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Abstract: The aim of this study is to develop a reliable numerical model that provides additional
information to experimental measurements and contributes to a better exploitation of hydraulic
turbines during transient operation. The paper presents a numerical analysis of the flow inside a
Kaplan turbine model operated at a fixed runner blade angle during load variation from the best
efficiency point (BEP) to part load (PL) operation. A mesh displacement is defined in order to model
the closure of the guide vanes. Two different types of inlet boundary conditions are tested for the
transient numerical simulations: linear flow rate variation (InletFlow) and constant total pressure
(InletTotalPressure). A time step analysis is performed and the influence of the time discretization
over the fluctuating quantities is discussed. Velocity measurements at the corresponding operating
points are available to validate the simulation. Spectrogram plots of the pressure signals show the
times of appearance of the plunging and rotating modes of the rotating vortex rope (RVR) and the
stagnation region developed around the centerline of the draft tube is captured.
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1. Introduction

Nowadays, hydropower plants are experiencing frequent off-design operation regimes and load
variations because of the fluctuating energy production requirements. The energy market is becoming
more dynamic due to its deregulation in some countries, as well as the introduction of intermittent
renewable energy sources, such as wind and solar power [1]. Transient operations induce pressure
oscillations and asymmetric loads on the runner blades of hydraulic turbines, affecting their lifetime,
increasing the pressure losses and reducing the efficiency of the power plants [2]. Furthermore,
closing the guide vanes, i.e., reducing the flow entering the turbine, results in a high swirl at the runner
outlet of single-regulated turbines, leading to the formation of the rotating vortex rope (RVR) [3].
In the draft tube of the turbine, the RVR generates large amplitude pressure fluctuations at low
frequencies in the range of 0.2–0.4 × frunner, where frunner represents the runner rotational frequency.
It is therefore necessary to accurately predict the RVR formation in order to avoid the unfavorable
operation of hydraulic turbines. The analysis of the vortex formation and its mitigation may allow
for the development of effective countermeasures. Both experimental and numerical techniques have
been used for such investigations.
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Experimental studies of the pressure fluctuations inside hydraulic machines were carried out for
different operating points during steady and transient operations [4–6]. The measurements showed
that the largest amplitudes of the pressure fluctuations were attained during transient operations,
especially during total or partial load rejection. The formation and mitigation of the RVR in the draft
tubes of hydraulic machines were investigated experimentally during part load (PL) operation [7,8].
The study of a Francis turbine model during load decrease focusing on the RVR formation [3] showed
that at a low guide vane angle, i.e., low flow rate, the runner was unable to extract the high swirl
provided by the guide vanes. As a consequence, a highly swirling flow entered the draft tube and
the axial velocity increased near the draft tube walls. Due to the large pressure gradient in the radial
direction, the radial component of the velocity was negative near the draft tube walls. A recirculation
region was observed behaving as a blockage to the draft tube flow leading to the formation of the RVR.
The rotating vortex was showed to wrap around the high pressure/low velocity areas.

Computational fluid dynamics (CFD) is becoming a powerful tool in modelling turbulent flows and
acquiring information concerning the operation of hydraulic machines [9–11]. Numerical simulations
are now a faster and more cost-efficient alternative to experimental investigations and model testing.
However, there are still limitations in turbulence modelling regarding the space and time discretization,
the definition of boundary conditions and the modelling of the Reynolds Averaged Navier–Stokes
(RANS) equations [12]. Furthermore, in order to model transient flows in hydraulic turbines, a mesh
displacement method should be employed [13], thus increasing the complexity of the numerical model,
and the total simulation time. A good compromise between the accuracy of the simulation and the
limited computational resources is challenging to achieve.

Transient numerical models of load variation in hydraulic turbines require the modelling of the
guide vanes displacement using a time dependent space discretization. In the case of double-regulated
turbines, a moving mesh is required for the runner blades as well. Various moving mesh methods have
been employed for different industrial applications, such as the movement of the junction between
the airplane tail and the fuselage [14] or free surface flows [15]. A transient numerical model of a
pump-turbine was developed using a dynamic mesh method and re-meshing techniques in order
to model the flow during load rejection [16]. Concerning hydraulic turbines, there are only a few
studies available in the literature. An axial turbine was investigated during sudden load rejection [17]
using transient simulations and a moving mesh. Reference [18] presented the results of 3D unsteady
RANS (URANS) simulations of the flow through a Francis turbine during load rejection and runaway
transient operations. A study of load changes and complete shutdown of a Francis turbine model was
presented in [19]. The guide vanes displacement was modelled using a mesh motion procedure and an
automated re-meshing technique.

