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A B S T R A C T

The central shaft is an inseparable part of a vertical axis wind turbine (VAWT). For small turbines such as those
typically used in urban environments, the shaft could operate in the subcritical regime, resulting in large drag
and considerable aerodynamic power loss. The current study aims to (i) quantify the turbine power loss due to
the presence of the shaft for different shaft-to-turbine diameter ratios δ from 0 to 16%, (ii) investigate the impact
of different operational and geometrical parameters on the quantified power loss and (iii) evaluate the impact of
the addition of surface roughness on turbine performance improvement. Unsteady Reynolds-averaged Navier-
Stokes (URANS) calculations are performed on a high-resolution computational grid. The evaluation is based on
validation with wind-tunnel measurements. The results show that the power loss increases asymptotically with
increasing δ due to the higher width and length of the shaft wake as the blades pass through a larger region with
lower velocity in the downwind area. A maximum power loss of 5.5% compared to the hypothetical case without
shaft is observed for δ= 16%. The addition of surface roughness is shown to be an effective approach to shift the
flow over the shaft into the critical regime, reducing the shaft drag and wake width as a result of a delay in
separation. For an optimal dimensionless equivalent sand-grain roughness height of 0.08, the turbine power
coefficient at δ= 4% improves by 1.7%, which is equivalent to a 69% recovery of the corresponding turbine
power loss. The results are found to be virtually independent of the shaft-to-turbine rotational speed ratio.

1. Introduction

Vertical axis wind turbines (VAWTs) have regained interest during
the last decade for application as large-scale multi-MW turbines in off-
shore areas [1–3] and as small-scale turbines in urban environments
[4,5]. The large-scale turbines are interesting for off-shore application
due to their low manufacturing, installation and maintenance costs,
scalability, robustness, reliability, and installation of the generator on
the ground, while their omni-directional capabilities make them highly
desirable for urban environments where the wind direction is fre-
quently changing [6]. However, a significantly lower amount of re-
search in the past three decades has resulted in VAWT performance
falling behind that of their horizontal axis counterparts. Several re-
search activities have recently focused on further understanding the
complex unsteady aerodynamics of VAWTs [7–15] and characterizing
their performance via parameters such as the number of blades [16],
blade (airfoil) shape [17–20], turbine solidity [16,18,21] and blade
pitch angle [22,23]. Employment of ducts [11], guide vanes [24–26]
and utilization of flow control on turbine blades [27–31] also have

recently received attention.
The tower is an inseparable component of horizontal and vertical

axis wind turbines, which greatly affects the flow on the blades in its
neighborhood. For an upwind horizontal axis wind turbine (HAWT) the
effect is due to the blades passing through the stagnation region in front
of the tower, while for a VAWT or a downwind HAWT this is due to the
blades passing through the wake of the tower. A significant amount of
research has been performed to characterize the effect of the tower
shadow on the aerodynamic and structural performance of HAWTs
[32–36]. In contrast, early research on VAWT focused on large turbines
with a very small ratio of the tower diameter to turbine diameter. This
results in a large relative distance between the tower (which can also be
referred to as the shaft) and the blades, in which the effect of the shaft
wake on the turbine aerodynamic performance was assumed to be
negligible and was therefore not quantified in existing research [4].
However, this is not the case for smaller urban-scale VAWTs with
comparatively large shaft-to-turbine diameter ratios, as the turbine
power loss due to the blades passing through the wake of the shaft
could be substantial. However, to the best of our knowledge, a detailed
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study on the effect of the shaft on the aerodynamic power loss of urban-
scale VAWTs has not yet been performed. Moreover, due to strong
Reynolds number effects on flow over cylinders [37], the down-scaling
of the turbine shaft in urban-scale VAWTs would most probably result
in the shaft operating in the subcritical regime. Note that for a smooth
cylinder the critical diameter-based Reynolds number corresponds to
Res < 2.5 × 105 [38]. This leads to a relatively large drag and massive
flow separation [39], which can subsequently magnify the corre-
sponding turbine power loss. This further emphasizes the importance of
such a study.

The extensive literature on the loading and flow field of cylinders,
either smooth [38,39] or rough [40–43], stationary or rotating [44–47],
can be very useful to identify the flow regime over the turbine shaft and
minimize the turbine power loss associated with the presence of its
shaft. Previous studies have shown [39–41] that adding roughness to
the surface can promote the laminar-to-turbulent transition in the
boundary layer, consequently delaying flow separation over the cy-
linder and eventually significantly decreasing the cylinder drag coeffi-
cient Cd by shifting the flow to the critical regime. A reduction in drag, a
delay in flow separation and a consequent reduction in wake width
together with a jump in the shaft Strouhal number St can signal this
shift in flow regime [40,41]. The thinner shaft wake can, in turn, result
in turbine blades passing through a region containing more energy on
the downwind side that could potentially lead to less power loss due to
the presence of the shaft.

The current study is performed in three steps:

(1) The turbine power loss associated with the turbine shaft for dif-
ferent shaft-to-turbine diameter ratios δ from 2% to 16%, relevant
for small- to medium-scale VAWTs, is quantified. The results are
then compared with those for a hypothetical turbine with no shaft.

(2) The impact of different operating conditions (including inlet tur-
bulence intensity, chord-based Reynolds number and tip speed
ratio) and geometrical characteristics (including solidity and
number of blades) on the quantified power loss is investigated.

(3) The flow regime over the turbine shaft is identified. Then the effect
of the shaft surface roughness is investigated in order to find the
optimal roughness height corresponding to the critical Reynolds
number Recrit, where a minimum shaft drag is achieved. The cor-
responding effect on the turbine aerodynamic performance is then

investigated in detail. The dependence of the performance of the
turbine with optimal roughness height on the shaft-to-turbine ro-
tational speed ratio η is then studied in the range from 0 to 1, where
0 corresponds to a stationary shaft and 1 to a shaft rotating at the
same rotational speed and direction as the turbine.

Unsteady Reynolds-averaged Navier-Stokes (URANS) simulations
are performed on a high-resolution computational grid. The evaluation
is based on validation with wind-tunnel measurements of flow over
smooth and rough cylinders by [40,41,48], and for a VAWT by [49,50].

