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The present study aims to investigate the unsteady flow phenomenon that produces high energy
stochastic fluctuations in a highly skewed blade cascade. A complex structure such as a turbine is
operated at runaway speed, where the circumferential velocity is dangerously high, and the energy dis-
sipation is so significant that it takes a toll on the operating life of a machine. Previous studies showed
that a large vortical structure changes the spatial location very quickly and interacts with the secondary
flow attached to the blade pressure-side. The temporal inception of the rings dissipates the energy of a
wide frequency band and induces heavy vibration in the mechanical structure. The focus of the present
study is to experimentally measure and numerically characterize the time-dependent inception of vor-
tex rings in the blade cascade. The experimental data are used to verify and validate the numerical
results obtained from the large eddy simulation. Flow compressibility is considered to obtain more
accurate amplitudes of unsteady pressure pulsations associated with the wave propagation and reflec-
tion. The following three aspects are of particular focus: (1) How the wake from a guide vane interacts
with the stagnation point of a blade, (2) how vortex rings are developed in a blade cascade, and what
are the temporal characteristics, and (3) how the decelerating flow at the runner outlet interacts with
the secondary flow in the draft tube. Published by AIP Publishing. https://doi.org/10.1063/1.5030867

I. INTRODUCTION

Vortex breakdown and its consequences have been investi-
gated in most engineering structures, starting from a simplified
object such as a cylinder1,2 to the giant tower of a wind tur-
bine.3 The remarkable features of vortex breakdown have been
studied over the years, especially curved surfaces (wings and
turbomachinery blades), where gradients of different veloc-
ity components play distinct roles during the formation and
destruction of vortices.4–8 To achieve high efficiency and
reduce cost, the profiles of turbine blades are complex and
highly skewed from the hub to the tip as well as from the lead-
ing edge to the trailing edge. The skewed profiles, however,
induce a strong vortex shedding, when the turbines are oper-
ated under off-design conditions.9–11 In this paper, one such
case of the skewed blade profile has been investigated. Blade
profiles of high head hydraulic turbines are extremely skewed
and twisted up to 180◦ from the leading edge to the trailing
edge and up to 90◦ from the hub to the shroud along the chord
length, to attain an efficiency of more than 95%. When the tur-
bines are operated at off-design, vortex breakdown from the
blade trailing edge hinders the turbine operation.12 The run-
away condition is a consequence of an unexpected event, such
as cascade tripping, fault, and out-of-phase synchronization,
of a turbine. Although turbines are expected to experience such
events only a few times over their lifetime, the resulting dam-
age is so significant that it takes a toll on the operating life
of the machine.13–15 At runaway speed, the circumferential
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velocity at the blade leading edge is dangerously high, and
the available hydraulic energy dissipates on the blades with-
out producing an active power. The high-amplitude pressure
fluctuations are inevitable, inducing fatigue in the blades.

In a high head Francis turbine, a gap (vaneless space)
between the rotor (runner) and stator (guide vane) is small,
and resulting pressure fluctuations, associated with rotor-stator
interaction (RSI), are one of the key concerns for both tur-
bine manufacturers and operators. Several cases of turbine
failures have been reported, and the majority of these failures
pertained to RSI.16–19 High circumferential velocity at run-
away conditions steeply increases the pressure amplitudes in
the turbine. Experimental studies showed that the amplitudes
can increase up to three times the normal operating condi-
tion.20 The amplitudes corresponded to both deterministic and
stochastic frequencies in the turbine. The source of stochastic
fluctuations was unsteady vortical flow in the blade channels.
Numerical simulations at the runaway condition showed three
distinct vortical regions in each channel.21 A vortical region
located near the blade trailing edge, the crown side, was induc-
ing high amplitude stochastic fluctuations. Such fluctuations
induce dynamic stresses in the blades and induce fatigue after
certain cycles of operation. Studies22–24 on pump-turbines at
runaway conditions have shown a pressure amplitude of a sim-
ilar nature, especially around the S-shaped region. Xia et al.25

conducted a numerical study on a pump-turbine under run-
away conditions. They observed reverse flow from the hub
to the shroud, as the trajectory comes forward and back-
ward within an S-shaped region. Experiments carried out by
Hasmatuchi et al.26 and Botero et al.27 showed that the effect
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of the rotating stall is prominent in a pump-turbine at the run-
away speed. The stalled region rotates in the same direction
as the impeller but with 50%–70% of the rotational speed of
the impeller. Although there is a similarity between the Fran-
cis runner and pump-turbine impeller, a rotating stall is rarely
observed in the Francis runner, but the vortical flow structure
in the blade channels is identical.28,29

Most numerical studies at runaway conditions are per-
formed using a Reynolds-averaged Navier-Stokes (RANS)-
based scale-adaptive simulation (SAS) approach.30 The SAS
showed difficulties at runaway conditions, especially to cap-
ture the stochastic fluctuations and the correct amplitudes.31

At runaway speed, the flow condition is challenging due to
the strong separation and the presence of a swirl. Due to
the RANS-based formulation, the SAS has certain limita-
tions32 in regard to the resolution of turbulent scales near the
wall. Large eddy simulation (LES)33–35 has shown remark-
able performance over the RANS models36–39 and the SAS.40

Understanding of the complex flow field and the character-
istic frequencies is vital for the safe and reliable design of
turbine blading. The LES is expected to be able to answer the
research questions associated with the challenging flow condi-
tions present in the turbine blade cascade. Previous work35,41

showed the benefit of compressible flow simulations over the
incompressible flow in the Francis turbine. The flow compress-
ibility accounts for the effect of pressure waves and reflection
from the guide vanes and the draft tube similar to the actual tur-
bine.42 This allows better prediction of amplitudes pertained
to deterministic and stochastic frequencies in the turbine. The
present study focuses on the following specific aspects of the
runaway condition: (1) How the wake from a guide vane inter-
acts with the stagnation point of a blade, (2) how the vortical
flow is developed in a blade passage, and (3) how a draft tube
flow interacts with a reverse flow in the blade passage.