The inlet boundary conditions were proven to have a strong influence on the accuracy of numerical
simulations regarding hydraulic turbines [20,21]. Different solutions to model the start-up of Francis
turbines were investigated [22], showing the necessity of including the draft tube and the full runner
domains in the numerical model. The authors considered a constant total pressure value as inlet
boundary condition to simulate the flow through a Francis turbine model during start-up. The flow was
underestimated in the numerical simulation due to an overestimation of the losses. URANS simulations
of the flow inside a bulb draft tube were performed [23], discussing the accuracy of the inlet boundary
conditions required in order to correctly capture the flow features. The simulations underestimated
the velocity values in the draft tube domain due to the overestimation of the head losses, especially
near the draft tube walls.

The numerical investigations performed to model the pressure fluctuations exerted on the
runner blades are predominantly URANS simulations of different operating regimes [24–26].
Several researchers carried out numerical simulations attempting to describe and explain the
RVR formation. It was found that the use of the k-epsilon turbulence model for such studies
is not recommended, as the swirl is underestimated and the vortex is strongly damped [27].
The Scale-Adaptive Simulation- Shear Stress Transport (SAS-SST) turbulence model was employed in
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unsteady simulations of the flow inside the draft tube of a Kaplan turbine during PL operation [28].
The authors were able to capture the RVR movement and showed that the turbulence model provides
results in good agreement with the experimental values.

In recent years, a lot of focus has been dedicated to the investigation of the transient operation of
Francis-type turbines. However, the number of studies aiming to investigate Kaplan turbines is limited.

The objective of our research is to create and validate a transient numerical model of a Kaplan
turbine operated on a propeller curve, i.e., at a fixed runner blade angle. The paper is an extension of a
previous study [29], after the improvement of the geometrical accuracy of the model. Transient URANS
simulations of the flow through a Kaplan turbine model are carried out to investigate the flow behavior
during the partial closure of the guide vanes, i.e., load variation from best efficiency point to part
load operation. The guide vanes displacement is modelled using a moving mesh defined as specified
displacement relative to the initial position. Two types of inlet boundary conditions are considered:
a linear flow variation and a constant total pressure. The numerical results are compared to velocity
and pressure measurements in the runner and draft tube. The selection of the boundary conditions
and the influence of the time step definition over the accuracy of the numerical model are discussed.
A time step sensitivity analysis is performed aiming to obtain a good accuracy of the results while
maintaining low computational resources and a relatively short simulation time. The RVR formation
during the guide vane closure is investigated. Spectrograms of the pressure on the runner blades and
on the draft tube cone wall are presented showing the time of appearance of the RVR plunging and
rotating modes.

2. Materials and Methods

2.1. Test Case

The Porjus U9 Kaplan turbine model [30] is numerically investigated. The turbine includes a
spiral casing, a distributor (18 stay vanes and 20 guide vanes), a 6-blade runner, and an elbow draft
tube. The runner diameter is 0.5 m and the rotational speed is 696.3 rpm. The turbine model was
investigated experimentally during steady operation at the best efficiency point (BEP) and off-design
operation points [30–32]. The experimental results are used for the validation of the numerical model.

Velocity and pressure measurements were presented in [3,6,30–32]. Six pressure sensors were
used on the pressure side of one runner blade and six on the suction side of the neighboring runner
blade, as illustrated in Figure 1.
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Figure 1. Pressure sensors location on two consecutive runner blades. (a) PS1 to PS6 on the pressure side.
(b) SS1 to SS6 on the suction side.

In the upper part of the draft tube cone, 20 pressure sensors were used (Figure 2a) located at four
angular positions a, b, c and d (Figure 2b) according to [30].
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where the indexes 1 and 2 represent the inlet of the guide vane domain and the outlet of the draft 
tube, respectively. 

The transient operation of the Porjus U9 turbine from the BEP to PL is modelled. The average 
angular velocity of the guide vane closing is ωGV = 0.859°/s and the total time of the load variation is 
Δt = 7.57 s. The main parameters for the BEP and PL operating points are presented in Table 1. 

Figure 2. Pressure sensors location on the wall of the draft tube cone. (a) The positions are marked by
blue dots. (b) Circumferential positions.

Laser Doppler Anemometry (LDA) measurements were performed in the runner chamber [32]
and in the draft tube cone [30]. The velocity profiles are presented along one radius (direction d,
Figure 2b) as the results are similar in the other directions. The numerically simulated velocity
components are recorded by 20 monitor points defined along the blue lines presented in Figure 3.
The line corresponding to Section I (Figure 3) is extended and the velocity and pressure values are
recorded along the diameter of the draft tube cone in an attempt to capture the asymmetric flow
developed during load rejection and PL operation.
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The transient simulations are validated with the corresponding stationary operating condition
measurements at the BEP and PL.
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where the indexes 1 and 2 represent the inlet of the guide vane domain and the outlet of the draft
tube, respectively.

The transient operation of the Porjus U9 turbine from the BEP to PL is modelled. The average
angular velocity of the guide vane closing is ωGV = 0.859◦/s and the total time of the load variation is
∆t = 7.57 s. The main parameters for the BEP and PL operating points are presented in Table 1.

