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Abstract. In this paper, we investigate the formation of the Rotating Vortex Rope

(RVR) using scale-resolving methods, SAS and Wall-Modeled LES (WMLES). We

compare the results from these simulation methods with the experimental data of the

Francis-99 workshop. This comparison shows that the general features of the RVR

can be captured with both methods. However, using WMLES methods would lead to

a better quantitative agreement between the velocity profiles in the draft tube in the

simulation and the experiment. The reasons for this better agreement are discussed

in detail. A comparison of the pressure fluctuations in the draft tube captured in

the simulations and the experiment is also presented. This comparison shows that all

simulations under-predict the Root Mean Square (RMS) of these pressure fluctuations,

although the RMS values predicted by the WMLES simulation are closer to the

experimental values.

1 Introduction

To be able to regulate renewable electric energy systems with a large share of

intermittent energy sources and to meet the flexible electricity demand, hydraulic

turbines are being operated at off-design conditions more often nowadays. In this type

of operation, the flow in the different components of the hydraulic turbines is prone

to complex flow behavior and instabilities. Specifically at part-load condition, a flow

instability called Rotating Vortex Rope (RVR) is formed in the draft tube due to the

residual swirl in the flow exiting the runner. This instability can produce significant

pressure fluctuations leading to significant swing in the output of the hydro power plant

[1, 2].

Due to the detrimental effects of the RVR for the safe off-design operation of hydro

turbines, several numerical studies have been devoted to investigating the RVR in hydro

turbines. A majority of these simulations were performed using Reynolds-averaged

Navier–Stokes (RANS) approaches because of their low computational cost compared

to scale-resolving methods. However, previous studies have shown that using RANS

would lead to a fast decay of the swirling flow around the RVR and under-prediction of

the pressure fluctuations caused by the RVR [3]. In the present paper, we investigate
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the performance pf SAS and Wall-modeled LES (WMLES) to simulate the formation

of RVRs in the Francis-99 turbine at a part-load condition. The numerical results are

compared with the experimental data provided through the Francis-99 workshop, and

the cause of the differences between the numerical results are explained in detail.

2 Numerical set-up

The governing equations are the incompressible Navier-Stokes equations for single-

phase flows. Using either RANS or LES approach, the governing equations read

∇ · (ū) = 0, (1)

∂

∂t
(ū)+∇· (ū⊗ ū)+∇· (p

ρ
I− νS)+∇· (−2νunres.S+

2

3ρ
kunres.I) = 0, (2)

where u is the velocity vector, p is the pressure, ρ is the density, I is the identity tensor,

S is the strain tensor, and ν is the kinematic viscosity. In Eqs. 1 and 2, the bar

operation on the velocity vector, ū, represents a time-averaging operation or spatial

filtering depending on whether a RANS or LES approach is used. As the result of

this filtering or averaging, turbulent viscosity, νunres., and kinetic energy, kunres., due to

unresolved turbulence appear in Eq. 2 which should be modelled. In this paper, we use

the following two models to approximate these terms.

SST− SAS RANS approach Within the RANS context, νunres. and kunres. represent

the turbulent viscosity, νt, and the turbulent kinetic energy, kt, respectively. They are

here assumed to be modelled using the Shear Stress Transport based Scale-Adaptive

Simulation model (SST-SAS) [4, 5]. In this turbulence model, transport equations

are used to obtain the turbulent kinetic energy, kt, and the turbulent specific rate of

dissipation, ωt, which are then used to calculate νt as,

νt = a1
kt

max(a1ωt, b1F23S)
, (3)

where S is the invariant measure of the strain rate, a1 and b1 are constants, and F23 is

a blending function. The transport equation for kt is the same as the equation in the

k− ω SST turbulence model [6] while the transport equation for ωt has an extra source

term, QSAS, which can be read as

QSAS = max

[
ρζ2κS

2
(

L

Lvk

)2

− C
2ρkt
σΦ

max

( |∇ωt|2
ω2
t

,
|∇kt|2
k2
t

)
, 0

]
, (4)

where ζ2, κ, σΦ, and C are constants. In Eq. 4, L and LvK are the modelled turbulence

length scale and the von Karman length scale, respectively, which are defined as

L =

√
k

c
1/4
μ ω

, LvK = max

⎛
⎝ κS

|∇2ũ| , Cs

√√√√ κζ2
β/cμ − α

⎞
⎠ , (5)

where cμ, β, Cs and α are constants.
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WALE WMLES approach In the WMLES approach, νunres. and kunres. are the sub-

grid scale viscosity, νsgs, and the sub-grid turbulent kinetic energy, ksgs, respectively.

