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Abstract: This study presents a detailed three-dimensional (3D) numerical analysis of Vertical
Axis Wind Turbines (VAWTS) to investigate aecrodynamic performance and 3D flow effects.
Building upon a validated two-dimensional (2D) model, the 3D computational domain leverages
symmetry boundary conditions to reduce computational costs, modelling only half of the rotor
blades. The 3D domain's dimensions and grid resolutions are in alignment with previous 2D
studies, with modifications for span-wise and blade tip regions. A hybrid turbulence model, SBES
with Transition SST, is employed, yielding moment coefficient predictions within an acceptable
discrepancy range compared to experimental data. Grid independence is established via
systematic grid refinement in span-wise and far-field sub-domains, ensuring accurate
representation of 3D flow characteristics. Results highlight significant deviations in aerodynamic
performance along span-wise positions, particularly at azimuthal ranges of 45°-150° and 210°-
270° respectively, attributed to dynamic stall, vortex interactions, and blade tip effects. While the
3D CFD model underpredicts power coefficients compared to experimental data, it captures three-
dimensional flow phenomena absent in 2D simulations. Contour plots of span-wise vorticity
reveal consistent blade tip vortex formation and dissipation across azimuthal positions,
underscoring the reduced acrodynamic impact beyond the tip. The study confirms the need for
refined turbulence models and additional experimental validation to enhance 3D VAWT
performance prediction.

Keywords: blade tip effect; blade tip vortex; computational fluid dynamics; dynamic stall;
three-dimensional flows; vertical axis wind turbines

1. Introduction

Computational Fluid Dynamics (CFD) has become the
predominant analytical tool in recent investigations of
Vertical Axis Wind Turbines (VAWTSs), owing to the
inherently complex aerodynamic phenomena that are
challenging to characterize through experimental
approaches alone . VAWTs are subject to dynamic stall,
vortex shedding, wake interactions, and blade tip effects,
all of which exert a significant influence on their
aerodynamic performance and efficiency >*. Experimental
characterisation of these phenomena is further constrained

by the limitations of wind tunnel and field testing,
including high costs and difficulties in resolving intricate
flow structures ¥. By contrast, CFD enables
comprehensive exploration of blade and wake flow
dynamics under controlled conditions, while also
facilitating systematic assessment of design variables such
as blade geometry ), aspect ratio ®, and operating
conditions 7, thereby supporting the optimisation of
VAWT performance ¥.

CFD studies of VAWTs are commonly performed using
either two-dimensional (2D) or three-dimensional (3D)
approaches. In recent years, 2D CFD has gained popularity
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as a computationally efficient method for analysing
VAWT performance, offering valuable insights into wake
development, flow separation, and dynamic stall >!" while
enabling rapid design iterations '2. Such models, typically
based on mid-plane cross sections, are particularly useful
in early-stage optimisation of blade profiles '3, chord-to-
radius ratios '¥, and tip-speed ratio (7SRs) '>. However,
the simplification inherent in 2D modelling neglects key
three-dimensional effects, such as tip vortices, span-wise
flow, and turbine end effects, that strongly influence real-
world performance '®. Studies have shown that 3D
simulations often predict lower power coefficients (Cp,)
than 2D models, especially at high 7SRs where wake
interactions dominate '7'®. Moreover, the assumption of
infinite blade height and the limited representation of
dynamic stall recovery !*29 can lead to overestimations of
aerodynamic forces and reduced accuracy under turbulent
or gusty conditions 21?2,

Recent advancements in CFD have enabled detailed
investigations of 3D VAWT models, providing deeper
insight into aerodynamic behaviour. Unlike two-
dimensional approaches, 3D simulations capture span-
wise cross flow and unsteady aerodynamics 2*29, allowing
more accurate performance prediction under realistic
conditions 2. They also facilitate systematic analysis of
design parameters such as rotor spacing 2%, pitch control
29, and blade geometry *%. To address the unsteady flow
structures  characteristic of VAWTSs, high-fidelity
turbulence models including Large Eddy Simulation
(LES) 3% and hybrid Reynolds-Averaged Navier—Stokes
(RANS)-LES 3, together with adaptive mesh refinement
3435 have been increasingly adopted. Key findings
highlight the significant role of tip vortices, which
contribute to energy losses % but can be mitigated
through advanced blade designs such as winglets **. Wake
dynamics also emerge as critical, particularly in wind farm
arrays where staggered or counter-rotating configurations
may enhance energy capture through constructive
interference “?. Nevertheless, the high computational
demands of 3D CFD limit its application in parametric or
optimisation studies, while persistent discrepancies with
experimental data underscore the need for improved
turbulence models and boundary conditions tailored to
VAWTs.

