Series:
Earth and Environmental Science, vol. 49, no. 6, 2016.

[14] I. Iliev, C. Trivedi, E. Agnalt, and O. G. Dahlhaug, “Variable-speed operation and pressure pulsations
in a francis turbine and a pump-turbine,” IOP Conference Series: Earth and Environmental Science,
vol. 240, p. 072034, mar 2019.
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A.2 Correction of dimensions according to synchronous speed

In order to meet the demand of synchronous speed Francis turbine, we have to correct the
dimensions of the outlet of the runner. This is done by the following procedure.

First, we have to assume that we have the same discharge at BEP, ∗Q. Then we get the follow-
ing relation by correction of rotational speed for β2 = const. and cu2 = const. (i.e conformed
velocity diagram).

cm2corr =
4∗Q

πD2
2corr

& cm2 =
4∗Q
πD2

2
(31)

which gives

cm2corr

cm2
=

(
D2

D2corr

)2

=
u2corr

u2
. (32)

Further we have that β2 = const. and cu2 = cu2corr = 0, which gives that,

tan(β2) =
cm2

u2
=

4∗Q/πD2
2

π
60nD2

& tan(β2) =
cm2corr

u2corr
=

Q/πD2
2corr

π
60nD2corr

(33)

This gives,

ncorrD3
2corr = nD3

2 ∨ D2corr =

(
nD3

2
ncorr

) 1
3

. (34)

If we instead insert a given number of pole pair, Zp, and calculate ncorr directly, we can find
D2corr directly. We then have to calculate a correction value for u2 = u2corr which is given by
the following equation;

u2corr = ncorr ·π ·D2corr/60. (35)

Further exist cm2 as,
cm2 = u2corr · tan(β2), (36)

A control of cm2 can be done by the following equation;

cm2 =
4∗Q

πD2corr
. (37)

The outlet geometry at the trailing edge of the blade with D2 = D2corr is now derived. Make
sure that the submergence is controlled after (1). If the submergence is too large, we have to
select a lower peripheral velocity by increasing the number of pole pairs and a turbine with
lower speed number or change ∗Q and make a smaller turbine to the selected rpm.
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A.3 Reynolds-averaged Navier-Stokes equations (RANS)

The RANS equations, as shown in (38), are time-averaged equations of motion used to describe
the motion of turbulent fluid flow. However, the unknown Reynolds stress needs another term in
order to be solved. This can be done by the linear eddy viscosity model, put forth by Boussinesq
[80] and presented in (39).

ρU j
∂Ui

∂x j
= ρ fi +

∂
∂x j

[
− p̄iδi j +µ

(
∂Ui

∂x j
+

∂U j

∂xi

)]
−ρu′iu

′
j (38)

u′iu
′
j =

2
3

kδi j−νT

(
∂Ui

∂x j
+

∂U j

∂xi

)
(39)

where, fi represents the external forces, µ is the fluid viscosity, u′iu
′
j is the Reynolds stress, δi j

is the Kronecker delta, νT is the turbulent eddy viscosity and Ui, j the mean velocity.

A.4 Mesh statistics for medium mesh for the different domains

Figure A.1: Mesh statistic for the runner in TurboGrid with 536 616 elements (medium mesh)
in one passage. The statistics show that all elements are good in this mesh.
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Figure A.2: Mesh statistic for the guide vane (α = 7◦) in TurboGrid with 103 267 elements
(medium mesh) in one passage. The statistics show that all elements are good in this mesh.

Figure A.3: Mesh statistic for the draft tube in ICEM CFD with 851 190 elements (medium
mesh). The statistics show that all elements are good in this mesh.
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Figure A.4: Mesh statistic for the simplified guide vane in TurboGrid with 119 637 elements.
The statistics show that all elements are better in this mesh compared to Fig. A.2.
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A.5 Constant nED-efficiency plots

0.1 0.15 0.2 0.25 0.3 0.35

Q [m
3
/s]

0.78

0.8

0.82

0.84

0.86

0.88

 [
-]

n
ED

 = 0.14

Experiments

CFD

(a) Exp. and num. hill chart with nED = 0.14.
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(b) Exp. and num. hill chart with nED = 0.15.
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(c) Exp. and num. hill chart with nED = 0.16.
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(d) Exp. and num. hill chart with nED = 0.17.
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(e) Exp. and num. hill chart with nED = 0.18.