Table 1. Operating condition parameters of the Porjus U9 model. Experimental values.

Operating Point BEP PL

αGV (◦) 26.5 20
Q (m3/s) 0.69 0.62

H (m) 7.5 7.5

2.2. Numerical Model

2.2.1. Analysis Domain

The numerical simulations were performed for the Porjus U9 turbine model using the CFX
Ansys solver. The numerical model includes one moving guide vane, the complete runner with
six runner blades, and the elbow draft tube (Figure 4). The model was developed considering the
results published in [22,33], concerning the influence of the domain selection over the accuracy of
the numerical simulations. The draft tube domain includes the draft tube cone, elbow, and diffuser.
A single guide vane is modelled and a Stage interface is defined between the guide vane domain and
the runner domain. The advantage of such interfaces is that the pitch change is modelled by taking the
circumferential averages over circular bands along the interface. However, the downside of the Stage
interface is that the velocity profile is averaged before entering the downstream component. Therefore,
blade wakes and pressure fluctuations are damped. At the draft tube inlet, a Transient Rotor–Stator
interface is used in order to capture the transient relative motion and the frame change between
the runner and the draft tube. The simulations are performed using the k-ω SST turbulence model.
The k-ω SST turbulence model is selected for providing a reasonable precision at low computational
costs [34]. The computational resources are a particularly important aspect when modelling transient
flows with mesh displacement.

Energies 2020, 13, x FOR PEER REVIEW 5 of 21 

 

Table 1. Operating condition parameters of the Porjus U9 model. Experimental values. 

Operating point BEP PL 
αGV (°) 26.5 20 

Q (m3/s) 0.69 0.62 
H (m) 7.5 7.5 

2.2. Numerical Model 

2.1.1. Analysis Domain 

The numerical simulations were performed for the Porjus U9 turbine model using the CFX 
Ansys solver. The numerical model includes one moving guide vane, the complete runner with six 
runner blades, and the elbow draft tube (Figure 4). The model was developed considering the results 
published in [22,33], concerning the influence of the domain selection over the accuracy of the 
numerical simulations. The draft tube domain includes the draft tube cone, elbow, and diffuser. A 
single guide vane is modelled and a Stage interface is defined between the guide vane domain and 
the runner domain. The advantage of such interfaces is that the pitch change is modelled by taking 
the circumferential averages over circular bands along the interface. However, the downside of the 
Stage interface is that the velocity profile is averaged before entering the downstream component. 
Therefore, blade wakes and pressure fluctuations are damped. At the draft tube inlet, a Transient 
Rotor–Stator interface is used in order to capture the transient relative motion and the frame change 
between the runner and the draft tube. The simulations are performed using the k-ω SST turbulence 
model. The k-ω SST turbulence model is selected for providing a reasonable precision at low 
computational costs [34]. The computational resources are a particularly important aspect when 
modelling transient flows with mesh displacement. 

2.1.2. Mesh 

A hexahedral unstructured mesh is created for each computational domain using the software 
ICEM 16.2. A single runner blade passage is discretized. The mesh is multiplied and rotated in order 
to attain certain axial symmetry of the flow inside the runner domain. The total number of cells in the 
Kaplan turbine model is 13.96 × 106. The mesh quality criteria are presented in Table 2. 

 
Figure 4. Computational domains and interfaces: 1. Guide vane and stay vane domain. 2. Guide vane–
Runner interface. 3. Runner domain. 4. Runner–Draft tube interface. 5. Draft tube domain. 

Table 2. Quality parameters of the mesh used in the transient simulations. 

  

Figure 4. Computational domains and interfaces: 1. Guide vane and stay vane domain. 2. Guide
vane–Runner interface. 3. Runner domain. 4. Runner–Draft tube interface. 5. Draft tube domain.



Energies 2020, 13, 3129 6 of 20

2.2.2. Mesh

A hexahedral unstructured mesh is created for each computational domain using the software
ICEM 16.2. A single runner blade passage is discretized. The mesh is multiplied and rotated in order
to attain certain axial symmetry of the flow inside the runner domain. The total number of cells in the
Kaplan turbine model is 13.96 × 106. The mesh quality criteria are presented in Table 2.

Table 2. Quality parameters of the mesh used in the transient simulations.

Domain
No. of

Elements
(×106)

Minimum
Angle

(◦)

Expansion
Factor

(–)

Aspect
Ratio

(–)

y+

(min/avg/max)
(–)

Guide vane 0.34 20.2 16 58 2.70/15.6/27.1
Runner 9.96 16.8 48 668 0.90/15.7/67.0

Draft tube 3.66 30.5 9 7635 0.02/1.12/4.40

A mesh sensitivity study for the guide vanes, runner and draft tube of the Porjus U9 turbine
model was carried out [35]. In the current study, the guide vane and runner domains are discretized
similarly, attempting to improve the mesh quality and decrease the y+ values. The size of the guide
vane mesh is comparable to the previous version, but the runner domain mesh is refined.