This study investigates blade tip effects on VAWT
performance through a 3D CFD analysis of a three-
straight-bladed model, extending a previously validated
2D approach *4?. To reduce computational cost, only the
upper half of the rotor was modelled using symmetry
boundary conditions 4, with the domain divided into
control, rotating, and far-field regions and meshed via
CutCell techniques. A turbulence model sensitivity
analysis identified the Stress-Blended Eddy Simulation
(SBES) with Transition Shear Stress Transport (TSST) as
the most reliable for predicting power coefficients.

Simulations were performed at medium 7SRs, where
VAWTs typically achieve optimal -efficiency. The
objectives are (1) to compare 3D performance with
experimental and 2D results and (2) to examine span-wise
variations in aerodynamic behaviour and flow structures.
The results reveal the influence of 3D flow effects,
particularly tip vortex formation and regions of
aerodynamic inefficiency, providing a foundation for
future VAWT design optimisation and sustainable energy
applications.

2. Model description

In this 3D simulation study, experimental data from
Castelli, Englaro, and Benini *¥ and validated 2D results
4142) were compared with the present simulations. To
improve efficiency, symmetry boundary conditions were
applied at the rotor mid-span, allowing only the upper
portion of the VAWT to be modelled, as recommended by
Howell et al. . The VAWT model is presented in Figure
la, while the computational domain and boundary
specifications, including inlet, outlet, and symmetry planes,
are shown in Figure 1b. The domain dimensions replicate
those of the earlier 2D study **?, with a height equivalent
to approximately 11 times the rotor height (or roughly 31
rotor radius) following Elsakka %, ensuring accurate
representation of the flow field.

The boundary conditions and meshing parameters for the
3D model align with those previously validated in the 2D
domain #'#?, The 3D domain is divided into three primary
regions, mirroring the 2D configuration (see Figure 2a): a
surrounding far-field zone, a rotating region around the
turbine, and a control zone encompassing each blade. A
non-conformal "fluid-to-fluid" interface connects the
rotating and far-field domains. Internal surfaces define the
boundaries between the control and rotating zones to
ensure smooth fluid flow. As shown in Figure 2b, the
height of the rotating sub-domain extends by one chord
length (0.0858 m) above the blade tip, accommodating tip
vortex development. Prior studies with similar Reynolds
numbers suggest that vortices extend approximately 0.04
m beyond the blade tip for a chord of 0.06 m *®, validating
this extension.

In this study, ANSYS Fluent v19 was employed for the
CFD simulations, as it offers extensive physical modelling
capabilities encompassing fluid flow, turbulence, heat
transfer, and chemical reactions, together with a broad
selection of turbulence models and a comparatively
straightforward  implementation  framework.  For
turbulence modelling, the SBES approach coupled with the
TSST model was adopted, based on its reliable
performance in the 2D analysis *4?, particularly in
accurately predicting C,.

The SBES formulation combines the RANS and LES
methodologies through a blending function (see Egs. 1 and
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Fig. 1: 3D computational model

2):
Tfﬁgs = fSBEsffﬁllys +(1- fSBEs)TiLf,i (1)
VP = foppsuf™S + (1 = foppsIve™s (2)

where 7; and v, are turbulence stress tensor and turbulent

kinematic viscosity, respectively. Tfﬁ,’c\’s and vRANS are
the contribution from the TSST model. Tffi and vfES

are the sub-grid scale turbulence stress tensor and turbulent
kinematic viscosity, respectively, used in LES. fspps isa
blending function ensuring a smooth transition between
the RANS and LES regions. RANS is applied in the near-
wall region, while LES is activated in the separated flow
and wake regions, enabling improved resolution of
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Fig. 2: Detail of the 3D computational domain and its sub-
domains (the drawing is not scaled)

unsteady vortex structures.