0.05 0.1 0.15 0.2 0.25 0.3 0.35

Q [m
3
/s]

0.78

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

 [
-]

n
ED

 = 0.19

Experiments

CFD

(f) Exp. and num. hill chart with nED = 0.19.
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Figure A.6: Experimental and numerical hill charts for different constant nED lines.
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A.6 Constant guide vane opening efficiency plots
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(f) Exp. and num. hill chart with α = 9◦.
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Figure A.8: Experimental and numerical hill charts for different guide vane openings (α).
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A.7 Euler efficiency hill chart compared to normal efficiency
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Figure A.9: Comparison between Euler efficiency hill chart according to (7) and normal effi-
ciency according to (16).
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A.8 MATLAB Script for creating the Hill chart

1 %% C r e a t i n g H i l l−diagram
2

3 % Load e x c e l d a t a
4 l o a d ( ' CopyofF99expda ta . mat ' )
5 F99expda ta = t a b l e 2 a r r a y ( CopyofF99expda ta ) ;
6

7 % V a r i a b l e s
8 g = 9 . 8 2 ;
9 D2 = 0 . 3 4 9 ;

10 % Ass ign d a t a t o v a r i a b l e s
11 a = [ F99expda ta ( [ 5 0 : 6 1 68 :79 87 :98 107:118 127:138 148:159 169:180 190:201 211:222 232:243

2 5 3 : 2 6 4 ] , 1 ) ] ;
12 n = [ F99expda ta ( [ 5 0 : 6 1 68 :79 87 :98 107:118 127:138 148:159 169:180 190:201 211:222 232:243

2 5 3 : 2 6 4 ] , 2 ) ] ;
13 H = [ F99expda ta ( [ 5 0 : 6 1 68 :79 87 :98 107:118 127:138 148:159 169:180 190:201 211:222 232:243

2 5 3 : 2 6 4 ] , 3 ) ] ;
14 Q = [ F99expda ta ( [ 5 0 : 6 1 68 :79 87 :98 107:118 127:138 148:159 169:180 190:201 211:222 232:243

2 5 3 : 2 6 4 ] , 4 ) ] ;
15 T = [ F99expda ta ( [ 5 0 : 6 1 68 :79 87 :98 107:118 127:138 148:159 169:180 190:201 211:222 232:243

2 5 3 : 2 6 4 ] , 5 ) ] ;
16 e t a = [ F99expda ta ( [ 5 0 : 6 1 68 :79 87 :98 107:118 127:138 148:159 169:180 190:201 211:222 232:243

2 5 3 : 2 6 4 ] , 6 ) ] ;
17

18 % C a l c u l a t i o n o f n_ed Q_ed
19 ned = ( n . * D2 ) . / ( 6 0 * s q r t ( g . *H) ) ;
20 Qed = Q . / ( D2 ^ 2 . * s q r t ( g . *H) ) ;
21

22 % F i n d i n g BEP
23 BEP = f i n d ( e t a ==max ( e t a ) ) ;
24 BEPx = ned (BEP) ;
25 BEPy = Qed (BEP) ;
26 BEPz = e t a (BEP) ;
27

28 % P l o t f i g u r e
29 f i g u r e ( 1 )
30 x l a b e l ( ' ned ' )
31 y l a b e l ( ' Qed ' )
32 z l a b e l ( ' e t a ' )
33 ho ld on
34

35 % A s s i n g n i n g t o new v a r i a b l e name
36 X = ned ;
37 Y = Qed ;
38 Z = e t a ;
39

40 % S u r f a c e p l o t and i n t e r p o l a t i o n
41 [ xq , yq ] = meshgr id ( l i n s p a c e ( round ( min (X) , 3 ) , round ( max (X) , 3 ) , 1 0 0 0 ) , l i n s p a c e ( round ( min (Y) , 3 ) ,

round ( max (Y) , 3 ) , 1 0 0 0 ) ) ;
42 vq = g r i d d a t a (X, Y, Z , xq , yq , ' v4 ' ) ;
43 mesh ( xq , yq , vq )
44 p l o t 3 (X, Y, Z , ' . ' , BEPx , BEPy , BEPz , ' r x ' )
45