II. FRANCIS TURBINE
A. Experimental setup

The state-of-the-art facility available at NTNU—
Norwegian University of Science and Technology—is used

to conduct detailed measurements. The test rig is a reduced
scale (1:5.1) model of a prototype Francis turbine operating
in Norway. The model turbine includes 14 stay vanes inte-
grated into the spiral casing, 28 guide vanes, a runner with
15 blades and 15 splitters, and a draft tube. The runner inlet
and outlet diameters are 0.63 and 0.347 m, respectively. The
test facility is used to conduct industrial model tests accord-
ing to IEC 6019343 and is equipped with important sensors
to acquire data on the head, flow rate, torque, power, water
temperature, and rotational speed. Eight new sensors were
flush-mounted to acquire unsteady pressure fluctuations from
different locations in the turbine, as seen in Fig. 1. Two sensors
(V1 and V2) were located on the facing place toward the vane-
less space, close to the trailing edge of the guide vane. Four
sensors (R1, R2, R3, and R4) were on the runner crown. A slip-
ring mechanism was used to transmit the pressure data from
the runner. Two sensors, D1 and D2, were positioned 0.126 m
downstream from the runner outlet in the draft tube and 180◦

circumferentially apart. The pressure data were acquired at a
sampling rate of 5 kHz, which was ten times the maximum
expected frequency in the turbine. The calibration of all the
instruments and pressure sensors was carried out before the
measurements were performed. The total uncertainty (êt) is
±0.21%, including systematic (ês) and random (êr) uncertain-
ties, at the best efficiency point (BEP). The uncertainties of
the pressure sensors situated in the vaneless space, runner, and
draft tube were measured as ±0.12%, ±0.26%, and ±0.14%,
respectively,

êt = ±

√
ê2

s + ê2
r . (1)

B. Numerical setup

A complete turbine similar to the laboratory model,
including inlet conduits (length = 5 m and diameter = 0.35 m),
labyrinth seals, and tanks (length = 4 m and diameter
= 2.5 m) connected to the draft tube outlet, was considered
for the numerical study. The numerical model was divided
into seven domains as follows: (1) an inlet conduit, a spiral
casing, and 14 stay vanes; (2) a stay ring with 28 guide vanes;
(3) a runner with 15 blades and 15 splitters; (4) a draft tube;

FIG. 1. Locations of the pressure sen-
sors in the turbine. Sensors R1, R2, R3,
and R4 are in the runner; sensors V1 and
V2 are in the vaneless space; and sensors
D1 and D2 are in the draft tube.
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TABLE I. Range of parameters of the investigated Francis turbine for the present study.

H (m) Q (m3 s�1) T (N m) n (rps) QED nED ηh Re Eu Fr St

BEP 12 0.2 616 5.55 0.15 0.18 0.93 2.1× 106 0.79 6.56 7.42
Runaway 12.07 0.085 12.1 8.53 0.06 0.28 0.19 3.3× 106 0.33 10.1 28.5

(5) a tank; (6) a crown seal; and (7) a band seal. A hexahedral
mesh was created in all the domains, and the total number of
nodes was 72 × 106. The first node was placed at 0.001 mm
from the no-slip wall to obtain y+ ≤ 1, and the subsequent
increment was 1.25 times the preceding node. The available
supercomputer at the university was used, which required
1.5 × 106 cpu hours to complete the simulations. The rotating
and stationary domains were connected through an interface
modeling approach, i.e., a multiple reference frame. The frozen
rotor and transient rotor-stator interfaces were activated for the
steady-state and unsteady analysis, respectively. In the case of
a frozen rotor, the pitch is changed but the relative orientation
of the rotor and stator across the interface is fixed. The frozen
rotor analysis is useful when the circumferential variation of
the flow is large relative to the pitch. The transient rotor-stator
is used to account for transient interaction of the flow between
the stator and the rotor. The interface position is updated each
time step, as the relative position of the mesh nodes on each
side of the interface changes. This approach requires more
memory and computational power as compared to the frozen
rotor. A buoyancy model was activated to introduce a gravity
effect similar to the actual turbine. Equations (2) and (3) were
solved to compute the water density (ρ) and speed of sound
(a) during the simulation,41,44

ρ =
ρref(

1 −
p − pref

K

) (kg m−3), (2)

a =

√√√√
K

(
1 −

p − pref

K

)
ρref

(ms−1), (3)

where ρref is the reference density obtained from the measure-
ment, pref is the reference pressure (101 325 Pa), and K is the
modulus of elasticity (2 × 109 Pa) at 20 ◦C water. To attain an
acoustic Courant (Ca) number of approximately one, a time
step of 10−5 s was used,

Ca = max

(
(v + a)∆t
∆x

,
(v − a)∆t
∆x

)
, (4)

where v is the flow velocity in m s−1, a is the speed of sound
in m s−1, ∆t is the time step in seconds, and ∆x is an aver-
age size of a mesh element in meters. Verification of the four
mesh types created (9, 18, 36, and 72 × 106 nodes) was con-
ducted using three different techniques as follows: (1) the grid
convergence index,45 (2) the index of resolution quality for
large eddy simulations,46 and (3) Pope’s criterion.47 The fine
mesh with 72 × 106 nodes was selected for the final study.
The fine mesh has shown a resolved kinetic energy spectrum
more than 80% in the turbine. The detailed verification of the
numerical model is presented in the Appendix. For numerical

simulations, an ANSYS® CFX® parallel distributed coupled
solver was used. This solution approach uses a fully implicit
discretization of the equations. The CFX uses an element-
based finite volume (node-centered approach) method, which
first involves discretizing the spatial domain using the
mesh.

C. Range of parameters

Table I shows the range of parameters of the investigated
turbine at the BEP and runaway conditions. Hydraulic effi-
ciency and net head of the turbine at the BEP are 93% and 12 m,
respectively. The volume flow rate to the turbine at the BEP
and runaway conditions is 0.2 m3 s−1 and 0.085 m3 s−1, respec-
tively. The runaway speed is 8.53 rps, which is 1.54 times the
rated speed of the turbine. Measurements of the BEP were
conducted to ensure the repeatability and uncertainty quantifi-
cation of the test rig. Therefore, the data analysis at the BEP
is not presented in this paper.

Simulations at the runaway condition were performed
using the LES approach. The wall-adapting local eddy
(WALE) viscosity model was used for resolving the small-
scale eddies in the LES. The WALE is designed to return the
correct wall-asymptotic-variation of the sub-grid scale (SGS)
viscosity and requires no damping function.48,49 The WALE
viscosity model produces almost no artificial viscosity in wall-
bounded laminar flows and is capable of reproducing laminar
to turbulent transition.50 The volume flow rate at the runaway
condition is very low, and the Reynolds number is low at
certain locations in the turbine, where the WALE viscosity
model is an appropriate choice.51,52 A second-order backward
Euler scheme for the temporal discretization and a bounded
central-difference scheme for the advection were activated.
The convergence criteria for mass and momentum residuals
(root-mean-square) were set to 10−5. The selected time step
was 10−6 s, which is equivalent to 36 000 time steps per rotation
of the runner. The total time was equivalent to 10 revolu-
tions of the runner (360 000 time steps). The LES required
approximately 3 revolutions to attain a time-average quan-
tity and to resolve the turbulent scales properly. Data of the
remaining 7 revolutions are investigated and presented in this
paper.