Using a hexahedral mesh can be rather restrictive in terms of mesh quality. The aim was to create
a good quality mesh instead of a fine mesh with low quality. The y+ values presented in Table 2 are,
in some areas, larger than the recommended value of 1; therefore, the automatic wall function is locally
employed in the CFX simulations [36]. This automatic wall treatment switches between the wall
function approach and the low Re approach (k-ω) depending on the grid spacing near the wall [37].
A very fine mesh, that meets the y+ <1 criterion, considerably increases the mesh size, the computational
demands and the total simulation time.

The mesh displacement is defined for the guide vane computational domain. The guide vane
rotates around the center of rotation C (xc, yc) shown in Figure 5. The location of the guide vane
blade (xt, yt) is calculated at each time step using coordinates relative to the previous mesh position
(xt−1, yt−1):

xt = (xt− 1− xc) cos(dαGV) + (yt− 1− yc) sin(dαGV) + xc (2)

yt = (yt− 1− yc) cos(dαGV) − (xt− 1− xc) sin(dαGV) + yc (3)

where xt and yt are the coordinates of the guide vane blade at the current time step, xt−1 and yt−1 are
the coordinates of the guide vane blade at the previous time step and xc and yc are the coordinates of
the center of rotation.
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The guide vane angle (dαGV), related to the initial position, is calculated at each time step (dt) as:

dαGV = ωGV · dt · n (4)

where n is the current time step.

2.2.3. Boundary Conditions

Concerning the modelling of transient load variations of hydraulic turbines, the inlet boundary
conditions may be provided as velocity (volumetric flow rate, mass flow or velocity profiles) or pressure
(static or dynamic). It was proven that using the linear flow variation as an inlet boundary condition
leads to an inaccurate prediction of the pressure variation [19]. The study concluded that the total
pressure should be defined at the inlet and the flow variation should be obtained from the simulations.
The use of these two types of inlet boundary conditions is investigated in the present paper: the linear
variation of the flow rate (referred to as: InletFlow simulation) and a constant total pressure value during
the load variation (referred to as: InletTotalPressure simulation). In the following sections, the variables
with the index Q or P will refer to the InletFlow and InletTotalPressure simulations, respectively.

It is recommended for the time step (dt) to be selected considering the smallest frequency of the
system to be resolved. Usually, a time step corresponding to 1◦ ÷ 5◦ of the runner angular rotation
is chosen. In the present case, this would correspond to a sampling frequency of 2092 to 836.8 Hz.
With such a time step size, part of the turbulent fluctuations are resolved from the lowest turbulent
frequency, which is about V/D ≈ 8 Hz (where V is the average velocity of the flow at the runner inlet
and D is the characteristic length, in the present case, the runner diameter) up to half of the sampling
frequency. From our experience and the literature [38], the use of small time step values may cause the
simulation to overpredict the pressure/velocity fluctuations. In this case, the overestimations most
likely occur due to the URANS equations resolving part of the turbulence, which they are not designed
for. RANS models are statistical representations of the turbulent flow. They are not designed to resolve
part of the turbulence as the large eddy simulation (LES) model is.

2.2.4. Time Step Sensitivity Analysis

A time step sensitivity analysis is performed for three different time step sizes, as presented in
Table 3. The large time step values corresponding to large angles of the runner rotation (dθ = 61◦

and 121◦) are employed because the flow delivered to the runner is axis-symmetric, all six runner
blades are identical, and the inlet into the draft tube cone is axis-symmetric as well. Considering all
the above, a time step corresponding to 61◦ of the runner rotation should be equivalent to a time step
corresponding to 1◦. The sampling frequencies are 68.6 and 35.6 Hz, and part of the turbulence is
still resolved. The largest time step size allows for resolving the RVR with at least 15 points per RVR
rotation (1 RVR rotation ≈ 5 runner rotations). All simulations are carried out using the high-resolution
scheme for the advection term and the second order backward Euler scheme for the time-dependent
terms in the URANS equations.

Table 3. Time step sensitivity analysis.

Case Time Step
dt [s]

Corresponding Runner Rotation
dθ (◦)

1 0.001195 5
2 0.014579 61
3 0.028919 121

First, a steady-state simulation of the flow in the turbine model operated during BEP operation
is performed in order to obtain the initial conditions for the transient simulations. The mass flow
rate is defined at the inlet of the guide vane domain. The computed total head is further used
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for the InletTotalPressure simulation in order to start with a similar flow rate compared to the
InletFlow simulation.

Secondly, URANS simulations are performed for 15 runner rotations (1.3 s) during BEP operation
followed by the guide vane closure. At the end of the guide vane closure (∆t = 7.57 s), the simulations
continue for another 83 runner rotations (7.2 s) to ensure the convergence and stabilization of the flow
parameters at PL. The total simulated time is approximately 16 s for both types of inlet boundary
conditions, i.e., mass flow rate and constant total pressure.

