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Abstract. The ow around wind turbine towers usually reaches very high Reynolds numbers
greater than a million. Understanding the ow around the towers under these conditions is
crucial, as it may lead to vibrations due to the vortices formed. Investigating aerodynamic
characteristics at such high Reynolds numbers, both numerically and experimentally, is
challenging.  The current study validates such an experimental study, where a rough
surface is employed to increase the e ective Reynolds numbers and accelerate the laminar-
turbulent transition in the boundary layer. Unsteady Reynolds-Averaged Navier-Stokes (RANS)
simulations are carried out using OpenFOAM for a Reynolds number range of 1:36 10° to 6:8 10°.
The constant (a;) used to calculate the eddy viscosity is varied to simulate the ow separation
during adverse pressure gradients. A force partitioning method is implemented in OpenFOAM
and various force contributions are analysed for this Reynolds number range. It is seen that the
RANS simulations overpredict the aerodynamic characteristics and the extent of ow separation
unless the value of a; is varied as a function of the Reynolds number. Furthermore, it is observed
that the only force contributor is the vorticity-induced force, as the simulations are performed
for a xed cylinder.

1. Introduction

In recent times, the size of wind turbines has increased to reduce the cost of energy per wind
turbine. Even though there is a greater advantage in e cient energy production, additional
care must be taken during the installation of the turbines. Larger wind turbines lead to taller
wind turbine towers. These are prone to aerodynamic instabilities when they stand upright
without the rotor-nacelle assembly, especially when standing upright at the quay-side, during
transportation on a vessel, or while on the foundation during installation. Vortex-induced
vibrations (VIV) are one such phenomenon that potentially leads to structural fatigue of the
tower.

As the turbine towers are large structures, the Reynolds number reaches trans-critical regimes
(Re > 3.5-10°) at usual wind speeds. In this condition, the ow transitions from laminar to
turbulent already in the boundary layer before separation, as studied by Roshko [1]. Previous
studies also show that vortex shedding reappears in the trans-critical ow regime as seen in the
sub-critical Reynolds numbers ranges [2]. However, investigating the aerodynamic characteristics
at such high Reynolds number ows is often challenging due to the di culty in setting up
numerical simulations or experiments and resource availability. Nevertheless, it is observed in
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other studies that surface roughness can be used to accelerate the laminar-turbulent transition in
the boundary layer [3; 4] and, hence, may be used to mimick high Reynolds number phenomena
at a considerably lower Reynolds number. As observed in the detailed study of van Hinsberg
[5], the ‘drag crisis’ is seen at a lower Reynolds number for the rough cylinder. Furthermore,
the minimum drag coe cient after the critical ow state is higher for rough cylinders than that
observed for smooth circular cylinders, which is similar to the ndings from Belloli et al. [2].

In addition to experimental studies, several numerical investigations on ow over rough
cylinders were carried out. Most of the previous works concentrated on Reynolds-Averaged
Navier-Stokes (RANS) simulations for subcritical Reynolds numbers [6; 7]. Fuzaro Rafael et
al. [8] proposed mathematical models to accurately predict the laminar-turbulent transition,
which is challenging, especially at high adverse pressure gradients (APG) as seen for ows
over cylinders or thick airfoils. Gutierrez et al. [9] conducted an extensive study on predicting

ow separation over thick airfoils with leading-edge roughness. As can be seen in the study, a
correction in the calculation of eddy viscosity 1t is employed as often turbulent shear stresses are
overpredicted near the airfoil. Mendez at al. [10] performed similar studies to analyse ow over
airfoils with leading-edge roughness using various roughness models like the Hellsten and Laine
model [11], and the model by Knopp et al. [12]. These models are well-suited for predicting
airfoil aerodynamic characteristics with a distributed rough surface over the airfoil.

A recent study on VIV of a smooth wind turbine tower section at a trans-critical Reynolds
number shows a continuous exchange of energy from uid to structure and vice-versa near the
natural frequency [13]. Menon et al. [14] demonstrate how the force partitioning method can
0 er a more detailed understanding of the forces acting on the structure under various ow
conditions. This is particularly valuable because the structure’s shape signi cantly in uences
the forces acting upon it and can help design e ective mitigation techniques against VIV.

Introducing surface roughness to the structure may lead to di erent force implications within
the Reynolds number regime. Hence, the current study focuses on predicting the force coe cients
and ow separation over rough tower sections using the above-mentioned correction methods.
A rst-hand analysis of the forces acting on the cylinder section will then be analysed further
using the force-partitioning method for Reynolds number ranging from 1.35 - 10° to 7 - 10°.

2. Methodology

2.1. Numerical Methods

The numerical simulations are carried out for a two-dimensional cylinder section in the
open-source software OpenFOAM-v2012 [15]. As the ow eld is in the turbulent regime,
the unsteady Reynolds-averaged Navier{Stokes (URANS) equations are solved using the two
equation turbulence model k£ — w SST [16]. Turbulent kinetic energy, k, and speci ¢ dissipation
rate, w, can be modi ed to get higher skin friction and simulate the roughness e ect. In the
SST model, the turbulent shear stress in the boundary layer is limited to avoid over-estimation
of shear stress from Boussinesq eddy-viscosity models. Such a limiter to eddy viscosity is added
to the SST model using the equation:

a1 pk
= 1
He max(aiw; | |F2)’ @)
where a; = 0.31, | | is the magnitude of strain rate tensor and F is a blending function in the
turbulence model as shown below:
o 1,1
2vV'k 500