To capture laminar-to-turbulent transition effects, the
Transition SST model introduces two additional transport
equations (see Egs. 3 and 4) for intermittency (y) and the
transition onset momentum-thickness Reynolds number
(Rear):

apy) | 3puyy) _ o, a3 ay
ac T ax; =h Ey+axj (l‘+‘7fﬂt)axj (3)

d(pReg,) | 0(pUjReqe) _ 0 OReqt
2t T ax; Py + ox; (u + ogue) ox; 4)
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Fig. 3: Instantaneous moment coefficient (Cwi) over the
first 12 revolutions/cycles

where p is the fluid density (kg/m®), U is the fluid velocity
(m/s), u is the dynamic viscocity (Pa.s), u; is the
turbulence dynamic viscosity (Pa.s), of is the diffusion
coefficient for the intermittency equation, and oy is the
diffusion coefficient for the transition-onset momentum-
thickness Reynolds number. P, and E, represent the
production and destruction of intermittency, respectively,
while Py, is the source term for transition onset. These
additional equations regulate turbulence production in
separated shear layers, allowing accurate prediction of
separation-induced transition. By coupling SBES with the
Transition SST model, this framework balances
computational cost and accuracy, enabling precise
resolution of critical unsteady flow features such as
dynamic stall, vortex shedding, tip vortex formation, and
span-wise flow variations, which strongly influence
VAWT aerodynamic performance.

Given the high computational load, the 3D simulation
was performed only at the optimal TSR of 2.64,
corresponding to the baseline turbine configuration. In line
with Castelli et al. *¥, time-averaged moment coefficient
(Cm-ave) data were collected only after convergence,
defined as a fluctuation of less than 1% over a single
turbine revolution. This condition was met after 10 full
rotations, as shown in Figure 3, with data acquisition
beginning from the 11th cycle onward.

3. Grid discretisation

The mesh design for the 3D model reused the grid topology
validated in the 2D study for both the rotating and control
regions, featuring 174 elements around each blade cross-
section. To ensure accurate boundary-layer resolution, the
non-dimensional wall distance (y*) value was maintained
at approximately 1 around the blade surface. Span-wise, 40
elements were used to resolve half the blade height, with
the height extension of the rotating zone subdivided into
10 elements. Mesh refinement near the blade tip is
illustrated in Figure 4.

To manage computational demand, a different meshing
strategy was applied in the far-field region of the 3D model

compared to the 2D version. Larger elements were used
where feasible, while fine meshing was maintained near
the rotor and wake regions to preserve result accuracy. The
far-field was meshed using the CutCell method *7, which
constructs predominantly hexahedral grids arranged in a
Cartesian layout. This technique provides a balanced grid
growth rate and avoids excessive element skewness,
thereby improving computational performance.

As depicted in Figure 5, the CutCell strategy enabled a
more efficient and adaptable grid distribution compared to
structured meshes, significantly reducing the total number
of elements in the far-field region. Structured meshes are
advantageous for capturing fine details near blade
surfaces; however, the hybrid approach employed in this
study achieves a balance between computational efficiency
and detail accuracy.

4. Grid independence analysis

To ensure spatial resolution was adequate in all directions,
the grid independence of the streamwise and transverse
directions (x and y) relied on configurations already
verified in earlier 2D work **?. For the span-wise
direction (z), additional tests were conducted with 35, 40,
and 45 elements along the blade height, maintaining 10
elements in the extended rotor zone. Figure 6a shows that
the distribution of instantaneous moment coefficients
(Cmi) was largely unaffected by this variation. The
difference in Cm-ave between the 35- and 40-element
setups was 7.28%, while the variation between 40 and 45
elements dropped to 1.48%. Accordingly, 40 elements
were applied along the blade span and 10 elements within
the extended rotor zone, yielding a total of 50 span-wise
elements for the subsequent simulations.

To validate grid independence in the far-field region, three
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Fig. 4: Clustered grid around the tip of the blade
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Fig. 6: C,,,; comparison of the 3D model with (a)

different number of elements along the span-wise direction
and (b) various grids

mesh densities were assessed. The baseline grid consisted
of 5,598,471 elements, while two denser versions were
generated by increasing element counts by approximately

Table 1: The number of elements for each grid and its averaged
moment coefficient prediction

Grid Grid density Cin—ave %
ratio (relative difference in

to the baseline) Con—ave
Baseline 1 0.11124 -
5.6 M
Refined ~1.3 0.10876  2.23
73 M
Most refined ~1.66 0.10700 2.91
9.3M

30% and 66%, respectively (see Table 1). The number of
elements in the blade cross-section (174), blade span-wise
direction (40), and height extension (10) remained constant
to isolate the effects of far-field mesh refinement. Figure
6b presents the results of this sensitivity test using the
SBES with the Transition SST model. The simulations
showed limited sensitivity to grid refinement, with the
most refined mesh differing from the baseline by only
2.91% in Cm-ave values (see Table 1). Thus, the baseline
configuration was deemed sufficient for the remainder of
the study.