In the present work, we use the wall-adapting local eddy-viscosity (WALE) LES model

proposed by Nicoud and Ducros [7], where these terms are modeled as

νsgs = CkΔ

√
ksgs

ρ
, (6)

ksgs =

(
C2

wΔ

Ck

)2
(S̃dS̃d)3((

S̃S̃
)5/2

+
(
S̃dS̃d

)5/4)2 . (7)

In Eqs. 6 and 7, Δ is the cell length scale and Ck = 1.6 and Cw = 0.325 are the model

constants. S̃ and S̃d are also, respectively, the resolved-scale strain rate tensor and

traceless symmetric part of the square of the velocity gradient tensor.

2.1 Discretization schemes and solution algorithm

The simulations in this paper are performed using a modified interPhaseChange-

Foam solver [8, 9] from the OpenFOAM-2.2.x framework [10]. The convective terms

in the momentum equations are discretized using the Linear-Upwind Stabilised Trans-

port (LUST) convection scheme [11]. The diffusion terms in the momentum equations

are discretized using the linear scheme. The discretized equations are solved using a

pressure-based PIMPLE approach. To achieve convergence before phase averaging pre-

sented in this paper, the simulations are ran for the flow time corresponding to 30

revolutions of the runner. The time step in these simulations is set to 10−4s.

3 The Francis-99 turbine and computational mesh

The so-called Francis-99 turbine [12] is used in the present study. The studied

flow condition corresponds to the part-load (PL) condition in the second Francis-99

workshop. The guide vane opening in this condition is α = 6.72o, the runner angular

speed is n = 332.84r/min, and the discharge is Q = 0.13962m3/s , which corresponds to

69.9 % of the discharge at the best efficiency point (BEP). The computational domain

for this turbine shown in Fig. 1 includes the spiral casing, the stay vanes, the guide

vanes, the runner, and the draft tube. Table 1 shows the specifications of the meshes for

the different components of the turbine. These meshes are created using the Pointwise

V18.3 mesh generation software. As it can be seen in the table, the average y+ value

for all components is larger than 1, so the wall function based on Spalding’s law [13] is

used at the walls.
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Figure 1: Computational domain.

Table 1: Mesh resolution.

Components # of cells Average y+

SC+SV+GV 10.12 M 20

RU 5.13 M 12

DT 5.63 M 14

Total 20.88 M 17

As mentioned earlier, the experimental data from the second Francis-99 workshop

is used for validation in the present study. This data includes both pressure and velocity

measurements at the locations shown in Fig. 2a. The velocity measurements were done

for the axial and horizontal components over three lines, Line 1, Line 2, and Line 3 in

Fig. 2a. The pressure measurements were done at two probes in the draft tube, marked

by Probe 2 and Probe 3 in Fig. 2a, and a probe in the vaneless region between the guide

vane blades and runner blades, marked by Probe 1 in Fig. 2b.

(a)

(b)

Figure 2: Locations of measurement probes and lines for the experimental data provided at the second

Francis-99 workshop, a) Measurement probes and lines in the draft tube, b) probe between guide vanes

and runner.

4 Results

The comparison between time-averaged velocities over the three lines shown in

Fig. 2a is presented in Fig. 3. The profiles of axial velocity over Line 1 and Line 2

(Fig. 3a) show that there is a region of velocity deficit near the center of the draft

tube (−100 mm < y < 100 mm) in the numerical and experimental results. It can be
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(a) (b)

(c)

Figure 3: Comparison between the averaged velocities along the measurement lines in Fig. 2a in the

experiment and the simulations, a) Axial velocity, Lines 1 (upper) and 2 (lower), b) Horizontal velocity,

Lines 1 (upper) an 2 (lower), c) Axial (lower) and horizontal (upper) velocities, Line 3.

also seen that the choice turbulence modeling has an effect on radial extension of this

region and its absolute axial velocities. In the WMLES results, the radial extension

of this region is in better agreement with the experimental data as compared to the

SAS results. Furthermore, while the WMLES simulation predicts negative values at

the center of draft tube (y = 0 ) similar to the experiment, the SAS simulation predicts

positive values in this region. This difference is more clear on the Line 3 in Fig. 3c where

the averaged axial velocity over the centerline of the draft tube is presented. The reason

for this difference will be explained later. The comparison of the the horizontal velocity

profiles in Figs. 3b and 3c also show that the effect of choosing different turbulence

modelings are smaller compared to the axial velocity profiles as both SAS and WMLES

simulations predict similar velocity profiles.

To further compare the velocity profiles in the experiment and simulations, Fig. 4

presents the phase-averaged axial velocity over Lines 1 and 2 in the experimental and

numerical results. In these figures, two instances are marked by A and B. The instance

A is when the RVR is on the measurement lines and the instance B is when the RVR

has left these lines. The comparison of the numerical and experimental results shows

that both SAS and WMLES predict similar velocity profile compared the experiment

at the instance A. At this instance, the axial velocity in the simulations and experiment

is positive at the location of the RVR. At the instance B, however, the axial velocity is
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(a) Exp.