III. RESULTS AND DISCUSSIONS
A. Wake inception behind a guide vane

Two sensors (V1 and V2) were mounted in the vaneless
space to investigate the vortex shedding from the guide vane,
and the numerical monitoring points were created at the same
locations. Figure 2 shows the power spectral density of the
pressure data at the V1 location, which is close to the trailing
edge of the guide vane in the wake region. Acquired pressure
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FIG. 2. Power spectra of unsteady pressure fluctuations observed in the
vaneless space (V1).

fluctuations are normalized using Eqs. (5) and (6), where p̃(t)
is the acquired unsteady pressure in Pa, p̄(t) is the time-average
pressure at that location in Pa, ρ is the water density at BEP
in kg m−3, E is the specific hydraulic energy in J kg−1 at BEP,
and p̃E is the pressure fluctuation factor. High amplitude spikes
are the frequencies of the rotor-stator interaction, i.e., a blade-
passing frequency ( f b) of 255.7 Hz and harmonics of 127.8,
383.5, and 511.4 Hz,

p̃E =
p̃(t) − p̄(t)
(ρ · E)BEP

, (5)

p̃E rms =
p̃E
√

2
, (6)

fb = nR · zb (Hz), (7)

where nR is the runaway speed and zb is the number of blades
including splitters. Unlike standard RANS models,21 the LES
has resolved the turbulent spectrum very well, especially
stochastic fluctuations of a wide frequency range similar to the
experimental range. The stochastic fluctuations correspond to
flow separation from the pressure-side of the guide vane and
unsteady vortex shedding from the trailing edge. Since the
runner was rotating at constant speed, fluctuations associated
with the flow separation from the guide vane and the blade
position relative to that guide vane have the periodic nature of
a wide frequency band. The periodic fluctuations have a wide
range of frequencies unlike the characteristic frequencies of
rotor-stator interaction. Due to the cascade arrangement of the
guide vanes, the flow area in the vaneless space changes from
one guide vane to another. Hence, the size of the stagnation

point around the blade leading edge and the profile of the wake
behind the guide vane vary periodically.

Three numerical points were created in the wake region
to investigate velocity fluctuations. Figure 3 shows velocity
fluctuations in the wake region with respect to time (t) and
the runner angular rotation (θ). Dimensionless velocity (v∗) is
computed using the following equation:53

v∗ =
|v|
vc

, (8)

where |v| =
√

v2
a + v2

r + v2
ω and vc =

√
2 · g · H; va, vr, and

vω are the axial, radial, and circumferential velocities in
m s−1, respectively; H is the net head of the turbine in m. High
amplitude fluctuations correspond to a point p3, which is at
a distance of 3% of the guide vane chord (c) from the trail-
ing edge along the wake, and the frequency of fluctuations
is 656 Hz, which agrees with the vortex shedding frequency
computed using Eq. (9),54 where B = 149 for a trailing edge
profile similar to the existing guide vanes, v is the velocity
in m s−1, and L is the thickness before the trailing edge in
mm. The Strouhal number (St) is 0.22, where f = 656 Hz,
L = 2.2 mm, and v = 6.4 m s−1. The other frequency of 767 Hz
is obtained, which is the third harmonic of the blade-passing
frequency. Dimensionless velocity v∗ signifies the magni-
tude of velocity with respect to the characteristic/theoretical
velocity,

f = 190 ·
B

100
·

v
L + 0.56

(Hz), (9)

St =
f · L

v
. (10)

The velocity distribution in a wake region behind the guide
vane at an instantaneous time, i.e., when a blade interacts with
the guide vane, is investigated. The velocity in the wake region
is almost zero, and small vortices inside the wake are developed
and rotate in the clockwise direction. Separating the flow from
the guide vane suction-side gives momentum to the vortices in
the wake region. A shear layer is established on the round edge
of the guide vane. The flow inside the shear layer, separated
from the trailing edge, travels in the opposite direction. The
layer thickness varies from 0.2% to 1.4% of the chord, depend-
ing upon the position of the blade stagnation point relative to
the guide vane. Time-dependent interaction of the wake and
the blade stagnation point is shown in Fig. 4. Let the refer-
ence (start) position of the runner be x/c = 0, where the blade
and guide vane are facing each other, and denoted as θ = 0◦

FIG. 3. Time-dependent velocity fluc-
tuations in the wake region behind a
guide vane trailing edge. Points p1, p2,
and p3 are in the wake region at a dis-
tance (x/c) of 0.01, 0.02, and 0.03 from
the trailing edge, respectively.
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FIG. 4. Time-dependent interaction of
the wake behind a guide vane and the
stagnation point at the blade leading
edge. [(a)–(d)] show the dimensionless
velocity (v∗) along a line at x/c = 0.165,
0.33, 0.55, and 0.67. [(e)-(h)] show
velocity (v∗) contours in the vaneless
space and vortex shedding from the trail-
ing edge. θ = 0◦ is a reference position,
where the blade leading edge and the
guide vane trailing edge are facing each
other. Dimensionless distance x/c = 0.67
is the distance from the trailing edge
of one guide vane to another. Dimen-
sionless distance y/c = 0.25 is the dis-
tance from the runner inlet to the wall
of the guide vane. Time (t) 3.9 × 10−3

s corresponds to the 12◦ angular move-
ment of the runner from the reference
position. The scale on the y-axis for
[(a)-(d)] is different to emphasize the
wake effect.

hereafter. Angular pitch (s = 360◦/zb) between two blades
is 12◦ in this turbine. Figures 4(a)–4(d) show the velocity
distribution along a line for 0–12◦ angular movement of a
blade from the reference position, and Figs. 4(e)–4(h) show
velocity contours for 3◦, 6◦, 9◦, and 12◦ angular positions
of the blade. Figure 4(a) shows velocity in the wake region
(0.1 ≤ y/c ≤ 0.14) along a line at x/c = 0.165. The wake pro-
file changes rapidly, which is attributed to the vortex shedding
from the pressure- and suction-sides of the guide vane. A vor-
tex from the long wake detaches and spins on the local axis
[see Fig. 4(e)]. The detached vortex follows the blade stagna-
tion point, which can be seen in Fig. 4(f). In the meantime,
an adverse velocity gradient is established near the guide vane
trailing edge (0.2 ≤ y/c ≤ 0.25) [see Figs. 4(c) and 4(d)]. The
shear layer thickness gradually reduces as the blade advances
from 6◦ to 9◦. The large size of the stagnation region blocks
the flow, and the wake enters the runner. When the blade
reaches the 12◦ position, the stagnation region is reduced due
to a small vaneless gap near the trailing edge. Once the blade
passes the guide vane, the thickness of the shear layer starts
to increase, and more reverse flow near the guide vane wall
occurs. The dimensionless maximum velocity (v∗) of 0.42
corresponds to an actual velocity of 9 m s−1 in the vaneless
space.