The outline of the paper is as follows: Section 2 presents a de-
scription of the computational settings and parameters where the geo-
metrical and operational characteristics, computational domain, grid
and other numerical settings and validation studies for both (smooth
and rough) cylinders and the turbine are presented. The results of the
study on the quantification of the turbine power loss due to the pre-
sence of the shaft for different shaft-to-turbine diameter ratios δ are
discussed in Section 3.1. Section 3.2 presents a sensitivity analysis to
investigate the effect of different operational and geometrical para-
meters on the turbine power loss due to the presence of the shaft. The
possibility of turbine power improvement by addition of surface
roughness to the shaft is discussed in Section 4.1. Section 4.2 explains
the effect of the shaft-to-turbine rotational speed ratio η on the findings.
The limitations of the work, recommendations for future work and the
conclusions are provided in Section 5.

2. Computational settings and parameters

Given the main objectives of this study, it is important first to make
sure that the flow around the shaft of the turbine, which is basically a
cylinder (either smooth or rough), as well as the flow around the whole
turbine is accurately simulated. Therefore, three sets of validation
studies are performed where the geometrical and operational char-
acteristics are selected to be the same or similar to those in the main
study. The studied cases are (1) a stationary smooth cylinder at sub-
critical ReD (=DU∞/ν); (2) a stationary rough cylinder at subcritical
and critical ReD; and (3) a VAWT. CFD results of the VAWT have been
extensively validated against experimental data of Tescione et al. [50]
and the results, together with a comprehensive discussion of the pos-
sible explanations for observed deviations, have been published in [51].

Nomenclature

A turbine swept area, h d· [m2]
c blade chord length [m]
Cd sectional drag coefficient [–]
Cf skin friction coefficient [–]
Cl sectional lift coefficient [–]
Cm instantaneous moment coefficient [–]
CP power coefficient,

∞
P qAU/( ) [–]

CT thrust coefficient, T qA/( ) [–]
CoP pressure coefficient [–]
d turbine diameter [m]
D cylinder diameter [m]
ds turbine shaft diameter [m]
f frequency of vortex shedding [Hz]
Fs safety factor [–]
h turbine height [m]
k turbulence kinetic energy [m2/s2]
ks equivalent sand-grain roughness height [m]
M turbine moment [Nm]
n number of blades [–]
P turbine power [W]
q dynamic pressure [Pa]

R turbine radius [m]
Rec airfoil chord-based Reynolds number [–]
Recrit critical Reynolds number [–]
ReD cylinder diameter-based Reynolds number, ∞DU ν/ [–]
Res turbine shaft diameter-based Reynolds number, ∞d U ν/s [–]
Reθ momentum-thickness Reynolds number [–]
St Strouhal number
t time [s]
T turbine thrust force [N]
TI turbulence intensity [%]
U∞ freestream velocity [m/s]
δ shaft-to-turbine diameter ratio [–]
γ intermittency [–]
η shaft-to-turbine rotational speed ratio [–]
θ azimuth angle [°]
λ tip speed ratio [–]
ν kinematic viscosity of air [m2/s]
σ solidity [–]
φ circumferential angle on the cylinder (shaft) [°]
ω specific dissipation rate [1/s]
Ω turbine rotational speed [rad/s]
Ωs shaft rotational speed [rad/s]
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A second validation study for a VAWT using similar computational
settings has been performed and published in [23] where turbine CP

values at different tip speed ratios are compared against experimental
data by Castelli et al. [49]. For brevity, these results and discussions are
not repeated here. Instead, the simulations reported in Section 2.2.4 of
this paper are solely intended to show that the turbulence model em-
ployed in the present study for the prediction of flow over the VAWT,
namely the 3-equation k-ω SST model with intermittency transition
submodel (k-ω SST int.), performs comparably to the already validated
4-equation transition SST model at the same operating conditions while
reducing the calculation cost by solving one less equation. The geo-
metrical and operational characteristics for each set of simulations are
explained in this section.

2.1. Cylinder

2.1.1. Geometrical and operational characteristics
Two sets of validation studies are performed to provide confidence

in the adapted approach for accurate simulation of the flow around
both smooth and rough cylinders. The main geometrical and opera-
tional characteristics of the two studies are described in Table 1. As it
will be discussed in Section 3, the smooth shaft of an urban-scale VAWT
operates in the subcritical regime. Therefore, the validation study on a
smooth cylinder also focuses on this regime. Note that the addition of
surface roughness to the shaft can shift the flow over the turbine shaft
from the subcritical to the critical regime. In the validation study for the
rough cylinder, therefore, different roughness heights with ReD corre-
sponding to the subcritical and critical regimes are employed. As Recrit
decreases with increasing roughness height (see Eq. (1) [52,53]), lower
ReD is selected for the highest roughness height to keep the flow regime
critical. The critical regime is chosen to maximize the similarity be-
tween the validation study on the rough cylinder and the flow regime
over the rough turbine shaft, which is subcritical to critical.

=Re
D

6000
k /

crit
s (1)

2.1.2. Computational domain and grid
The two-dimensional computational domain employed for the si-

mulation of flow around the cylinder (Fig.1a) has the origin at the
cylinder center. The distance from the cylinder center to the domain
inlet and outlet is 10D and 15D, respectively, and the domain width is
20D. A fully structured grid (Fig. 1b and c) is generated where the
maximum y+ over the cylinder is less than 4 and the total number of
cells is approximately 120,000. The boundary layer grid over the cy-
linder is shown in Fig.1d.

2.1.3. Other numerical settings
In the simulations, the mean velocity and turbulent intensity inlet

boundary conditions are uniform profiles according to the measured
data. The approach-flow total turbulence intensity at the domain inlet is
0.6% and 0.7% for the smooth and rough cylinders while the incident
total turbulence intensity is 0.57% and 0.67%, respectively [51,54,55].
Zero static gauge pressure is applied at the outlet plane. A symmetry
condition on the sides and a no-slip condition on the cylinder wall is
employed.