46 % Contour p l o t w i th p o i n t s and p r o j e c t i o n p o i n t s
47 f i g u r e ( 2 )
48 ho ld on
49

50 %P l o t d a t a p o i n t s
51 p l o t ( ned , Qed , ' b . ' , ' Marke rS ize ' , 3 , ' L ineWidth ' , 3 , ' H a n d l e V i s i b i l i t y ' , ' o f f ' )
52 %P l o t BEP from d a t a s e t
53 p l o t ( BEPx , BEPy , ' kx ' , ' Marke rS ize ' , 5 , ' L ineWidth ' , 2 , ' H a n d l e V i s i b i l i t y ' , ' on ' )
54

55 %P l o t i n t e r p o l a t e d BEP
56 [ BEP1 , BEP2 ] = f i n d ( vq==max ( vq ( : ) ) ) ;
57 BEPxq = xq ( BEP1 , BEP2 ) ;
58 BEPyq = yq ( BEP1 , BEP2 ) ;
59 BEPzq = vq ( BEP1 , BEP2 ) ;
60

61 p l o t ( BEPxq , BEPyq , ' r x ' , ' Marke rS ize ' , 1 4 , ' LineWidth ' , 2 )
62 p l o t ( [ BEPxq , BEPxq , 0 ] , [ 0 , BEPyq , BEPyq ] , '−. ' , ' Co lo r ' , ' r ' , ' L ineWidth ' , 1 , ' H a n d l e V i s i b i l i t y ' , ' o f f ' )
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63

64 minLevel = 0 . 8 ;
65 maxLevel = 0 . 9 2 ;
66 numberOfLevels = 1 3 ;
67 l e v e l s = s o r t ( [ l i n s p a c e ( minLevel , maxLevel , numberOfLevels ) , l i n s p a c e ( minLevel , maxLevel ,

numberOfLevels ) ] ) ;
68

69 [C , h ] = c o n t o u r ( xq , yq , vq , [ l e v e l s 0 .923 0 . 9 2 3 ] , ' Co lo r ' , ' r ' , ' L i n e S t y l e ' , '− ' , ' H a n d l e V i s i b i l i t y ' , '
on ' ) ;

70 c l a b e l (C , h , ' manual ' , ' R o t a t i o n ' , 0 , ' Co lo r ' , ' r ' )
71 p l o t ( [ 0 , 0 . 0 0 1 ] , [ 0 , 0 . 0 0 1 ] , ' r− ' , ' H a n d l e V i s i b i l i t y ' , ' o f f ' )
72

73 % C a l c u l a t i n g t h e v a r i a b l e speed l i n e
74 f o r i = 2 : ( s i z e ( xq , 1 ) −1)
75 f o r j = 2 : ( s i z e ( yq , 2 ) −1)
76 s ( j −1 , [ 1 , 2 , 3 ] ) = [ xq ( i , j ) , yq ( i , j ) , vq ( i , j ) ] ;
77 end
78 v a r ( i −1 , [ 1 , 2 , 3 ] ) = [ s ( f i n d ( s ( : , 3 ) ==max ( s ( : , 3 ) ) ) , 1 ) , s ( f i n d ( s ( : , 3 ) ==max ( s ( : , 3 ) ) ) , 2 ) , s ( f i n d ( s

( : , 3 ) ==max ( s ( : , 3 ) ) ) , 3 ) ] ;
79 end
80

81 p l o t ( v a r ( 1 1 0 : 8 2 0 , 1 ) , v a r ( 1 1 0 : 8 2 0 , 2 ) , '−r ' , ' L ineWidth ' , 1 . 5 )
82 % P l o t l e g e n d s and t i t l e
83 l e g e n d ( ' BEP_{ I n t e r p o l a t e d } ' , ' \ e t a ' , ' V a r i a b l e speed ' , ' L o c a t i o n ' , ' NorthWest ' ) ;
84 t i t l e ( ' E x p e r i m e n t a l H i l l C h a r t ' )
85 x l a b e l ( ' n_E_D ' )
86 y l a b e l ( ' Q_E_D ' )
87 z l a b e l ( ' \ e t a ' )
88 a x i s ( [ 0 . 1 1 8 0 . 2 3 0 .052 0 . 2 4 ] )

’
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A.9 Different messages from ANSYS

Here are some error messages from ANSYS:

Figure A.10: Memory problem that happens when simulating too many cells, in this case 27.7
million.