Figure 5 shows vorticity and streamline behind a guide
vane at time instants of 0◦, 3◦, 6◦, and 9◦ angular positions
of the blade. Inception of the vortex behind the guide vane
can be seen in Fig. 5(a). Further development of the vortex
and stretching in the wake region can be seen in Figs. 5(b)
and 5(c). The developed vortices interact with the blade stag-
nation point. At the end of the cycle, the size of the vortex
grows, and a new vortex is set up at the guide vane trailing
edge for another cycle—see Fig. 5(d). To understand more
clearly, the time-dependent trajectory of the wake and vortex

shedding from the guide vane is established, which is shown
in Fig. 6. The trajectory is continuous time-averaged over five
revolutions of the runner and for the same blade positions.
One snapshot per degree angular movement of the runner was

FIG. 5. Vorticity and streamlines behind a guide vane at time instants of (a)
0◦, (b) 3◦, (c) 6◦, and (d) 9◦ angular positions of the blade.



075101-6 C. Trivedi and O. G. Dahlhaug Phys. Fluids 30, 075101 (2018)

FIG. 6. Trajectory of the wake, vortex inception, and propagation behind a
guide vane. The continuous and dashed lines show the vortex inception from
suction- and pressure-sides, respectively.

acquired. Data of 0◦-12◦ runner movement were compiled to
develop the trajectory. Continuous and dashed lines show the
vortex trajectory from the pressure- and suction-sides, respec-
tively. Two vortices are developed, each from the pressure- and
suction-sides of the guide vane, and both interact at the trail-
ing edge. When the blade approaches the guide vane trailing
edge (i.e., θ = 0◦), a small vortex originates in the shear layer,
which grows with time and reaches to the trailing edge (see
vortex–2). The vortex is further developed and grows along the
wake. Then, another vortex from the pressure-side (vortex–I)
is developed and travels downstream and gets across the wake
region very quickly. Consequently, vortex–4 is pushed upward
and changes its path as well as its shape. After a few moments,
vortex–V and vortex–7 conjoin and form vortex–8, which is
the largest in size and exactly above the blade stagnation point.
Later, the vortex shrinks due to the influence of the stagna-
tion region and enters the blade channel. The cycle repeats
when the blade reaches the neighboring guide vane trailing
edge.

B. Inception of vortex rings

Due to the high rotational speed and low discharge, flow
in the runner is more chaotic than flow in the vaneless space.
Both circumferential and radial velocities are very high, and
the flow angle is very small, which is the perfect recipe for
the strong flow separation and inception of vortical flow in
the blade cascade. The flow analysis reveals that the separat-
ing flow from the blade surface causes reverse (pumping) flow
at certain locations in the blade cascade. Flow on the blade

pressure-side travels from the inlet to the outlet of the blade
channels, whereas flow on the suction-side of the opposite
blade travels in the reverse direction, resulting in the devel-
opment of large vortical structures in the channel. Figure 7
shows the contour of vorticity in the runner at an instanta-
neous time, i.e., θ = 0◦. The vortical flow at certain locations
is clearly visible in the blade channels, and the location is
dependent on the position of the blade relative to the guide
vane. On the blade suction-side, the flow quickly acceler-
ates and detaches from the point where the blade curvature
is so steep. On the pressure-side, the flow is circulatory and
travels toward the leading edge. The large vortical regions
rotate in the counterclockwise direction. To investigate the
unsteady fluctuations of the vortical flow, four pressure sen-
sors, R1, R2, R3, and R4, were positioned in the blade cascade
at equal distances. The frequency spectra at these locations
and their comparison with the LES are presented in Fig. 8.
Figures 8(a)–8(d) show the frequency spectra of the experi-
mental data, and Figs. 8(e)–8(h) show the frequency spectra
of the LES. A spike at the RSI frequency ( f gv) is clearly visi-
ble in the plots. The LES slightly underestimated (1.6%–2%)
the amplitudes; however, as compared to the incompressible
flow study (12% error),21 the prediction of amplitudes is more
accurate,

fgv = nR · zgv (Hz), (11)

where nR is the runaway speed and zgv is the number of
guide vanes in the turbine. The spike at f ∗ = 28 shows the
amplitude of the guide vane passing frequency ( f gv). In addi-
tion to the deterministic frequency of RSI, a wide range of
stochastic frequencies are found, especially at R1 and R2 loca-
tions. The stochastic frequencies are attributed to the unsteady
fluctuations from the vortical flow. The moderate effect of arti-
ficial reflection of pressure waves (due to the compressibility
effect) was observed in LES. This resulted in over-prediction
of pressure fluctuations pertained to stochastic frequencies,
especially between R1 and R2 regions. The effect of flow
separation from the blade (splitter) suction-side is high, i.e.,
between R1 and R2 locations. As flow travels from R1 to
R2, regions of large vortical region break down. This results
in change in pressure amplitudes; however, the frequencies
remain the same (due to constant rotational speed of the run-
ner and local eddies). At R3 and R4 locations, flow from two
sides of the splitter interacts, and the vortical regions are split

FIG. 7. Contour of vorticity in the runner at an instanta-
neous time.
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FIG. 8. Frequency spectra of pressure fluctuations in the
runner and the comparison with the LES. [(a)–(d)] show
the frequency spectra of the experimental data, and [(e)–
(h)] show the frequency spectra of the numerical (LES).
Amplitudes are normalized by hydraulic energy at the
BEP, and the frequency is normalized by the runner
rotational speed.

up further. The strength of the vortical region is dependent on
the interaction of separated flow from the wall of the blade
and the vortex from the guide vane trailing edge. High inten-
sity vortices were found when the blade channel was aligned
with the guide vane channel. At this instant in time, vortices
from the guide vane trailing edge directly enter into the blade
channel.