The inlet boundary condition InletTotalPressure is used to test the hypothesis of axis-symmetric
flow developed in the runner domain and large time steps: 61◦ and 121◦.

3. Results and Discussion

3.1. Validation with Experimental Velocity Profiles

The numerical results are validated using velocity measurements. The results of the steady-state
simulations before (BEP) and after (PL) the transient simulation are compared to experimental profiles.
The results are presented in Figure 6 for Section RB I, in the runner domain and Section I in the draft
tube domain (see Figure 3). All the velocity values are normalized with the bulk velocity calculated
from the flow rate and the area corresponding to the runner diameter. The radii are made dimensionless
relative to the runner radius R = 0.25 m. The positive direction in the runner and draft tube cone for
the axial velocity is vertically downward, along the Z axis as presented in Figure 4.
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The BEP velocity profiles are obtained by averaging the numerical results over 15 runner rotations,
whereas the PL velocity profiles are averaged over 80 ÷ 83 runner rotations (depending on the time
step value). When using the small time step size dθ = 5◦ of the runner rotation, it is possible to
average only over the last period, e.g., the last runner rotation given that enough samples are provided.
Assuming the results are converged, this is the recommended procedure. However, if the large time
step sizes are used, i.e., dθ = 61◦ and 121◦, one runner rotation provides only six or three samples,
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respectively, and it is not enough to calculate a representative mean value. Therefore, the average over
all the runner rotations simulated was chosen to obtain the mean velocity profiles.

In the runner blade channel (Section RB I) at the BEP, the numerical model provides reasonable
results compared to the measurements regardless of the inlet boundary conditions (Figure 6).
The velocity profiles show that the flow is following the geometry of the runner blade with boundary
layers developing on the hub and shroud in the axial and tangential direction. However, below the
runner hub (DT I section), in the center of the draft tube cone (R* < 0.25), the flow is difficult to model
accurately. The axial jets formed in the blade-hub clearances are not captured in the simulations. This is
due to the turbulence model overpredicting the swirl leaving the runner domain, i.e., the tangential
velocity is overestimated near the axis of the draft tube and the axial velocity is underestimated
showing negative values. The overestimation of the tangential velocity is certainly related to the
underestimation of the axial velocity and an inadequate modelling of the clearances (insufficient
number of cells, large y+ values). Therefore, the simulations show a recirculation area formed at the
inlet of the draft tube, even during BEP operation. The different time steps have a marginal effect on
the runner and no effect on the draft tube as the velocity profiles overlap on a single profile.

During PL operation, the flow angle provided by the guide vanes at the inlet of the runner
domain is far from the design conditions. Secondary flows occur, and the turbulent fluctuations are
increasing in amplitude because of the RVR formation in the draft tube of the turbine [23]. Therefore,
numerical simulations have difficulties in matching the experimental results (Figure 7). In the runner
domain, Section RB I, the simulations show a slight sensitivity to the inlet boundary conditions, but no
influence from the time step size. On the other hand, considerable differences are obtained in the draft
tube domain just below the runner hub, between the numerical simulations (influenced by both the
time step size and the initial boundary conditions) and the experimental measurements. For a constant
time step size, the inlet boundary condition has a small influence. However, the InletTotalPressure
simulation predicts considerably different velocity profiles depending on the time step size.
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3.2. Inlet Boundary Conditions

3.2.1. Main Parameters

The influence of the inlet boundary conditions, i.e., linear flow variation (InletFlow simulation)
and constant total pressure (InletTotalPressure simulation), is presented and discussed. The numerical
values of the main parameters (Q and H) obtained from the two transient simulations (InletFlow and
InletTotalPressure) are compared.

First, the BEP operation of the turbine is modelled, i.e., the steady-state initial condition
(approximately 1.3 s). During the load variation (∆t = 7.57 s), the guide vane rotates with ∆αGV = 6.5◦

and PL operation is reached.
Figure 8 presents the time variation of the flow rate (Q) simulated using the two different inlet