URANS calculations are performed with second-order spatial and
temporal discretization and SIMPLE pressure-velocity coupling using
the commercial flow solver ANSYS/Fluent 16.1 [56]. The calculations
are initialized with steady-state RANS. The time step for the unsteady
calculations is 0.001 s with 20 iterations per time step. Data sampling is
initiated after 6000 time steps (6 s), which is equal to more than 10
flow-through times. The initialization time is found to be sufficient for
the cylinder drag coefficient to reach a statistically steady state for all
the tested cases. The sampled data are then averaged over 4000 time

steps (4 s). Note that the averaging period is selected to correspond to
more than 15 vortex shedding cycles for all the cases [57]. The mod-
eling of turbulence is done using a 3-equation turbulence model, i.e. k-ω
SST with the intermittency transition model (k-ω SST int.) [58]. This
model solves an additional equation for intermittency γ over those of
the popular 2-equation k-ω SST turbulence model to provide a better
prediction of the laminar-to-turbulent transition. Intermittency-based
turbulence models have been shown to perform well for wall-bounded
flows where the development of the boundary layer and the laminar-to-
turbulent transition play an important role in the overall flow char-
acteristics, e.g. flow over airfoils and cylinders [59,60].

In ANSYS/Fluent, for ω-based turbulence models, the surface
roughness is modeled using the modified law-of-the-wall for roughness
developed by Cebeci and Bradshaw [61] based on Nikuradse’s data on
flow in sand-grain roughened pipes [62]. For these turbulence models,
a singularity in the modified law-of-the-wall can occur for large
roughness heights at low values of y+. In order to avoid this issue, the
wall is virtually shifted by half of the height of the roughness elements,
following the work by Schlichting [63], which proposes that for tightly-
packed uniform sand-grain roughness the blockage effect induced in the
boundary layer is equivalent to 50% of the height of the roughness
elements. Therefore, this virtual shift in the wall distance by half the
roughness height results in a corrected value of y+ for the first cell
adjacent to the wall, thus avoiding the singularity. A roughness con-
stant Cs of 0.5 is employed, representing a tightly-packed uniform sand-
grain roughness [56]. Further details on the modeling of roughness can
be found in Schlichting [63].

2.1.4. Validation study: Comparison of CFD results and wind-tunnel
experiments

The results of the present CFD simulations of flow over a smooth
cylinder in the subcritical regime (ReD = 1.4 × 105) are compared
against the experiment by Cantwell and Coles [48] and the URANS
(with the k-ε RNG turbulence model) and LES calculations by Tutar and
Holdø [64]. The results are provided in Table 2. The comparison shows
a very good agreement between the present CFD results and the ex-
perimental data, within 3.3% for both drag coefficient and Strouhal
number. As shown by Palkin et al. [57], the prediction of the laminar-
to-turbulent transition is very important to predict the flow on cylinders
accurately. The intermittency-based turbulence models can, therefore,
be very suitable in this respect. The current study provides a better
prediction of the drag coefficient than the LES study by Tutar and Holdø
[64], whereas the LES study had a slightly lower deviation from the
experiment for the Strouhal number. The former can be related to the
high sensitivity of LES to grid quality, which might result in URANS
outperforming LES on coarser grids [65–67].

Fig. 2 presents the profiles of the time-averaged normalized
streamwise velocity along the symmetry line y/D= 0, in the wake of
the smooth cylinder. A very good agreement between the present CFD
study and the experiment in the prediction of the wake is observed. In
this case, the average absolute deviation is about 0.04.

Results of the simulation of flow over a rough cylinder with dif-
ferent roughness heights (1.1 × 10−3 ≤ ks/D ≤ 30.0 × 10−3) in the
subcritical and critical regime are compared against the experimental
data of Achenbach [40] and Achenbach and Heinecke [41] in Table 3. A

Table 1
Geometrical and operational characteristics of the cylinder validation studies.

Parameter Smooth [48] Rough [40,41]

Cylinder diameter, D [m] 0.104 0.150
Cylinder dimensionless equivalent

sand-grain roughness height, ks/D
– 1.1 × 10−3–30 × 10−3

Inlet velocity, U∞ [m/s] 20 2.85–7.80
Inlet turbulence intensity, TI [%] 0.6 0.7
Reynolds number, ReD 140,000 29,000–80,000
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good agreement is observed for both drag coefficient and Strouhal
number, with a maximum deviation of 9.4% for the drag coefficient and
8.3% for the Strouhal number. Moreover, the trend of drag coefficient
as a function of ks/D is quite well produced. In this case, the drag
coefficient reduces as ks/D increases from 1.1 × 10−3 to 9.0 × 10−3,
and then increases with further increase in ks/D (from 9.0 × 10−3 to
30.0 × 10−3).

2.2. VAWT

2.2.1. Geometrical and operational characteristics
Flow around a two-bladed H-type VAWT with a solidity of 0.12, a

diameter of 1 m, a height of 1 m and a swept area of 1 m2 is simulated.
The turbine blade section is a NACA0018 airfoil with a chord of 0.06 m.
The turbine has a smooth shaft with a diameter of 0.04 m, which is
rotating in the same direction as the turbine with the same rotational
speed, resulting in a shaft-to-turbine diameter ratio δ of 4% and a shaft-
to-turbine rotational speed η of 1, where δ and η are given by Eqs. (2)
and (3), respectively. The turbine operates at a moderate tip speed ratio
of 4.5. The freestream velocity is 9.3 m/s with 5% turbulence intensity,
and the turbine rotational speed is 84 rad/s (800 rpm). The geometrical
and operational characteristics of the turbine are described in Table 4
where the airfoil chord-based Reynolds number Rec is defined using Eq.
(4). It is important to note that Res is almost an order of magnitude
lower than Rec. In practice the experienced streamwise velocity up-
stream of the shaft is lower than the free stream velocity due to the
energy extraction by blades passing on the turbine fore half
(0° ≤ θ ≤ 180°), leading to even lower Res values.

=δ d d/s (2)

=η Ω /Ωs (3)

= +
∞

Re c U ν( (R Ω) )/c
2 2 (4)

2.2.2. Computational domain and grid
The simulations are performed in a two-dimensional domain. Note

that an earlier study by Rezaeiha et al. [51] shows that using two- and
three-dimensional domains leads to a negligible difference (< 1%) in
the calculated turbine performance for the studied operating condi-
tions. The main reason for this is that the low solidity and moderate tip
speed ratio of the turbine minimize the complex 3D flow features as-
sociated with dynamic stall and blade-wake interactions. The compu-
tational domain consists of a rotating core (to facilitate the rotation of

Fig. 1. (a) Schematic of the computational domain; com-
putational grid (b) in the whole domain, (c) near the cy-
linder and (d) the boundary layer grid for simulation of flow
over a smooth cylinder. A similar domain and grid are used
for the rough cylinder.