To study the development of the vortical region from the
crown to the band and flow separation on the suction-side, the
streamwise velocity distribution along the blade span is investi-
gated, which is shown in Fig. 9(a). The contours of streamwise
velocity are at instantaneous time and are presented for 1%,
25%, 50%, 75%, and 99% of the blade span from the crown
to the band. At 1% span, the effect of flow separation from the
leading edge is small, and near the blade and splitter pressure-
side, vortical flow is seen (vst = −9 m s−1). The magnitude
of the streamwise velocity reduces toward the mid-span. The
intensity of flow separation from the blade/splitter suction-
side increases, and the maximum (vst = 14 m s−1) separation
can be seen at 75% span. The separated flow integrates with
the reverse flow on the splitter pressure-side and constitutes a
large vortical zone between 75% and 99% span. Near 99% of

the blade span, the effect of reverse flow is very small due to
the steep curvature of the runner band and the influence of the
boundary layer. Further, how inception of vortical flow affects
the blade loading is shown in Figs. 9(b) and 9(c). The factor of
pressure loading (p̃E) on one of the blades for 1%, 50%, and
99% span is shown. Two stagnation points are found on both
sides of the leading edge. On the pressure-side, the spike is
small compared to the suction-side at p̃E = 2.4, and the blade
loading is quite different at all three spans. The blades have a
positive leaning, toward runner rotation, which has influence
on pressure distribution, especially around the leading edge.
The effect of the vortical region on the blade loading can be
seen for different blade positions. The spike at the leading
edge gradually increases as the blade advances from 0◦ (refer-
ence) to 9◦, and the maximum value of p̃E is obtained between
6◦ and 9◦, where the stagnation region is large. Vortex shed-
ding from the guide vanes directly approaches the leading edge
at the 9◦ blade position. The fluctuating blade loading from
x/c = 0.2 to 0.5 indicates the increasing effect of flow separation
and the formation of the vortical region. More interestingly, the
pressure on the suction-side is higher than that on the pressure-
side of the blade. A very small portion of the blade actually

FIG. 9. (a) Streamwise velocity contours (instantaneous
time) at 1%, 25%, 50%, 75%, and 99% of the blade span
from the crown, (b) blade loading at 1%, 50%, and 99%
of the blade span, and (c) blade loading at 50% of the
blade span for 0◦, 3◦, 6◦, and 9◦ angular positions of the
blade.
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produces the positive torque, which is utilized to overcome the
losses (bearing and disc friction) at runaway speed.

Figure 10 shows the inception of vortex rings in the blade
cascade and interaction with the wake from the guide vane. The
meridional view of the blade cascade is shown in Fig. 10(b).
The dimensionless span of zero and one indicates the band and
the crown, respectively. The dimensionless streamwise length
(x/c) of zero and one indicates the blade leading edge and
trailing edges, respectively. A total of 11 vortical regions are
identified in the cascade: seven (w1–w7) of them are oriented
in the axial direction, shown in Fig. 10(a), and the remain-
ing five regions (w8–w11) are in the circumferential direction,
shown in Fig. 10(b). The vortical structure is time-averaged
over five exact rotations of the runner, i.e., 0.6 s. The vorti-
cal regions, especially those that are axially oriented, follow
a distinct path in the blade cascade from the point of incep-
tion. Some of the regions grow very quickly along the travel
path and interact with the secondary flow. Vortical regions
w1 and w2 interact with each other when the adjacent blade
(blade–2 for this case) is facing the guide vane and, later, the

region breaks down. Flow unsteadiness around the vortical
regions w1 and w2 is evident in terms of stochastic fluctua-
tions around R1 and R2 locations in Fig. 8; hence, this can
be comparable to the realistic flow in the turbine. Similarly,
vortical region w4 grows to the extent where 95% of the
cross-sectional area around w4 is blocked for a certain time.
Another blockade is found near the blade trailing edge, where
the circulatory pumping flow and separation from the blade–
1 suction-side are dominant. Vortical regions w8 and w9 are
developed from the adverse pressure gradient on the band and
the crown at the inlet, and corner vortices due to flow sepa-
ration from the blade leading edge junctions to the band and
the crown. Another vortical region, w11, is associated with
region w5. The flow field at the blade trailing edge is strongly
influenced by the draft tube flow field. The location of w11

changes from the suction-side of blade–1 to the pressure-side
of blade–2, which is dependent on the blockade created in
the blade channel by vortical region w4. Streamwise veloc-
ity fluctuations in the blade channel are shown in Fig. 10(c).
The streamwise velocity is normalized by tangential velocity

FIG. 10. Inception of vortical flow
(time-average) in the blade chan-
nel, velocity fluctuations, and swirling
strength. (a) shows distinct positions of
swirling regions in the channel; the vor-
tical pattern is established by averaging
over five revolutions of the runner. (b)
shows the meridional view of the vorti-
cal structure in the middle of the blade
channel, i.e., between the splitter and
blade–1 from x/c = 0–0.5 and between
blade–1 and blade–2 from x/c = 0.5 to 1.
(c) shows the streamwise velocity fluc-
tuations in the mid-span of one of the
blade channels at x/c = 0.1, 0.4, and 0.8;
the blade-to-blade value of zero indi-
cates the pressure-side of blade–2, and
the value of one indicates the suction-
side of blade–1. (d) shows the vortex
core by the swirling strength of 321 s−1

in the runner, and the color represents
the time-averaged streamwise velocity.
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of the runner. Blade-to-blade values of zero and one repre-
sent the pressure- (blade–2) and suction-sides (blade–1) of the
blade channel, respectively. The influence of vortices can be
seen on the streamwise velocity. For example, velocity along
x/c = 0.4 shows negative velocity around the blade-to-blade
distance of 0.6, which is due to vortex w3. The positive veloc-
ity represents the sound (accelerating) flow near the blade–1
suction-side (region w7). A visualization of the turbulent struc-
ture in the runner is presented in Fig. 10(d). Swirling strength,
which identifies the vortex structure based on imaginary eigen-
values of the velocity gradient (∇u) with quantification of
swirling strength in the vortex, is not an exact measure of
vortex breakdown.55 The swirling strength of the vortex core
is 321 s−1, and the vortex core is colored by time-average
streamwise velocity, which shows the regions of accelerating
and decelerating flow in the blade channels. Positive stream-
wise velocity indicates normal flow, and the negative velocity
indicates reverse flow, which gives momentum to the vortex
rings.