boundary conditions. The results of the simulations employing the smallest time step (dt = 0.001195 s
or dθ = 5◦) are presented in order to compare similar set-ups. The flow rate values are normalized
with the numerically obtained flow rate during BEP operation. In the case of the InletFlow simulation,
the value coincides with the flow rate measured by Amiri et al. (2016a). The results of the InletFlow
simulation are considered the reference in Figure 8 since the linear variation of the flow rate (QQ)
is specified at the inlet of the guide vane domain according to the experiment. Using the total
constant pressure as the inlet boundary condition leads to an underestimation of the flow rate (QP)
by approximatively 3% during PL operation. The influence of the different boundary conditions
over the variation of the parameters becomes visible around t = 4 s. The results confirm that the
head losses are overestimated by the turbulence model. The justification for this overestimation is
that the head losses are predominantly due to turbulent kinetic energy dissipation [23], hence being
overestimated by URANS models. Another possible cause may be the wall function used in the
numerical simulations for y+ > 1 [39]. The turbulent fluctuations are overpredicted, and the energy
losses are large, especially near the solid boundaries. However, resolving the boundary layers up to
y+ = 1 would result in a too large number of hexahedral cells to perform calculation in a reasonable
amount of time.
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The time variation of the simulated total head (H) is presented in Figure 9. Like the previous plot,
the values are normalized with the head obtained at the BEP from the simulations. Despite defining a
numerically obtained head value as the inlet boundary condition, the results of the InletTotalPressure
show an underestimation of the flow rate from the middle of the transient at t = 4 s, as seen in Figure 8.
On the other hand, the head is overestimated by the InletFlow simulations at PL, approximately 10%
over the BEP constant value. As expected, the numerical model is over predicting the head required
to maintain the fixed flow rate despite the high pressure losses. The overestimation of the pressure
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losses is due to the turbulence modelling, and the use of wall functions implied by the coarse mesh.
The head solution begins to diverge approximately 4 s after the beginning of the simulations, similar to
the flow rate variation.Energies 2020, 13, x FOR PEER REVIEW 11 of 21 
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The simulations were carried out for different time step sizes and it was shown that the time step
size has a marginal influence over the numerical head and flow rate values [40]. It can be concluded that
the main flow parameters of a turbine during transient operation can be modelled using larger time step
values based on the assumption that the flow is axis-symmetric inside the turbine. Both computational
resources and simulation time can thus be reduced using large time steps.

3.2.2. Pressure Oscillations

Figure 10 presents the pressure signal variation recorded numerically at a monitor point located
near the leading edge on the pressure side of the blade (PS1, Figure 3) and the corresponding pressure
measured at the BEP. The influence of the different inlet boundary conditions becomes noticeable.
In the runner domain, the InletFlow simulation predicts a quasi-constant relative pressure during the
load decrease, as opposed to the InletTotalPressure simulation. The measurements carried out during
the transient operation captured a descending trend of the pressure signal [2] similar to the results of
the InletTotalPressure simulation. Such results are expected from the fixed flow rate simulation where
an overestimation of the pressure losses is observed in the analysis of the main parameters (Q and H)
as well. The oscillations resulting from the RVR formation (to be discussed) in the draft tube are also
different; the amplitude is larger for the InletFlow simulation.
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Further downstream, at a monitor point located on the draft tube cone wall (3c, Figure 4),
the influence of the boundary conditions is no longer visible in the average pressure prediction
(Figure 11). However, the amplitude of the pressure fluctuations obtained with the InletTotalPressure
simulation is larger than those obtained with the InletFlow simulation. The time interval between two
consecutive pressure peaks is approximately 0.45 s corresponding to a dimensionless frequency of
0.19 × frunner.
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In order to investigate the RVR formation, the accurate prediction of the velocity profiles and the
pressure fluctuations inside the draft tube cone is necessary [3]. Due to the overestimation to the pressure
losses, the InletTotalPressure simulations underestimate the flow rate and the InletFlow simulations
overestimate the head. Regardless, the velocity profiles seem insensitive to the inlet boundary
conditions. The pressure variation is, however, captured more accurately by the InletTotalPressure
simulation (Figure 10). Therefore, from this section on, only the results of the InletTotalPressure
simulation are discussed.

The amplitude of the pressure fluctuations is strongly influenced by the time step size. As the
time step size decreases, the amplitudes of the simulated pressure fluctuations increase. Small time
steps may induce the prediction of larger amplitudes of the pressure/velocity fluctuations than the
experimental values. On the other hand, when large time steps are used, a larger part of turbulence is
modelled as opposed to it being resolved. In this case, the dissipative RANS turbulence models are
expected to under-predict the fluctuations compared to the experiments.

Figure 12 presents the frequency domain analysis of the simulated pressure monitored at the
locations on the runner blade (PS1) and the draft tube wall (3c) for all time step values. The Fast Fourier
Transform (FFT) is employed. The frequency is normalized using the runner rotational frequency,
frunner = 11.61 Hz. All simulations show amplitude peaks at approximately the same dimensionless
frequencies. Their amplitude is, however, strongly influenced by the time step size.

As presented in [3,6], the RVR can be decomposed into two modes: synchronous and asynchronous.
The simulations capture both the synchronous (f /frunner = 0.19) and the asynchronous mode of the RVR
(f /frunner = 0.81) on the runner, corresponding to the two largest amplitude peaks captured in Figure 12a.
The lower peaks represent the harmonics of the two modes. Figure 12b shows that the monitor point
located on the draft tube wall, in the stationary frame of reference, still captures the same frequency of
0.19 × frunner and its harmonics. The results confirm the experimental values reported in [6,31].