Table 2
Comparison of present CFD results and experimental results [48] of drag coefficient and Strouhal number for a smooth cylinder in the subcritical regime (ReD = 1.4 × 105).

Parameter Exp. [48] k-ω SST int. LES [64] k-ε RNG [64]

Value Value Deviation from Exp. (%) Value Deviation from Exp. (%) Value Deviation from Exp. (%)

Cd 1.23 1.19 −3.2 1.40 13.8 0.98 −20.3
St 0.179 0.185 3.3 0.184 2.8 0.167 −6.7

Fig. 2. Time-averaged normalized streamwise velocity along symmetry line y/D= 0 in
the wake of a smooth cylinder in the subcritical regime (ReD = 1.4 × 105).
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the turbine), which is connected to the surrounding fixed domain using
a non-conformal interface with sliding grid (Fig. 3). The distances from
the turbine center to the domain inlet and outlet are 10d and 25d, re-
spectively, with a domain width of 20d (blockage ratio 5%). The dia-
meter of the rotating core is 1.5d. The domain size is selected according
to the guidelines for VAWTs identified in an extensive systematic sen-
sitivity study [51].

The computational grid consists of quadrilateral cells, as shown in
Fig. 4, where a boundary layer grid with a maximum y+ below 4 is
employed on the walls. The two-dimensional grid has approximately
400,000 cells. The grid resolution resulted from a grid-convergence
study using 3 grids generated based on an overall linear factor √2 for
coarsening and refining [51]. The results of the gird-convergence study
showed a negligible difference (< 1%) in the turbine power, and thrust
coefficients (CP and CT) obtained on the three grids. The Grid Con-
vergence Index (GCI) [68] was employed on CP to quantify the dis-
cretization error for the coarse-medium grid pair using a safety factor
(Fs) of 1.25, resulting in GCIcoarse = 6.1 × 10−3 (< 1.5% change in CP)
and GCIfine = 3.5 × 10−3 (< 1% change in CP). Therefore, the coarse
grid is selected for the present study. Further details of the grid-con-
vergence study can be found in Ref. [51].

2.2.3. Other numerical settings
The boundary conditions are a uniform constant velocity of 9.3 m/s

at the inlet, zero static gauge pressure at the outlet, symmetry on the
sides and a no-slip condition on the airfoil and shaft walls. The ap-
proach-flow uniform total turbulence intensity at the domain inlet is
5%, while the incident turbulence intensity is 4.42% [51,54,55].

URANS calculations are performed using the commercial CFD soft-
ware package ANSYS/Fluent 16.1 [56]. Both spatial and temporal
discretization is second-order, and pressure-velocity coupling is

performed with the SIMPLE scheme. The solution from the steady RANS
simulation is used for initialization after which 20 revolutions of the
turbine are needed to reach a statistically steady state. Results are
averaged over 10 revolutions where stated. The azimuthal increment
(dθ) utilized for the unsteady simulations is 0.1° with 20 iterations per
time step to ensure all scaled residuals drop below 10−5. The number of
turbine revolutions in the initialization and data sampling phases and
the employed azimuthal increment are selected according to the
minimum requirements identified by Rezaeiha et al. [51,69]. Turbu-
lence is modeled using two intermittency-based models: the 3-equation
k-ω SSTmodel with the intermittency transition submodel (k-ω SST int.)
and, for the validation study only, the 4-equation transition SST turbu-
lence model [58]. Both models are designed to provide a better pre-
diction of the laminar-to-turbulent transition onset for wall-bounded
flows as discussed in Section 2.1.3 [59]. The 4-equation turbulence
model is already extensively validated [23,51] and the 3-equation
model is shown (see Section 2.2.4) to have comparable performance
with lower computational cost due to solving one less equation. The
modeling of surface roughness for the turbine is the same as explained
in Section 2.1.3 for the cylinder.

2.2.4. Validation study: Comparison of CFD results and wind-tunnel
experiments

Table 5 presents the time-averaged (over 10 turbine revolutions)
normalized streamwise and lateral velocity components at different
downstream locations of the turbine (2 ≤ x/R≤ 4; see Fig. 5). The
results obtained by the 3-equation k-ω SST model with the inter-
mittency transition submodel shows a lower average deviation from the
experimental data than those by the transition SST model. The max-
imum average deviations for the streamwise velocity, which occurs at
x/R= 4, are 12.6% and 16.4%, respectively. The turbine shaft Cd

calculated using the 4-equation and 3-equation models in the two-di-
mensional simulations are 1.24 and 1.22, respectively. Zheng and Lei
[60] showed that coupling of the intermittency transition model with
the k-ω SST model improves the prediction of the flow pattern, se-
paration point, drag coefficient and Strouhal number. This could be a
possible explanation for the observed improvement. Despite this im-
provement, the current model does not provide any improvement in the
prediction of the turbine wake asymmetry. A thorough discussion on
the inability of the investigated models to predict this is given in Ref.
[51].

3. Turbine power loss due to the presence of the shaft

3.1. Impact of shaft-to-diameter ratio

Simulations are performed for different shaft-to-diameter ratios (δ)
to quantify the power loss due to the presence of the shaft. The turbine
instantaneous moment coefficient (Cm) versus azimuth for the last
turbine revolution for various δ from 2% to 16%, which are relevant
ratios for urban-scale VAWTs, are compared in Fig. 6a. The results of
the case without shaft is also shown in this figure. For the case with no

Table 3
Comparison of present CFD results and experimental results [40,41] of drag coefficient
and Strouhal number for a rough cylinder in the subcritical and critical regime.

ks/D ReD Recrit Parameter Exp. k-ω SST int.

Value Value Deviation from
Exp.

1.1 × 10−3 79,000 200,000 Cd 1.04 0.99 −4.8%
St – 0.201 –

4.5 × 10−3 80,000 90,000 Cd 0.85 0.93 9.4%
St – 0.212 –

9.0 × 10−3 76,000 65,000 Cd 0.80 0.84 5%
St 0.24 0.22 −8.3%

30.0 × 10−3 29,000 30,000 Cd 1.06 1.01 −4.7%
St 0.243 0.246 1.2%

Table 4
Geometrical and operational characteristics of the VAWT.