Vorticity contours in the blade cascade at time instants of
(a) 6◦, (b) 12◦, (c) 18◦, and (d) 24◦ different angular positions of
the runner are shown in Fig. 11. Blade passage from the runner
inlet to the splitter trailing edge is shown, and three chan-
nels of the blade cascade (96◦) are monitored. As the runner
(blade) rotates, relative to the guide vane, the vortex position
and strength change in the cascade. Flow separation from the
blade leading edge, toward the suction-side, leads to forma-
tion of a vortical region at the inlet. The vortical region grows
and interacts with other regions and further breaks down. The
temporal inception of the vortex rings in the blade channel is
investigated and presented in Fig. 12. Figure 12 is prepared by
overlapping the streamline data at the mid-span of the runner
for each revolution, and the five revolutions of the runner are
considered. The angular movement of one blade channel—
as shown in Fig. 10(a)—was traced from 0◦ to 24◦. Then,
the length (x/c) and width (s) of the blade channel were nor-
malized between 0 and 1, and the predominant streamlines
are extracted. The pitch (s) shows the blade-to-blade distance
starting from the suction-side of blade–1 (s = 0) to the pressure-
side of blade–2 (s = 1); the value of 0.5 indicates the splitter.
Figures 12(a)–12(l) show the vortical structure of vortex rings
when the angular position (θ) of the blade channels is 0◦, 2◦,
4◦, 6◦, 8◦, 10◦, 12◦, 14◦, 16◦, 18◦, 20◦, and 22◦, respectively.
The right-hand rule is used to explain spatial coordinates and
the axis of rotation in this figure. The runner rotates in the
negative direction. At the reference position (θ = 0◦), vortical
regions w1, w2, and w7 are clearly visible, where w1 rotates in
the positive direction, w2 rotates in the negative direction, and
w7 rotates in the positive direction. As the blade advances from
0◦ to 2◦, vortical region w3 is established on the pressure-side
of blade–2 (x/c = 0.4) and interacts with w2. Vortical region
w7 is developed further, and the size increases as the blade
advances. At θ = 4◦ position, the formation of vortical region
w4 begins at the splitter trailing edge. The formation is the
result of the splitting of the w2 and w3 regions as well as the
accelerating flow from the splitter pressure-side. At θ = 6◦

position, interestingly, four vortical regions appear between
the splitter suction-side and blade–2 pressure-side. Region
w2 splits again into two parts and forms a large region of a

FIG. 11. Vorticity contours in the blade cascade at time instants of (a) 6◦, (b)
12◦, (c) 18◦, and (d) 24◦ different angular positions of the runner; x/c = 0–1
shows the dimensionless distance from the blade leading edge to the trailing
edge.

perfect vortex ring, which is axially extended up to the crown
[1%–75% span, shown in Fig. 9(a)]. Full development of the
vortical regions can be seen at θ = 10◦, where the flow blockade
(stall) between the splitter suction-side and the pressure-side of
blade−2 is more than 90%. A new vortical region, w12, is estab-
lished on the pressure-side of blade–2 (x/c = 0.6) at θ = 12◦,
which rotates in the positive direction. The rotational direction
is strongly affected by the reverse (pumping) flow attached to
the blade pressure-side. Later, at θ = 14◦, this vortical region
constitutes a scroll and moves toward the splitter trailing edge.
Vortical region w1 again grows rapidly, which can be seen for
16◦, 18◦, and 20◦ positions. The w1 region blocks the flow
entering into the blade cascade and keeps rotating in the pos-
itive direction. Due to this blockade, flow quickly decelerates
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FIG. 12. The trajectory and inception
of vortex rings in one of the blade chan-
nels; pitch (s) on the y-axis is the normal-
ized blade-to-blade distance from the
suction-side of blade–1 to the pressure-
side of blade–2; the straight line at
s = 0.5 on the y-axis indicates the split-
ter; x/c = 0–1 shows the dimensionless
distance from the blade leading edge to
the trailing edge. [(a)–(l)] show the vor-
tical structure of the vortex rings when
the angular position (θ) of the blade
channels is 0◦, 2◦, 4◦, 6◦, 8◦, 10◦, 12◦,
14◦, 16◦, 18◦, 20◦, and 22◦, respectively.

on the pressure-side of blade–2 from x/c = 0.95 and x/c = 0.6
and accelerates on the suction-side of blade–1 from x/c = 0.6
and x/c = 0.95 in the channel. Consequently, vortical region
w5 gains momentum and becomes larger (see at θ = 22◦). This
region creates a blockade at the channel outlet, and the entire
blade passage experiences stalls for the moment.

C. Interaction between vortex rings and large
vortex street

Vortical flow leaving the blade cascade enters the draft
tube, where an adverse pressure gradient is dominant. Two
pressure sensors (D1 and D2) were integrated into the draft
tube to investigate stochastic and deterministic frequencies.
Figure 13(a) shows the frequency spectra at the D1 location.

The spectral analysis revealed both frequencies at high ampli-
tudes. The deterministic frequency corresponded to the runner
angular speed (nR) and the blade passing frequency ( f b) at
both locations in the draft tube. However, the amplitudes are
very small compared to the amplitudes obtained in vaneless
space. The amplitudes are similar to those of the stochas-
tic frequencies of 10–200 Hz. The compressible LES shows
good agreement with the experimental data for both deter-
ministic and stochastic frequencies. This approach is allowed
to resolve high-frequency spectra, where the special interest
is stochastic fluctuations around the blade passing frequency.
As discussed in the Introduction, such high-frequency fluc-
tuations cause cyclic fatigue, especially around trailing edge
junctions to the crown and the band. Moreover, the vortex ring
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FIG. 13. Frequency spectra of
unsteady pressure fluctuations in the
draft tube (location–D1) and vortex
rings (streamlines colored by velocity)
in the draft tube. (a) Frequency of
unsteady pressure fluctuations at the
D1 location and comparison with the
LES. [(b) and (c)] Streamlines in the
draft tube cone at the mid-plane in
the axial direction. The streamlines
are colored by dimensionless velocity
(v∗). (d) Streamlines on the slicing
plane from the runner outlet to the
draft tube elbow, the streamlines are
colored by dimensionless velocity (v∗).
Dimensionless axes x∗, y∗, and z∗ are
normalized by the characteristic length
(Lc), i.e., runner reference diameter of
349 mm.