The influence of the time step size is not visible in the average velocity profiles, nor the time
evolution of the main parameters (Q and H), showing that large time step sizes may be used to capture
the main flow features. However, when analysing the pressure fluctuations, this influence becomes
substantial. From this section on, only the results of the InletTotalPressure simulation employing the
smallest time step are discussed.
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Figure 12. Amplitude spectra of the numerical pressure signal recorded throughout the load variation
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3.3. Rotating Vortex Rope

3.3.1. Flow Structure

In this section, the analysis of the load variation is carried out focusing on the RVR developed
inside the Kaplan turbine model.

As the guide vanes close and the turbine operating point shifts from the BEP to PL, in the upper
part of the draft tube the axial velocity distribution becomes asymmetrical (Figure 13). A gradual
decrease of the flow rate leads to low axial velocity and larger tangential velocity at the runner outlet.
The runner is not able to extract the swirl provided by the guide vanes at a low angle. As the flow rate
decreases below a critical value, a low axial velocity region is formed near the centerline of the draft
tube. The tangential component of the velocity becomes dominant and the flow is pulled towards the
draft tube walls. Consequently, the flow is concentrated near the walls of the draft tube as shown in
Figure 13b. The RVR rotates in the draft tube and in the core of the vortex a recirculation area develops.
A circumferential circulation is generated at the draft tube inlet and an eccentric vortex rope is formed,
wrapping around low velocity areas and rotating in the same direction as the runner.Energies 2020, 13, x FOR PEER REVIEW 14 of 21 
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Figure 13. Axial velocity (Vax) in the draft tube at (a) the BEP and (b) PL. Results of the
InletTotalPressure simulation.
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Figure 14 presents the fully developed RVR during PL operation illustrated by means of an
iso-pressure contour. The tangential velocity contours plotted at Sections I to III show how the RVR
leads to the appearance of both a local minimum and a local maximum velocity. In the maximum
velocity area, the tangential velocity is positive. This area represents the bulk swirling flow. In the low
velocity areas near the axis of the draft tube, the tangential velocity becomes negative.
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Figure 14. Iso-pressure contour of the rotating vortex rope (RVR) in the draft tube of a Kaplan turbine
model during PL operation. Tangential velocity contours are presented for Sections I, II and III
(see Figure 3).

3.3.2. Spectral Analysis

In order to analyse the RVR formation and decomposition, spectrogram plots of the pressure
fluctuations in the draft tube and on the runner blade recorded during the transient operation of the
Kaplan turbine model are presented. The axial velocity distribution in the upper part of the draft tube
is analysed as well.

To obtain the plunging (synchronous) and rotating (asynchronous) modes of the RVR [41],
two pressure signals monitored at locations 3a,c (symmetrical to the draft tube centerline, Figure 2a)
are analysed. The values of the two components presented in Figure 15 are determined according to
Equations (5) and (6).

Ppl =
P3a + P3c

2
(5)

Prot =
P3a − P3c

2
(6)

After subtracting the mean value, the signals are filtered using a second-order Savitzky–Golay
filter to remove the background noise (Figure 15b). The filtered signal is used for the full spectrum
spectrograms. In order to obtain the low frequency spectrograms, a pass band filter was applied to the
signal within the limits of finf = 0.15 × frunner and fsup = 0.25 × frunner (Figure 15c).

Figure 16 presents the spectrogram plot for the pressure signal monitored on the runner blade,
near the leading edge on the pressure side of the blade (monitor point PS1) during the transient
simulation. The other monitor points showed similar pressure variations and therefore are not
presented. All the spectrograms presented in the paper are obtained using Matlab. The function
provides the short-time Fourier transform of the signal. The signal is divided into a number of segments
(windows) that overlap according to the user specifications.
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(b) Low-frequency spectrum. The black solid line represents the guide vanes angle with the y-scale to
the right. The dotted vertical lines represent the start and the end of the guide vane closure.

Before the beginning of the guide vane closure, at t = 1.3 s, the only significant frequency is the one
corresponding to the runner rotational frequency. Decreasing the flow rate leads to the RVR formation
in the draft tube of the turbine. The pressure fluctuations induced by the vortex can be decomposed in
a synchronous mode (or the plunging mode) and an asynchronous mode (or the rotating mode). It was
shown that the plunging mode of the RVR produces pressure fluctuations at a frequency corresponding
to approximately 0.2 × frunner [6]. The pressure fluctuations caused by the RVR rotating mode have a
frequency of 0.8 × frunner in the rotating frame of reference, i.e., the runner.
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Figure 16 shows that the two RVR components are captured by the pressure sensor located on the
pressure side of the runner blade. The plunging mode component appears 4 s after the beginning of
the guide vane closure (approximately t = 5.3 s). The frequency of the pressure fluctuations captured
by the numerical simulation is fpl = 0.2 × frunner. The spectrogram shows that, in the runner rotating
domain, the rotating component appears 1 s later than the plunging component at the dimensionless
frequency of frot = 0.8 × frunner.