Parameter Value

Number of blades, n 2
Diameter, d [m] 1
Height, h [m] 1
Swept area, A [m2] 1
Tip speed ratio, λ = ∞R UΩ / [–] 4.5
Solidity, σ = nc d/ [–] 0.12
Airfoil NACA0018
Airfoil chord, c [m] 0.06
Shaft diameter, ds [m] 0.04
Freestream velocity, U∞ [m/s] 9.3
Turbine rotational speed, Ω [rad/s] 83.8
Shaft rotational speed, Ωs [rad/s] 83.8
Airfoil chord-based Re, Rec 177,000
Shaft diameter-based Re, Res 26,000

Fig. 3. Schematic of the computational domain (not to scale).
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shaft, Cm stays almost constant on the downwind side of the revolution
(225° ≤ θ < 315°). However, the presence of a shaft with δ ≤ 4%
results in a drop in Cm near θ = 270°, as a result of the blade passing
through the wake of the shaft. Note that strong interaction of the blade
with the vortices shed by the shaft is hardly observed in the downwind
quartile. In contrast, for δ > 4%, there is a clear effect of vortex
shedding from the shaft on the Cm curve. In this case, a drop in Cm near
θ = 270° is observed while simultaneously an increase at neighboring
values of θ is found. The change in turbine CP for different values of δ is
shown in Fig. 6b. The turbine power loss (regarding reduction in CP)
due to the presence of the shaft asymptotically increases from 0 to 5.5%
with increasing δ from 0 (no shaft) to 16%.

The decrease in CP with increasing δ can be associated with the
increase in the width of the shaft wake at the downstream location
where the blades pass (x/d = 0.5), as shown in Fig. 7. The increase in
the width of the shaft wake occurs together with the decrease in the
mean streamwise velocity. The time-averaged (over 10 turbine re-
volutions) normalized streamwise velocity at x/d = 0.5, averaged
along the lateral line −0.3 ≤ y/d ≤ 0.3, decreases from 0.44 to 0.40 as
δ increases from 2% to 12%. The asymptotic trend observed for CP (see
Fig. 6b) is because at high δ the complete blade trajectory on the
downwind side intersects the shaft wake and the contribution of this
quartile to the overall turbine performance, therefore, becomes negli-
gible.

Fig. 8 presents contours of dimensionless out-of-plane vorticity
( ∞dω /Uz s ) in the wake of the shaft for different δ. It can be seen that the
strength of the interactions between the blades and the shed vortices

from the shaft increases non-linearly with increasing δ. As δ increases,
the shaft wake interactions with the blade become stronger due to the
larger size of the vortices passing through the blade trajectory, but also
the smaller dimensionless streamwise distance (x/ds) from the shaft to
the blade trajectory. This is consistent with the trend observed for Cm in
Fig.6a. Moreover, Fig. 8 indicates that separation on the leeward side
(y/ds < 0) of the rotating shaft happens later than on the windward
side (y/ds > 0) which is expected for a shaft rotating in counter-
clockwise direction. This delay in separation on the leeward side is due
to the fuller velocity profile in the boundary layer commonly observed
for a downstream moving wall [70].

3.2. Sensitivity analysis: impact of operational and geometrical parameters

A sensitivity analysis is performed for other operational and geo-
metrical conditions to further generalize the turbine power loss due to
the presence of the shaft. The impact of several operational parameters
including inlet turbulence intensity (TI), chord-based Reynolds number
(Rec) and tip speed ratio (λ), and geometrical parameters including
solidity (σ) and number of blades (n) are investigated. Some of the main
parameters of the cases that are investigated are given in Table 6.

The effort is made to investigate the effect of each parameter while
the others are kept constant. Note that λ is normally changed by either
altering Ω or U∞. The former is employed in the current study, which
means that while changing λ (for a given U∞), Rec is also altered.
Similarly, solidity is typically modified by changing the blade chord
length which means that (for a given U∞ and Ω), Rec also changes. The
effect of number of blades is studied at constant blade chord length,
which inevitably changes solidity as well.

Fig. 9a shows the impact of Rec (132 × 103 ≤ Rec ≤ 352 × 103) on
the turbine power loss when the shaft is present (δ = 4%). This range
corresponds to shaft diameter-based Reynolds number
29 × 103 ≤ Res ≤ 76 × 103. Rec is changed by increasing the free-
stream velocity from 6.98 to 18.6 m/s while Ω is kept constant. The
trend shows that by increasing Rec from 132 × 103 to 352 × 103, the
negative effect of the shaft on the turbine performance reduces as |ΔCP|
decreases from 2.5% to 1.6%. The aforementioned operating regime of

Fig. 4. Computational grid: (a) rotating core; (b) airfoil; (c)
airfoil trailing edge; (d) airfoil leading edge.

Table 5
Average deviation of the time-averaged (over 10 turbine revolutions) normalized velocity
from experiment [50].

x/R 2.0 2.5 3.0 3.5 4.0

u/U∞ k-ω SST int. 6.7 7.9 9.2 9.7 12.6
transition SST 8.6 10.0 11.8 12.6 16.4

v/U∞ k-ω SST int. 2.5 2.3 2.5 2.1 2.4
transition SST 2.5 2.3 2.2 2.3 2.9
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the shaft corresponds to the subcritical regime for cylinders [39]. The
studies on cylinders have shown [39,40] that within this regime in-
creasing Re will shift the flow on cylinder towards critical, reduce the
drag coefficient, delay the flow separation and abate the shaft wake
width which eventually will enhance the turbine CP. Further explana-
tions on the effect of delay in separation on the shaft and the im-
provement in turbine aerodynamic performance are provided in Section
4.1.

The impact of inlet turbulence intensity on the turbine power loss

due to the shaft ΔCP (δ = 4%) is shown in Fig. 9b. In this case,
0% ≤ TI ≤ 10%, which corresponds to incident turbulence intensity
[51,54,55] ranging from 0 to 7.9%. It can be seen that changing the
inlet TI from 0 to 10% reduces |ΔCP| from 2.6 to 1.9%. The increase in
TI leads to the promotion of laminar-to-turbulent transition in the
boundary layer on the shaft and consequently delays the separation and
reduces the shaft wake, which benefits the turbine CP (see Section 4.1
for further explanation).