5. 3D simulation results

5.1. Validation of averaged power coefficient
(Cp-ave)

Table 2 compares Cp-ave from experimental studies
2D CFD simulations #424449_and the present 3D CFD
results evaluated at several span-wise positions along the
rotor blade (see Figure 7). To quantify the deviation, the
difference was evaluated using Eq. 5.

44,48)
b

ACp—ave

%dif ference = x 100% )

Cp—ave,experiment

where AC,_gy. denotes the difference between the Cp.ave
values obtained from experimental and simulation data.
At the rotor’s mid-span, the 3D simulation tends to
underestimate the Cp.qve relative to experimental findings,
while the 2D model slightly overestimates it. Notably, the
2D predictions closely follow prior findings “*?. This
discrepancy arises because the 3D model captures complex
three-dimensional flow effects, which the 2D approach
cannot. The deviation of 0.47% in the 2D SBES-TSST
model suggests high accuracy for planar flows.

At mid-span, the 3D SBES-TSST model underestimates
Cp-ave by approximately 7.48% when benchmarked against
experimental data. This discrepancy grows toward the
blade tip, peaking at 17.52%. A similar trend was noted in
Elsakka’s research *®, where deviations increased with
radial distance due to a lower aspect ratio turbine that
amplified tip loss effects (see Table 3). Across all span-
wise positions, the average underestimation by the 3D
model is about 13.13%.
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Fig. 7: Illustration depicting the significant span-wise
locations within the rotating sub-domain, where H,o¢or
denotes the turbine's height

may stem from the hybrid turbulence model's limitations.

While accurate in 2D cases ¥, hybrid RANS-LES
approaches, such as SBES, may exaggerate pressure loss
and flow separation in complex turbulent regimes, leading
to diminished moment coefficients in 3D. This suggests a
need for improved turbulence modelling in three-
dimensional simulations.

To improve accuracy, simulations using the standard SST
turbulence model were conducted. While the 2D SST
model shows a 13.78% discrepancy at a TSR of 2.64, its
3D application significantly reduces the deviation to only
1.17%, demonstrating its potential for enhanced accuracy.
Nonetheless, SST still faces challenges in capturing
phenomena like dynamic stall, trailing-edge vortex roll-up,
and secondary vortex generation, indicating the need for
more experimental validation. Despite the SBES-TSST
model's 13.13% average deviation, its performance falls
within the 9-16% range reported in similar 3D VAWT
studies using hybrid turbulence models 3%V, The
experimental C, values reported by Castelli et al. ¥, based
on averaged torque data, support the reliability of the
comparison.

Table 2: Comparison between experimental power coefficient data *® and the predicted average power coefficients from 2D and 3D

models
Case Turbulence Span-wise location Cp-ave %difference from %difference
Model experiment from mid-span
Experimental data 4+4%) - - 0.31741 - -
Castelli, Englaro and Benini RKE Mid-span 0.56937 79.37765 -
4 (2D CFD)
Wang et al. ¥ (2D CFD) RKE Mid-span 0.30364 4.34027 -
SST Mid-span 0.37407 17.85093 -
Present study (2D CFD) RKE Mid-span 0.37133 16.98658 -
SST Mid-span 0.36114 13.77542 -
SBES with Mid-span 0.31892 0.47425 -
TSST
Present study (3D CFD) SBES with Mid-span 0.29368 7.47721 -
TSST 2= 1/32 Hyoior 0.29039 8.51446 112107
z=1/16 Hrotor 0.28737 9.46516 2.14861
z=1/8 Hotor 0.28203 11.14694 3.96630
z=15/32 Hrotor 0.27966 11.89430 4.77406
z=3/16 Hrotor 0.27746 12.58823 5.52406
z=1/4 Hrotor 0.27349 13.83716 6.87393
z=9/32 Hotor 0.27170 14.40114 7.48349
z=15/16 Hrotor 0.27002 14.92985 8.05492
z=3/8 Hotor 0.26696 15.89387 9.09685
z=13/32 Hyotor 0.26557 16.33453 9.57312
z="1/16 Hrotor 0.26424 16.75070 10.02292
Blade tip 0.26181 17.51727 10.85144
Averaged 3D 0.27572 13.13468 6.11467
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Table 3: Comparison of the predicted average moment coefficients between Elsakka **) and the present study at various span-wise
locations along the blade