Figure A.11: Artificial wall problem that happens when simulating SST turbulence model.
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Figure A.12: Overflow problem that happens when simulating total pressure inlet.
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A.10 Script for running jobs on Idun

#!/bin/bash

## Specify job name, simulation time, number of nodes, partition, RAM memory, Array (loops
w, i.e. path, from 0-10 where %2 means max two jobs at once), and mail to user for updates:

#SBATCH –job-name=9deg_RNG_files
#SBATCH -t 28:20:00
#SBATCH –nodes=6 –ntasks-per-node=20
#SBATCH –partition=WORKQ
#SBATCH –mem=120000
#SBATCH –array=0-10%2
#SBATCH –mail-type=ALL
#SBATCH –mail-user=andnordv@stud.ntnu.no

## Makes error files in case of failure:
#SBATCH –output=%j.out
#SBATCH –error=%j.err

## Recommended safety settings:
set -o errexit # Make bash exit on any error
set -o nounset # Treat unset variables as errors

# Make sure the directory with chat case exists by setting the environmental variable $w to the
# sub-directory and test for its existence
w=/home/$USER/$SLURM_JOB_NAME/dp$SLURM_ARRAY_TASK_ID/CFX/CFX/
if [ ! -d $w ]; then mkdir -p $w;fi

## Copy a .ccl file to $w, which can edit the setup (here I change turbulence model to RNG):
cp RNG.ccl $w
cd $w

## Create host list
srun hostname -s | sort > /tmp/hosts.$SLURM_JOB_ID
nodes=‘tr ’
n’ ’,’ < /tmp/hosts.$SLURM_JOB_ID‘

# echo "nodes= "$nodes

module load CFX/19.2

export CFX5RSH=ssh

## Run the application
cfx5solve -def CFX.def -maxet "28[hr]" -double -parallel -batch -ccl RNG.ccl -large -s 1.5 -
start-method ’Intel MPI Distributed Parallel’ -par-dist $nodes

## Clean up
rm /tmp/hosts.$SLURM_JOB_ID

XXXII



Master thesis Andreas Nordvik

A.11 Script for running jobs on Vilje

#!/bin/bash
###################################################
#
# Running CFX in distributed parallel mode
#
###################################################
# Specify -N (job name), -A (project number), -l (select="number of nodes"), -l (simulation
time), -J (Array, looping w, i.e. path), -j (create error files), and -m (mail to user):

#PBS -N dp
#PBS -A nn9669k
#PBS -l select=8:ncpus=32:mpiprocs=16
#PBS -l Fluent=32
#PBS -l walltime=21:20:00
#PBS -J 0-10
#PBS -j oe
#PBS -m abe

module load cfx/19.1

# Creates a variable which is coupled with -N (job name) and -J (array loop) above:
case=$PBS_JOBNAME$PBS_ARRAY_INDEX

cd $PBS_O_WORKDIR

# Create (if necessary) the working directory
w=/work/$PBS_O_LOGNAME/9deg_RNG_files/$case/CFX/CFX/
if [ ! -d $w ]; then mkdir -p $w; fi

# Copy inputfile and move to working directory
cp SST.ccl $w
cd $w

nodes=‘cat $PBS_NODEFILE‘
nodes=‘echo $nodes | sed -e ’s/ /,/g’‘

export CFX5RSH=ssh

# Run the application: cfx5solve -batch -maxet "29[hr]" -double -parallel -batch -ccl SST.ccl
-large -s 1.5 -def CFX.def -start-method ’Platform MPI Distributed Parallel’ -par-dist $nodes
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