Fig. 9c depicts the impact of tip speed ratio (3.5 ≤ λ ≤ 5.5) on the
turbine power loss due to the shaft ΔCP (δ = 4%). The tip speed ratio is
altered by changing Ω at constant U∞ which inevitably also changes Rec
between 139 × 103 and 214 × 103. Maximum turbine power loss due
to the presence of the shaft occurs at the optimal tip speed ratio where
the maximum CP is generated. This shows that at the tip speed ratio
where the turbine works most optimally the shaft creates the maximum
loss of 2.3%. This value reduces to 1.8% and 1.2% at a tip speed ratio of
3.5 and 5.5, respectively. The smaller |ΔCP| at λ = 5.5, compared to
λ = 3.5, could be associated to higher Rec at this λ.

The impact of solidity (0.09 ≤ σ≤ 0.18) on the turbine power loss
due to the shaft ΔCP (δ= 4%) is illustrated in Fig. 9d. The solidity is
modified by changing the blade chord length from 4.5 cm to 9 cm while
keeping the number of blades constant. This results in Rec varying from
132 × 103 to 264 × 103. The figure shows that increasing the solidity
from 0.09 to 0.18 reduces |ΔCP| from 2.5% to 1.9%. As the solidity
increases, the relative size of the blade chord length to shaft diameter
(and consequently shaft wake) increases. This results in the fact that
when blades pass through the shaft wake, they are to a less extent af-
fected by the shaft wake. Therefore, increasing the solidity and blade
chord length reduce |ΔCP|.

Fig. 10 shows the impact of number of blades on the turbine power
loss due to the shaft ΔCP for a two- and three-bladed turbine with
δ = 4% and 8%. The blade chord length is kept constant. This makes
the solidity change between 0.12 and 0.18. It can be seen that in-
creasing the number of blades has a similar impact as increasing the

Fig. 5. (a) Downstream lateral sampling lines (not to scale); time-averaged (over 10
turbine revolutions) normalized (b) streamwise and (c) lateral velocities along lateral
sampling lines compared against experiment [50].

Fig. 6. (a) Instantaneous moment coefficient and (b) power coefficient and its relative
change with respect to δ= 0 for the last turbine revolution.
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solidity (see Fig. 9d). |ΔCP| reduces from 2.3% and 1.8% for δ= 4 and
from 3.9% to 1.2% for δ= 8%., Increasing the number of blades results
in more energy extraction in the fore half of the turbine, therefore, less
energy can be potentially extracted in the aft half. This already results
in less contribution of this region in the turbine total power production.
As the power loss due to the shaft occurs in the aft half, less con-
tribution of this region leads to a decrease in |ΔCP|. The reduction in
|ΔCP| by increasing number of blades becomes stronger when the power
loss due to the shaft is also higher (δ = 8%).

4. Turbine power improvement

4.1. Impact of shaft surface roughness

4.1.1. Average loading
The variations of CP and CT for the last turbine revolution with di-

mensionless equivalent surface roughness height ks/ds of the shaft are
shown in Fig. 11a. It can be seen that adding roughness can increase CP,
with an optimal increase of 1.7% for ks/ds = 0.08. Since the power loss
due to the presence of the turbine shaft (δ= 4%) is 2.4% (Fig. 6b), no
less than 69% of the power loss due to the presence of the shaft is
regained. Higher ks/ds values will not further improve the performance
of the turbine, as the flow on the cylinder most probably shifts to the
supercritical regime [40]. A similar trend is observed for the thrust
force (Fig. 11a), with an increase in CT of 1.2%.

The time-averaged (over the last turbine revolution) drag and lift
coefficients (Cd and Cl) of the shaft are shown in Fig. 11b. The optimum
power coefficient (Fig. 11a) corresponds to the roughness height in

Fig. 7. (a) Downstream lateral sampling line in the wake of turbine shaft at x/d= 0.5
(not to scale); (b) time-averaged (over 10 turbine revolutions) normalized streamwise
velocity along this line.

Fig. 8. Contours of instantaneous dimensionless out-of-plane vorticity in the wake of the
shaft; the dashed line shows the blade trajectory.
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which the minimum shaft Cd. occurs. This implies that the power im-
provement of the turbine is partly a result of the reduced drag on the
shaft itself. Furthermore, the variations of Cd as a function of ks/ds ty-
pically signals a shift from the subcritical to the critical regime for flow
over cylinders [40]. In other words, increasing the roughness height
will result in a reduction in the critical Reynolds number Recrit and
eventually, for an optimal roughness height, it will equal Res. An

empirical correlation between ks/ds and Recrit was deduced by Buresti
[52] and Fage and Warsap [53] (see Eq. (1)). Based on this correlation,
the identified optimal ks/ds = 0.08 yields Recrit ≈ 21,000, which is very
close to the Res of the shaft provided in Table 4 (Res = 26,000). This
further confirms that the observed reduction in shaft Cd and consequent
turbine power recovery is due to the shift of the flow over the shaft from
subcritical to critical.

Table 6
Some of the main parameters that are studied in the sensitivity analysis. Blade diameter is 1 m for all cases.

Parameter to study n δ [%] σ c [cm] λ U∞ [m/s] Ω [rad/s] Rec (×103) TI [%]

Rec 2 0, 4 0.12 6.0 4.5 6.98 62.77 132 5
9.30 83.70 176
11.62 104.62 220
13.95 125.55 264
18.60 167.40 352

TI 2 0, 4 0.12 6.0 4.5 9.30 83.70 176 0
5
10
20
30

λ 2 0, 4 0.12 6.0 3.5 9.30 65.10 139 5
4.5 83.70 176
5.5 102.30 214

σ 2 0, 4 0.09 4.5 4.5 9.30 83.70 132 5
0.12 6.0 176
0.18 9.3 264

n 2 0, 4, 8 0.12 6.0 4.5 9.30 83.70 176 5
3 0.18

Note: by changing λ and σ, Rec is also altered. Also by changing n, σ is also changed.