Case r(m)  Hirotor (M) Aspect Turbulence Span-wise Cm-ave %
Ratio Model location Difference
from Mid-
span
Elsakka *  0.850 1.2000 1.41176 SST Mid-span 0.09400 -
z = 3/8 Hrotor 0.07300 22.34043
z=13/32 Hyotor 0.06600 29.78723
TSST Mid-span 0.09100 -
z = 3/8 Hiotor 0.05600 38.46154
z=13/32 Hyotor 0.05100 43.95604
Present 0.515 1.4564 2.82796 SBES with Mid-span 0.11124 -
study TSST 7= 3/8 Hrotor 0.10112 9.09685
z=13/32 Hyotor 0.10059 9.57312

5.2. Span-wise blade aerodynamics

Figure 8 illustrates the C,,; of blade 1 over a full rotation
at various span-wise positions. Significant variation is
observed within the azimuthal ranges 8 = 45°-150° and
6 =210°-270°, with minimal deviation elsewhere. These
fluctuations are attributed to unsteady aerodynamic
behaviour: during 8 = 45°-150°, the blade experiences
varying angles of attack, resulting in flow separation and
potential dynamic stall 3?. Conversely, from 8 = 210°—
270°, the blade encounters vortices shed from upstream
blades 2, amplifying aerodynamic loads, particularly near

O
-

blade tip

2= 8 Hrotor |—

Ferdcr =

2= {Hooror |-

1
=g Hogor |-

mid-span (2= half H .,,)
(a)

e 7 =1 /8 HrOtOT
z =3/8 Hrotor

Mid-span
- - - - z=1/4 Hrotor

o)
(b)
Fig. 8: (a) Diagram illustrating significant span-wise
locations inside the rotating sub-domain and (b) C,,; of

blade 1 at various locations along the span-wise direction
of the blade

the blade tip. Figure 9 displays z-vorticity contours across
several key azimuthal angles during the blade's rotation.
Outside the highlighted azimuthal ranges, vortex shedding
is weak and uniform along the span-wise direction, as
shown in Figure 10b. Near the blade tip, vortex formation
is minimal and dissipates rapidly within approximately
0.005

Hrotor from the tip. These results suggest limited influence
of tip vortices outside the critical azimuthal zones.

During the 6 = 45°-150° range, enhanced trailing-edge
vortex-shedding and dynamic stall are evident, especially
in Figure 9b and Figure 9c. At 8 = 135° the blade
develops pronounced trailing-edge roll-up vortices that
merge with tip vortices beyond the mid-span. For instance,
a detached vortex at z = 91/200 H,,:o, travels outward
and merges with a developing tip vortex at z = 47/100
H,otor eventually stabilising around z = 19/40 H,,or -
This vortex structure at 8 = 135° is notably stronger than
thatat 6 =30°.
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(c) 8 =135°

(d) 6 =210°
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(e) 8 =240°

(f) 6 =345°

Fig. 9: Comparison of contour plots of z-vorticity at important azimuthal positions
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Similarly, during 8 =210°-270°, the blade interacts with
upstream shed vortices, as illustrated in Figure 9d and
Figure. At 0 = 240°, a trailing-edge vortex forms and
merges with these shed vortices near the blade tip. A
secondary vortex appears at z 12/25 Hyptor and
coalesces with the primary trailing-edge vortex,
culminating in a strong tip vortex near z =49/100 H,,¢or-
Figure 10c, Figure 11c, and Figure 12¢ confirm consistent
dissipation patterns of blade tip vortices beyond the tip
region. Regardless of the azimuthal position, the flow
behaviour post-tip remains largely similar, suggesting a
predictable aerodynamic pattern outside the blade’s
physical extent.