Spectrograms of the plunging and rotating modes of the RVR for the pressure sensors located
on the draft tube cone wall (3a,c, Figure 2a) are presented in Figure 17. In the draft tube stationary
domain, the strongest amplitude is obtained at approximately 0.2 × frunner in both cases. However,
the time of appearance is not clear. The resolution of the spectrograms is, of course, influenced by the
total number of samples and the sampling frequency corresponding to the simulation time step.
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3.3.3. Decomposition of the Rotating Vortex Rope

The contour of the normalized axial velocity (Vax*) monitored during the transient simulation is
presented in Figure 18 starting from the beginning of the guide vane closure (t = 1.3 s). The velocity
was recorded using 39 monitor points defined along the diameter of the draft tube cone (Section I
and Iex, Figure 5). The velocity values are normalized with respect to the bulk velocity at this section,
calculated from the flow rate. The contour plot starts at t = 1.3 s, corresponding to the end of the BEP
steady-state simulation (Figure 18a).
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Although it is expected to obtain a uniformly distributed flow at the runner outlet at the BEP,
the numerical simulation shows a small low velocity region under the runner hub (R* = ±0.07)
(Figure 18a). As the flow rate decreases, the stagnation zone becomes wider. The axial velocity shows
a strong negative gradient leading to an increase in the radial velocity component as the flow is pulled
towards the draft tube walls. Approximately 5 s after the transient operation begins, the velocity field
starts to oscillate. The fluctuations are initially formed only at the interface between the stagnation
area and the bulk flow swirling toward the draft tube wall (Figure 18a). At PL, the velocity shows
large period fluctuations along the entire diameter of the draft tube cone (Figure 18b).

Figure 19 presents the axial component of the velocity vectors during the transient simulation.
The formation and the evolution of the RVR are illustrated at different time steps. At t = 4.2 s
(corresponding guide vane angle: αGV = 22.9◦) the stagnation region is developing along the centerline
of the draft tube. Just below the runner hub, the velocity values are negative. The RVR is already
formed at t = 6.6 s and the bulk flow is visibly pushed towards the walls. By the end of the transient
operation, at t = 8.87 s, the RVR is wrapped around the low velocity areas.Energies 2020, 13, x FOR PEER REVIEW 18 of 21 
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4. Conclusions

Transient URANS simulations of the flow through the Porjus U9 Kaplan turbine model were
carried out aiming to investigate the limitations of the CFD modelling of transient phenomena and
evaluate faster simulation strategies. The computational domain included one moving guide vane,
six fixed runner blades and the draft tube. The selected test case was the load variation from BEP to
PL operation.

The influence of two types of inlet boundary conditions (linear flow variation and constant total
pressure) on the precision of transient simulations was discussed. When the linear flow rate variation
was provided as the inlet condition, the simulations overpredicted the head values by approximatively
10% due to the numerical overestimation of the pressure losses. If, however, the total pressure was
provided, the flow rate was underestimated by up to 3%. The velocity profiles were accurately
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predicted in the runner and draft tube compared to the experiments, regardless of the type of inlet
boundary conditions used.

A time step sensitivity analysis was carried out, and the pressure fluctuations recorded on the
runner blade were studied in order to select a time step value that provided the best precision of the
results. A small time step value will lead to larger amplitude fluctuations of the simulated pressure
values. Simulations using very large time steps will, on the other hand, only obtain mean values of the
fluctuating quantities with significantly smaller amplitude. However, the main parameters of the flow
(head and flow rate) are captured accurately regardless of the time step size. The influence of the time
discretization over the prediction of the velocity profiles is also small and inconsistent.

In order to test the validated numerical model, the RVR formation inside the Kaplan turbine draft
tube was investigated. The stagnation region that leads to the vortex breakdown was visible in the axial
velocity contours plotted in the runner and draft tube domains. Spectrograms of the pressure signals
recorded on the runner blades and the draft tube walls were presented. The frequency of the runner
blade passing (6 × frunner) and its harmonics were captured by all monitor points. The plunging and
rotating modes of the pressure fluctuations induced by the RVR were also visible in the spectrograms.
The plunging mode component was captured by the numerical simulation approximately 4 s after the
start of the guide vane closure at fpl = 0.2 × frunner. The spectrogram of the pressure monitored on the
runner blade showed that the rotating component appeared 1 s later at the dimensionless frequency of
frot = 0.8 × frunner. The numerical results were similar to the values determined experimentally [6].

The study explored the limitations of CFD simulation in modelling transient turbulent flows
in hydraulic turbines. The pressure losses are overestimated given the coarse computation of the
near-wall flows with large pressure gradients, complex geometry and strong curvature. Achieving a
good compromise between the computational demands and the accuracy of the numerical simulations
is also a challenge.
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