Fig. 9. The variations of turbine power loss due to the presence of the shaft for different (a) chord-based Reynolds number, (b) inlet turbulence intensity, (c) tip speed ratio and (d)
solidity. δ = 4% for all cases.
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4.1.2. Instantaneous loading
Fig. 12 compares the instantaneous moment coefficient for the last

turbine revolution versus azimuth of the smooth and rough shaft with
optimal ks/ds = 0.08. It can be observed that for the rough shaft, the
power loss due to its presence is partially regained on the downwind
side in the wake of the shaft (near θ ≈ 270°), which results in the im-
provement of turbine CP. The reason for this is discussed in Section
4.1.4.

To further elaborate on the effect of surface roughness on loads on
the shaft, Fig. 13 compares the instantaneous drag and lift coefficients
on the shaft for the last 10 turbine revolutions for the smooth and rough
shaft. A significant reduction in the average value of Cd and the am-
plitudes of fluctuations of Cl and Cd is apparent for the rough shaft.
Possible explanations will be discussed in Section 4.1.4.

4.1.3. Frequency analysis
The Strouhal number is calculated using Eq. (5), where f is the

frequency of vortex shedding (corresponding to the highest peak in
Fig. 14) and Ux,exp is the streamwise velocity experienced by the shaft,
which is different from the freestream velocity due to the blades passing
upstream of the shaft.

=St
d f

U
s

x,exp (5)

The mean value of Ux,exp = 5.45 m/s, calculated as the average over
the lateral line −2≤ y/ds ≤ 2 located upstream of the shaft at x/
d = −0.3 (x/ds =−7.5), is used for both smooth and rough shafts.
Fig. 14 presents frequency analysis of the time series of lateral velocity
over the last 10 turbine revolutions, corresponding to more than 20
shaft vortex shedding periods sampled in the wake of the shaft at x/
ds = 1 and y/ds = 0.5. A jump in St from 0.19 to 0.23 between the
smooth and rough shafts. This is in line with the results by Achenbach
and Heinecke [41] in which a similar jump in St was observed for
different roughness heights at Recrit and typically signals a shift in the
flow regime over the shaft from subcritical to critical.

4.1.4. Flow field
Vorticity contours with superimposed streamlines for the smooth

and rough shaft are compared in Fig. 15. It can be seen that for the
rough shaft the separation on both upper and lower surfaces of the shaft
is delayed (see Table 7), although the delay is much more significant on
the upper surface where the upstream-moving wall is more prone to
separation. Here, the roughness in the boundary layer is shown to be
more effective in increasing the resistance of the boundary layer to
separation by adding extra momentum and promoting the laminar-to-
turbulent transition. This also reduces the lateral asymmetry in the
separation point locations on the upper and lower shaft surfaces as well
as the shaft wake asymmetry.

In order to further elaborate on the delay in separation for the rough
shaft, the profiles of time-averaged (over 10 turbine revolutions) nor-
malized tangential velocity (Vφ/U∞) on the upper surfaces of the
smooth and rough shafts are compared at circumferential angles
70°≤ φ ≤ 125°, where separation is expected to happen in both cases
(see Fig. 16). It is observed that the boundary layer is still attached for
both shafts at φ= 70° while reverse flow (Vφ/U∞ < 0) is already
present for the smooth shaft at φ= 80°. The separation grows for the
smooth shaft with increasing φ while the flow stays attached up to
φ ≈ 110° for the rough shaft. At this point, reverse flow is also observed
for the rough shaft, and the separation (regarding the radial distance of
the location of zero velocity from the shaft wall) grows up to φ= 125°.
The observed delay in the separation over the rough shaft means that
the amount of separated flow over the shaft has significantly decreased,
which is the reason for the reduction in the amplitude of fluctuations of

Fig. 10. The variations of turbine power loss due to the presence of the shaft for different
number of blades.

Fig. 11. Relative changes in four parameters concerning a smooth shaft for the last tur-
bine revolution versus dimensionless equivalent sand-grain roughness height: (a) turbine
coefficients of power CP and thrust CT; (b) time-averaged (over the last turbine revolu-
tion) drag (Cd) and lift (Cl) coefficients of the shaft.

Fig. 12. Instantaneous moment coefficient for the last turbine revolution.
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instantaneous Cl and Cd shown in Fig. 13.
A comparison of time-averaged (over the last turbine revolution)

distributions of pressure coefficient (CoP) over the smooth and rough
shafts (ks/ds = 0.08) is given in Fig. 17a. It is shown that the pressure
difference between fore (0° ≤ φ < 90° and 270° < φ≤ 360°) and aft
(90° ≤ φ ≤ 270°) halves of the shaft reduces significantly for the rough
shaft, which is consistent with the substantial reduction in Cd observed
in Fig. 13b. The asymmetry in the pressure distribution of both cases is
a result of the counter-clockwise rotation of the shaft. The upper shaft
surface moves against the freestream direction, leading to a lower re-
lative velocity and a higher pressure at φ≈ 90°. The reverse occurs on
the lower surface.

Skin friction coefficients Cf for the smooth and rough shaft (ks/
ds = 0.08) are compared in Fig. 17b. Note that zero-crossings in this

plot can be used to detect flow separation. The comparison further
confirms the delay in separation for the rough shaft on both upper and
lower surfaces. For example, on the upper surface, the zero-crossing for
the smooth shaft happens well before φ= 90° while this occurs beyond
φ = 90° for the rough shaft.

The time-averaged (over 10 turbine revolutions) normalized
streamwise velocity along the symmetry line y/d = 0, downstream of
the shaft for 0.5 < x/ds ≤ 12.5 (0.02 < x/d ≤ 0.5) for the smooth
and rough (ks/ds = 0.08) shafts is shown in Fig. 18. The higher mean
velocity at the location where blades pass (x/d = 0.5) is apparent for
the rough shaft. This is also the case for other lateral positions (not
shown in this figure). The time-averaged (over 10 turbine revolutions)

Fig. 13. Instantaneous (a) lift and (b) drag coefficients for the last 10 turbine revolutions.

Fig. 14. Power spectra of the lateral velocity component (Evv) in the wake of the shaft at
x/ds = 1 and y/ds = 0.5.

Fig. 15. Instantaneous contours of dimensionless out-of-plane vorticity (at the last time
step with blades in most upwind and downwind positions) with superimposed streamlines
near the rotating shaft. ‘S’ denotes the separation points obtained from time-averaged
observations.