located at the blade trailing edge interacts with the recirculat-
ing (pumping) flow from the draft tube core, and induces high
frequency fluctuations. Figures 13(b) and 13(c) show stream-
lines of velocity on the axial plane (z-direction) along the x-
and y-directions. A dimensionless axial distance (z∗) of 0.5
and 2.5 indicates the locations of the runner outlet and the
elbow (start of inner radius), respectively. The streamlines are
colored by velocity (v∗) using Eq. (8). The streamlines clearly
show the strong presence of vortical flow in the draft tube.
More interestingly, flow in the center core is pumping upward,
i.e., runner. Flow near the draft tube wall is accelerating down-
ward, i.e., elbow. Separated flow from the draft tube wall, due
to an adverse pressure gradient, interacts with the core and
starts forming vortex rings. Strong flow separation takes place
near the runner band as the cross-sectional area increases in
the flow direction (i.e., toward the draft tube). The boundary
layer is almost broken, and the flow detaches from the wall
of the runner band and, consequently, the adverse gradient of
pressure becomes predominant. The other important factor is
complete breakdown of the boundary layer at the junction of
the runner and the draft tube due to the jet-type flow from the
labyrinth (band) seal. Consequently, the shear layer between
the viscous and turbulent layers collapses, and the adverse
pressure gradient again sets on in the draft tube. A distinct
pattern of recirculating flow is obtained between the runner
outlet and the elbow. For example, flow in the core region is
directed toward the runner center, known as the cone, which
interacts with the blockade region w5 (see Fig. 10) at the blade
trailing edge. When the blade channel blockade opens, mainly
w2, w4, w5, and w12 regions, the pumping flow from the draft
tube is quickly pushed toward the band due to high centrifugal
force. Then, flow returns from the runner outlet. At a distance
of approximately z∗ = 1.5, the vortical structure is established
along the circumference. Figures 13(b) and 13(c) show vortex
rings along the x- and y-directions, and Fig. 13(d) shows vortex
rings along the axial directions at different slicing planes. The
slices at z∗ = 0.5, 0.9, and 2.3 represent the locations at the run-
ner outlet, sensor D1, and before the elbow, respectively. The

figure shows how vortex rings change their shape in the axial
direction. The vortex rings, which rotate opposite to the run-
ner rotation, gain momentum from the pumping flow returned
from the elbow and separating flow from the wall. The rings
near the draft tube wall have a rotational direction similar to
the runner; however, rings located in the core region rotate
opposite to the runner rotation. The source of high ampli-
tude stochastic pressure fluctuations is the vortex rings and
the temporal change of their locations, which is synchronized
with the flow blockade between the splitter and the blade, the
blade channel outlet, and the draft tube elbow. Reverse flow,
especially pumping, also contributes significantly to develop
high-amplitude stochastic fluctuations in the blade channel.
Due to the high centrifugal force associated with the high
rotational speed of the runner, the rings continuously change
their location in both radial and spanwise directions in the
runner. The spatial position of the vortex rings continuously
changes, which is dependent on the blockade in the draft tube
elbow.

Overall, wake from the guide vanes and interactions with
the blade stagnation point change the flow structure in the blade
channel, driving flow separation from the blade suction-side
and vortex rings, w1 and w2. However, reverse flow on the
blade pressure-side near the runner crown and band causes a
blockade in the channel. Consequently, pressure amplitudes
increase quickly. Similarly, flow at the runner outlet is influ-
enced by the settling pattern of the scroll rings in the axial
direction and the blockage in the draft tube elbow. High cir-
cumferential velocity and the centrifugal force push the vortex
rings from one side of the blade to another and from the crown
to the band continuously.

IV. CONCLUSIONS

The present study allowed us to understand the com-
plex mechanism of temporal inception of vortical rings in
the blade cascade, as well as how these rings interact with
each other and dissipate energy to the blades. One of the
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dangerous operating conditions of a turbine was investi-
gated, where the circumferential velocity was two times the
design condition. Eight sensors at distinct locations revealed
important details on the inception of vortical flow and the
interaction with secondary flow in the vaneless space, blade
cascade, and draft tube. To establish the credibility of the mea-
sured data and verify the repeatability, detailed calibration
and uncertainty quantification of all the sensors were con-
ducted before the present measurements. Compressible large
eddy simulations were performed to investigate the forma-
tion and the inception of the rings. The computational domain
consisted of 72 × 106 nodes of hexahedral elements. A ver-
ification technique known as the index of resolution quality
for large eddy simulations, in addition to Pope’s criterion,
was used, and more than 80% of the turbulent spectrum was
resolved.

Investigations on wake inception behind a guide vane
showed that the size of the blade stagnation point changes sig-
nificantly when it passes by the wake of the guide vane. The
size of the stagnation point is minimal when a blade interacts
with the guide vane trailing edge. The size increases quickly as
the blade advances and attains a maximum when the blade is
exactly between two guide vanes, i.e., θ = 6◦. Furthermore, the
interaction between the wake and the stagnation point strongly
affected the flow separation in the blade cascade. This sepa-
rated flow induces a secondary flow in the blade channel and
gives momentum to the vortex rings. The rings attached to
the blade suction-side rotate in the positive direction, and the
rings that gain momentum from the reverse flow on the blade
pressure-side rotate in the negative direction, i.e., similar to the
runner rotation. The vortex rings interact with the secondary
flow in the channels, and the size of the ring increases due to
the merging of the two small rings. When the ring size equals
the width of the channel, the ring size blocks the channel and
dissipates high energy to the blades. In fact, such a block-
ade occurs at two distinct locations in the blade channel, and
both regions contribute to increase the intensity of the fluc-
tuating pressure in the entire channel. A vortex ring located
at the blade trailing edge gains momentum from the pump-
ing flow originating in the draft tube core, which pushes the
entire blockade toward the runner band due to high centrifu-
gal force. High circumferential velocity forces the blockade
region to remain attached near the blade trailing edge junction
to the band. Reverse flow in the core region forms vortex rings
when it interacts with the secondary flow originating from the
adverse pressure gradient of the draft tube wall. The reverse
flow from the runner outlet to the draft tube elbow is driven
by two vortical regions concentrated in the elbow. Both vor-
tical regions rotate in opposite directions, where one region
(located at the inner radius of the elbow) tries to push the flow
toward the runner, whereas the other region (located at the
outer radius of the elbow) tries to push the flow toward the
outlet.
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NOMENCLATURE