(b) SAS

(c) WMLES

Figure 4: Phase-averaged values of axial velocity over Lines 1 and 2 in the experiment and simulations.

decreased since the RVR has rotated away from the measurement line. The comparison

of the simulations for this instance shows that they predict different axial velocities. In

the SAS simulation, the axial velocity at this instance is positive while the axial velocity

in the WMLES is negative and similar to the experiment. The reason for this difference

is that the RVR in the SAS simulation rotates close to the center of the draft tube.

This means that even at instance B when the RVR rotates away from the measurement

line, there are some parts of RVR that overlap with the measurement lines which leads

to positive values of axial velocity. In the WMLES simulation and the experiment,

however, the RVR leaves the measurement line completely at this instance meaning

that there is almost no overlap between the measurement lines and the RVR. This in

turn leads to the decrease in the axial velocity towards the negative values.

To compare the pressure fluctuations in the draft tube captured in the simulations

and experiment, Fig. 5 presents these pressure fluctuations at Probe 2 shown in Fig.

2. This figure also includes the Root Mean Square (RMS) of the fluctuations for the

simulations and experiment. The pressure fluctuation signal in the experiment shows

the sinusoidal behavior which is due to the rotation of RVR. Similar behavior can be seen

in the SAS and WMLES simulations. It can be, however, seen that both simulations
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Figure 5: The signal of pressure fluctuations at Probe 2 shown in Fig. 2a in the experiment and

simulations.

(a)

(b)

Figure 6: Spectral analysis of pressure signals from probes in the draft tube in the experiment and

simulations, a) Frequency analysis of pressure signal from Probe 2, b) the phase difference between the

pressure signals from Probes 2 and 3.

predict lower RMS values than the experimental one.

To further analyze the pressure fluctuations in the draft tube, Fig. 6a shows the

frequency analysis of these pressure fluctuations. The phase difference between the

pressure fluctuations signals from Probes 2 and 3 in the draft tube is also shown in 6b.

The frequency analysis of the pressure fluctuations in the experiment indicates that there

exists two dominant frequencies, f1 and f2. The phase difference for the frequency f1 and

its harmonic, 2f1 is π. This phase difference, and the fact that Probes 2 and 3 are located

at opposite sides of the draft tube cone, suggests that this dominant frequency is due to

the precession of the RVR in the draft tube cone. For the dominant frequency f2, the

phase difference is almost zero indicating that the corresponding pressure fluctuations

are synchronous. The frequency analyses of the pressure signals in the simulations show

that the dominant frequency of the RVR, f1, and its harmonic, 2f1, is captured by both
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Figure 7: The signal of pressure fluctuations at Probe 2 without the effect of RVR in the experiment

and simulations.

Simulations. The numerical results, however, lack the experimental dominant frequency

f2, which causes a reduced RMS value shown in Fig. 5.

Figure 7 shows the pressure signal without the effect of the RVR in the simulations

and the experiment. To obtain this signal, the pressure signal are decomposed into the

pressure signal due to the RVR and the pressure signal due to other sources. Similar

decomposition can be seen in Arpe et al. [14], Favrel et al. [15]. It can be seen that

the RMS value of the signal in the experiment is higher than the RMS values in both

simulations. As mentioned before, the reason for this difference is that the signal in

the experiment includes the fluctuations corresponding to the dominant frequency f2.

This type of fluctuations, however, is not present in the simulations which leads to

under-prediction of the fluctuations in the simulations.

5 Conclusions

In this paper, we simulate the flow in the Francis-99 turbine at a part-load condition

using two scale-resolving methods, SAS and Wall-modeled LES (WMLES). The main

focus is to test how these methods can capture the velocity field and the pressure

fluctuations in the draft tube in comparison with the experimental data provided

by the Francis-99 workshop. The results show that both methods can capture the

general features of the velocity field in the experiment, although the WMLES method

provides a better quantitative agreement with the experimental data. The reason for

this better agreement is revealed to be a better agreement between path of the vortex

in the WMLES simulation and the one in the experiment. The comparison between

the pressure fluctuations in the simulations and experiment shows that both methods

predict a lower Root Mean Square (RMS) of the pressure fluctuations in the draft tube

compared to the experiment. The reason for this under-prediction is investigated using

the spectral analysis of the pressure fluctuations in the draft tube. This analysis reveals

that the main reason is the synchronous pressure fluctuations at around 2.8 times the

frequency of the runner which can be seen only in the experiment.
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