Table 7
Separation point locations regarding the circumferential angle φ (see Fig. 1a) for the
smooth and rough shafts, ks/ds = 0.08.

Surface Smooth Rough

Upper 74° 110°
Lower 244° 223°
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normalized streamwise velocity along the lateral line−2 ≤ y/ds ≤ 2 in
different downstream locations 0.5 ≤ x/ds ≤ 12.5 (0.02 ≤ x/d ≤ 0.5)
for the smooth and rough shafts is shown in Fig. 19. The smaller
amount of separation and narrower shaft wake for the rough shaft can

be observed. The recovery in the instantaneous moment coefficient of
the turbine observed in Fig. 12 and the improvement in turbine CP

shown in Fig. 11a for the rough shaft are a direct result of these ob-
servations. In addition, the reduction in the shaft wake width results in
a smaller length scale of vortical structures in the wake of the shaft with
a higher vortex shedding frequency f. This explains the observed in-
crease in St for the rough shaft shown in Fig. 14.

4.2. Impact of shaft-to-turbine rotational speed ratio

The impact of the shaft-to-turbine rotational speed ratio η, given by
Eq. (3), on the performance of the turbine for a rough shaft with the
optimal roughness height identified in Section 4.1 (ks/ds = 0.08) is
studied for η ranging from 0 to 1. This is important as it can determine
to which extent results obtained in Section 4.1 (for η = 1) depend on η.
Note that the value of η = 0 corresponds to a stationary shaft while
η = 1means that the shaft is rotating at the same speed and direction as
the turbine. Fig. 20 shows a negligible difference on Cm and CP

(< 0.2%) within the studied range. Therefore, the identified aero-
dynamic performance of the turbine in Section 4.1 is not significantly
affected by η.

5. Conclusions

URANS calculations are performed to study the effect of the shaft on
the aerodynamic performance of urban-scale VAWTs. Turbulence is
modeled using the 3-equation k-ω SST model with the intermittency
transition submodel. The evaluations are based on two sets of valida-
tion studies for VAWTs. Furthermore, as the focus of the paper is on the
effect of the shaft on turbine performance, separate validation studies
are performed for flow over smooth and rough cylinders. Investigated
parameters are the shaft-to-turbine diameter ratio δ, the dimensionless
shaft surface roughness ks/ds and the shaft-to-turbine rotational speed
ratio η. In addition, the impact of several operational and geometrical
parameters on the turbine power loss due to the presence of the shaft is
investigated. The following conclusions can be drawn:

• The power loss of the turbine regarding reduction in CP increases
asymptotically from 0 to 5.5%for δ from 0 to 16%. This is due to the
larger low-velocity wake region behind the shaft, where the blades
pass through on the downwind side of the turbine. For large values
of δ (> 4%), the interaction between the vortices shed from the
shaft, and the blades significantly increases.

• Increasing chord-based Reynolds number, inlet turbulence intensity,
solidity and number of blades are found to decrease the turbine

Fig. 16. Time-averaged (over 10 turbine revolutions) normalized tangential velocity
profiles in the boundary layer for the smooth and rough shafts, ks/ds = 0.08. The black
dashed lines perpendicular to the shaft schematic in the inset indicate the locations where
data are plotted.

Fig. 17. Time-averaged (over 10 turbine revolutions) (a) pressure coefficient and (b) skin
friction coefficient for the smooth and rough (ks/ds = 0.08) shafts.

Fig. 18. Time-averaged (over 10 turbine revolutions) normalized streamwise velocity
along the symmetry line y/d= 0, downstream of the smooth and rough (ks/ds = 0.08)
shafts.
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power loss due to the presence of the shaft |ΔCP|. The minimum
|ΔCP| occurs at the optimum tip speed ratio, where CP is maximum.

• The rotating shaft for an urban-scale VAWT operates in the sub-
critical regime with a Res which is one order of magnitude lower
than that of the blade. This results in a high drag coefficient Cd for
the shaft.

The addition of surface roughness is systematically investigated.
The following conclusions are made:

• The flow over the shaft is shifted from subcritical to critical. Several
parameters are employed to establish that this change in flow re-
gime occurs between the smooth shaft and the rough shaft (with
optimal roughness height ks/ds = 0.08):
a. A delay in separation point over both the upper (from φ= 74° to

110°) and lower (from φ= 223° to 244°) surfaces of the turbine
shaft and a consequent notable reduction in the shaft wake width;

b. A jump in Strouhal number from 0.19 to 0.23;
c. A significant reduction in average shaft drag.

• Because of the shift from subcritical to critical, the separation on the
shaft is delayed and, as a result, the shaft wake width decreases and
a larger mean velocity is present at the downstream turbine blades’
trajectory. This means that the blades pass through a smaller wake
region with higher mean velocity and consequently turbine perfor-
mance is improved.

• An optimal shaft surface equivalent sand-grain roughness height of
ks/ds = 0.08 is found to improve the turbine CP by over 1.7%,
leading to a 69% recovery of the power loss due to the presence of
the shaft (δ= 4%).

• Within the range of parameters studied, the impact of the shaft-to-
turbine rotational speed ratio (η) on the performance of the turbine
is negligible.

It should be noted that the focus of the current study is to quantify

Fig. 19. (a) Downstream lateral sampling lines in
the wake of the turbine shaft; (b) time-averaged
(over 10 turbine revolutions) normalized stream-
wise velocity along these lines for the smooth and
rough (ks/ds = 0.08) shafts.

Fig. 20. (a) Instantaneous moment coefficient and (b) relative change of CP concerning
η = 1 for the last turbine revolution with different η.
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the turbine power loss associated with the shaft for an urban-scale
VAWT and to show that employment of an optimal roughness height
can significantly recover the identified power loss and improve turbine
performance. From a practical point of view, adding roughness to the
shaft is a simple and inexpensive method. Therefore, investigation of
the performance of the turbine with a rough shaft at other tip speed
ratios, solidities and blade shapes can be very intriguing for future re-
search. Furthermore, three-dimensional CFD calculations and the ap-
plication of more advanced hybrid RANS-LES methods can provide
further details of the 3D and unsteady nature of the interactions be-
tween the vortices shed by the shaft and the blades passing down-
stream.
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