6. Conclusion

This study presents a detailed 3D CFD simulation of a
VAWT using validated methodologies and advanced
discretisation techniques. The model builds upon a
previously validated 2D model 4, integrating
comprehensive boundary conditions and symmetry
considerations to enhance computational efficiency. Key
insights from the study include:

The study effectively utilises symmetry boundary
conditions, reducing computational costs by modelling
only half of the rotor blades. This approach aligns with

©

Fig. 12: Comparison of contour plots of z-vorticity (6 = 240°) at significant span-wise locations: (a) illustration of key span-wise
places within the rotating sub-domain, (b) along the blade's midpoint, and (c) from the blade tip to the end point of the rotating

zone

recommendations from previous research *), ensuring
accurate flow simulations while minimising computational
effort.

The grid discretisation strategy adopted from the validated
2D model maintains independence in the streamwise x and
transverse y directions, while a detailed grid independence
study in the span-wise direction confirms that 40 elements
along the half of blade height are sufficient for accurate
predictions. Additionally, varying the far-field sub-domain
discretisation through CutCell meshing optimises
computational efficiency while preserving grid quality
near critical regions like the blade tip.

The selection of the SBES with Transition SST turbulence
model for the 3D simulations is justified by its capability
to minimise discrepancies in prediction compared to other
turbulence models. However, the study acknowledges the
limitations of SBES in accurately capturing dynamic stall
and secondary vortex behaviours, leading to a 13.13%
average discrepancy in the moment coefficient.
Comparatively, the standard SST turbulence model shows
improved accuracy with a discrepancy of only 1.17% in
3D simulations, highlighting its potential for enhanced
accuracy in future studies.

The analysis of blade aerodynamics reveals significant
span-wise variations in the instantaneous moment
coefficient, particularly near the blade tip and during
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specific azimuthal ranges (45°-150°, 210°-270°). Vorticity
contour plots demonstrate distinct vortex behaviours, with
pronounced blade tip vortices and trailing-edge vortex
interactions contributing to complex flow dynamics. These
observations underline the importance of considering
span-wise variations in aerodynamic analyses for VAWTs,
especially when assessing dynamic stall and vortex
interactions.

The 3D model under-predicts the averaged power
coefficient compared to experimental data, especially at
the blade tip and mid-span regions. Despite this, the
discrepancies are consistent with prior studies using
similar hybrid RANS-LES models 3. This reinforces
the need for continued refinement of turbulence models
and experimental validation to improve the accuracy of 3D
VAWT simulations.

Overall, the study contributes to the understanding of 3D
flow dynamics in VAWTs and highlights the necessity for
advanced turbulence modelling and computational
approaches to accurately capture complex flow
interactions, particularly near the blade tips and during
unsteady aerodynamic conditions. Based on the insights
gained from the 3D study, future work should focus on
refining the turbulence modelling to improve accuracy in
simulating three-dimensional flow effects, especially near
the blade tip where deviations are more pronounced.
Additionally, extending the analysis to include a broader
range of rotor configurations and operating conditions
would enhance the wunderstanding of aerodynamic
performance. Lastly, enhancing computational efficiency
through adaptive meshing techniques and incorporating
higher-resolution simulations could be pursued to refine
the fidelity of results in the far-field and wake regions.
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Nomenclature
c chord length (m)
Cm moment coefficient
Con_ave averaged moment coefficient
Cni instantaneous moment coefficient
Cp power coefficient
Co—ave averaged power coefficient
E, destruction of intermittency in TSTT turbulence
fspEs model
blending function used in the Stress-Blended
Eddy Simulation model
Hyotor rotor’s height (m)
i,j, k index notation corresponding to x, y, z
Pyt source term for transition onset in TSTT
B, turbulence model
T production of intermittency in TSTT turbulence
Reg, model
rotor radius (m)
transition onset momentum-thickness Reynolds
number
TSR tip speed ratio
U velocity (m/s)
X,V,Z the principal Cartesian directions
y* non-dimensional wall distance
Greek symbols
p fluid density (kg/m?)
0 azimuthal position (°)
o diffusion coefficient for the intermittency
oy equation
Tijk diffusion coefficient for the transition-onset
" momentum-thickness Reynolds number
e turbulence stress tensors (N/m?)
U dynamic viscosity (Pa.s)
¥ turbulence dynamic viscosity (Pa.s)
turbulence kinematic viscosity (m?/s)
intermittency
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