Abbreviations
BEP best efficiency point
LES large eddy simulation
RANS Reynolds-averaged Navier-Stokes
RSI rotor-stator interaction
SAS scale-adaptive simulation
SGS sub-grid scale
WALE wall-adapted local eddy-viscosity

Variables
a speed of sound (m s−1)
Ca acoustic Courant number
c blade/guide vane chord (m)
D diameter (m)
E specific hydraulic energy (J kg−1); E = g × H
ê error/uncertainty
f frequency (Hz)
g gravity (m s−2); g = 9.821 465 m s−2

H head (m)
K bulk viscosity of water (Pa)
Lc thickness (m), characteristic length (m)
n runner angular speed (revolution per second)
nED speed factor
p pressure (Pa)
p̃E factor of pressure fluctuations
Q discharge (m3 s−1)
QED discharge factor
s pitch (deg), blade-to-blade distance
T torque (N m)
t time (s)
v velocity (m s−1)
y+ dimensionless node spacing
z number of blades/guide vanes

Greek letters
θ runner angular position (deg)
ρ water density (kg m−3)
ω angular speed (rad/s)
ν kinematic viscosity (m−2 s−1)
ηh hydraulic efficiency

Subscripts
a axial
b blade
c characteristic
gv guide vane
R runaway
r random, radial
rms root-mean-square

http://www.hpc.ntnu.no
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s systematic
st streamwise
t total
ω circumferential

Dimensionless number
Eu Euler number, Eu = g × H/(ω2 × D2)
Fr Froude number, Fr = ω

√
D/g

Re Reynolds number, Re = ω × D2/2ν
St Strouhal number, St = ω × D3/Q

APPENDIX: MESH RESOLUTION AND UNCERTAINTY
QUANTIFICATION
1. Grid convergence index

The mesh independence study was carried out to deter-
mine the numerical uncertainty in the computational domain.
Simulations of the mesh independence study were performed
considering steady compressible flow. Mesh–m1 is the coarse
mesh with 9 × 106 nodes, and mesh–m4 is the fine mesh with
72 × 106 nodes. An average cell size of fine mesh is 0.97 mm.
The mesh quality, including the aspect ratio, orthogonality,
and expansion factor were 0.45, 0.4, and 0.5, respectively. The
element quality matrix varied between zero (poor quality) and
one (best quality). The grid-convergence-index (GCI), pro-
posed by Celik et al.,45 was used to determine the error in
mesh discretization,

êfine =
1.25eapr(r)

rk − 1
, (A1)

where eapr(r) is the approximate relative error, r is the mesh
refinement ratio (r � 2), and k is the apparent order. Computed
errors (êGCI) in pressure values at locations V1, R1, and r4

are 0.3%, 0.41%, and 0.5%, respectively. The large error at
the R4 location in the runner is attributed to flow separation
and swirling, where the steady-state SST model was unable to
predict pressure loading accurately.

2. Index of resolution quality

Large eddy simulations specifically require proper verifi-
cation since they rely on unsteady resolved motion in the cells
to drive large-scale turbulent transport. The formation process
of the large eddies must be captured with sufficient fidelity to
ensure that the statistics of turbulence are accurate, and the
filter width must be small enough to minimize the influence
of the modeled part. A verification technique, the index of
resolution quality for large eddy simulations (LES IQ), pro-
posed by Celik et al.,46 is widely used to evaluate the quality
of the resolved turbulent spectrum. The LES IQ is the ratio
of resolved turbulent kinetic energy kresolved to total turbulent
kinetic energy ktotal,

êLES IQ =
kresolved

ktotal
=

kresolved

kresolved + akhp , (A2)

where h is an average cell size, p is the order of accuracy of
the numerical scheme, and ak is the coefficient, which can be
determined as

ak =
1

hp
2



kresolved
2 − kresolved

1

rp − 1


, (A3)

where r is the mesh refinement ratio (r > 1) and subscripts (1)
and (2) denote the quantities obtained on mesh (1) and mesh
(2), respectively,

kresolved = 0.5
(
(u − ū)2 + (v − v̄)2 + (w − w̄)2

)
(m2 s−2),

(A4)

where u, v, and w are the velocity components. Celik et al.46

suggested that an LES IQ of 75% to 85% can be consid-
ered adequate for high-Reynolds-number flow. The computed
LES IQ ranges from 70% to 85% in the turbine for the
present study with 72 × 106 nodes. Figure 14 shows the tur-
bulent structure of the Q-criterion in the runner with the fine
mesh,

Q = Cq

(
Ω

2 − S2
)

(s−2), (A5)

where Cq = 0.25, S is the absolute value of the strain rate,

S =
√

2SijSij, Sij =
1
2 ( ∂Ui

∂xj
+
∂Uj

∂xi
),Ω is the absolute value of the

vorticity, Ω =
√

2ωijωij, and ωij =
1
2 ( ∂Ui

∂xj
−

∂Uj

∂xi
).56 The value

of Q is 6830 s−2 for the prepared iso-surface in the figure, and
the contours show the velocity in the runner. Flow unsteadiness
and different sizes of turbulent structures in the blade channels
can be seen clearly. From the measurements, high amplitude
stochastic pressure fluctuations were observed in the blade
passage. From the iso-surface of the Q-criterion, the stochastic
fluctuations are evidently associated with vortical turbulent
flow.

3. Pope’s criterion (M)

Another technique called “Pope’s criterion (M)” was used
to estimate the resolved and modeled turbulent spectrum in the
runner. According to Pope’s recommendation, the resolved tur-
bulent kinetic energy should be above 80% of the total kinetic
energy,

êM = 1 −
ksgs

ksgs + kresolved
, (A6)

where ksgs is the modeled turbulent spectrum by the SGS fil-
ter in the LES. Figure 15 shows that most of the turbulent

FIG. 14. Turbulent structures in the runner iso-surface of Q [=Cq(Ω2 − S2)],
where Q = 6830 s−2. The color indicates the velocity in the runner.
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FIG. 15. Pope’s criterion (M) on resolved and modeled turbulent kinetic
energy in the runner (mid-span). M = 0 is equivalent to DNS, and M = 1
is equivalent to the RANS solution.

spectrum is resolved in the runner. More than 80% of
the spectrum has M ≥ 0.2, except a few locations where
0.3 ≤M ≤ 1. However, these locations are changing with run-
ner rotation and are dependent on the instantaneous position
of the runner.
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