F, =tanh @ max(i Y A &)

wy’ y2w
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where 5 = 0.09 and y is the rst cell height. For the implementation of the Wilcox boundary
condition to simulate ow over rough surface, the speci c dissipation rate, w, is modi ed as:

2
w= L8R 3)
14

The non-dimensional term Sg is de ned as:

C
(50/h¥)2  for h < 25

S =
R @o0/ng) for hE > 25

(©)
The normalised roughness height 17 is de ned as hgy = hsu /v, where u is the friction velocity
and hg is the equivalent roughness height. From the works of Hellsten and Laine, a correction
term F3 is activated in the SST model, which modi es Equation (1) [11]. The term F% is then
multiplied by F3, which is de ned as:

1

1500 4
F3 =1—tanh Zy . 5)
wy

The Wilcox boundary condition and the Hellsten’s correction are then implemented in
OpenFOAM and employed to accurately simulate the ow over a rough cylinder.

2.2. Modi cation of a;
As per the Johnson-King model, the ratio of turbulent shear stress = and the turbulent kinetic
energy is de ned as a constant called a; [17]. On the other hand, in two-equation models, the
shear stress is calculated as 7 = ut . As explained in the work of Menter [18], in APG ows,
this equation leads to an overprediction of 7 as the production is signi cantly larger than the
dissipation. Hence, Equation (1) guarantees that the equation used for the regions with APG is
ut = a1pk/| |F2, whereas in the rest of the boundary layer, the equation ut = pk/w is employed.
A similar corrective method is used in Matyushenko et al. [19] and Gutierrez et al. [9], where
a lower value of a; helps to capture the ow separation on a thick airfoil more accurately. By
lowering the value of a1, the turbulent viscosity is reduced and, consequently, the turbulent
friction near the wall. Flow separation is promoted in such a case and potentially leads to
higher drag.

2.3. Force-partitioning method

The method of force-partitioning is based on the work of Quartappelle and Napolitano [20],
which was further extended by Zhang et al. [21] and Menon and Mittal [14]. In this method,
the Navier-Stokes momentum equation is projected on the gradient of a harmonic function ¢®.
The partitioned forces are obtained upon integration over the uid domain V¢. The partitioned
forces contain contributions from added mass (Fk), vorticity (1), viscosity (F' ), potential ow
(F ) and the forces due to ow and vortices at the outer boundary of the domain (£ ). The
resulting force acting on the body can then be written as:

Fg=Fk + W +F +F + F

dUs
Fr =— L=
B IP 5 dt

Z
»Wds — p %Uéﬁ VoW ds
{z—2 }

kinematic force

—
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LN R TL }
7 viscous force 7 potential ow force
At ) )
—p dit] cipWdS + (@ x 7)) - VoePds, (6)
I {z }

force due to ow and vortices at outer boundary

where B represents the surface of the body and  represents the outer boundary of the domain.
The velocity of the body at every point is represented as Ug. The velocity components » and
u are the curl-free and divergence-free components of velocity as shown in Equation (7) [22]:

G=u +u =V +VxA, (7

where and A are scalar and vector potentials, respectively.

The partitioned forces are implemented in OpenFOAM, where pimpleFoam is modi ed to
calculate the harmonic function for each time step. The force coe cients are then calculated as
a functionObject, which can be later accessed for post-processing [23].

2.4. Simulation setup

The schematic representation of the system used in the simulations and the mesh are shown in
Figure 1. In the current study, ow over a xed rough cylinder is carried out. In order to verify
the numerical model employed, the results from the experiment performed by Belloli et al. [2]
is compared to the numerical simulation results.

Farfield

I Outlet
u € cylinder 20D
D p=0

40D

Figure 1. Schematic representation of the computational domain: Cartesian mesh (left), domain
characteristics (right).

The structured grid for the computational domain is generated using blockMesh module in
OpenFOAM. The rst cell height of the mesh, ywan, is 8 - 10 ° m, satisfying the near-wall
dimensionless distance, y*, to be less than 1. A mesh independence study is carried out to

nalise the mesh size, and the total number of elements of the mesh is 3.01 - 10°. The time step
size was varied to keep the Courant-Friedrichs-Lewy (CFL) number equal to 2. The parameters
used in the simulation is shown in Table 1.

As OpenFOAM is designed for three-dimensional space, the mesh is three-dimensional in

nature, extending to a thickness of one cell in the z-direction, as outlined in Table 1. The initial



The Science of Making Torque from Wind (TORQUE 2024) I0P Publishing
Journal of Physics: Conference Series 2767 (2024) 022063 doi:10.1088/1742-6596/2767/2/022063

Figure 2: Experimental setup of the rough cylinder. Image taken from Belloli et al. [2].

Variables Parameters
Diameter, D [m] 0.72
Height, z [m] 1
Roughness ratio, ks/D 0.002
Turbulence intensity, T'T 0.02
Reduced velocity, Ureq 2.02 - 10.25
Reynolds number, Re 1.36 -10° - 6.86 -10°

Table 1: Parameters used for the simulations of the rough cylinder.

values for the turbulence parameters, turbulent kinetic energy & and turbulent dissipation rate
w are calculated using the Equation (8), where u¢/u is taken as 10.

k=TT Ua)?
8
_rk ®
w = — -
fwoop

These parameters at the cylinder boundary are taken as k = 10 %m?/s? and w is calculated as

bu
W= —s, ©
/Bly\%vall

where 5 = 0.075 [18]. During the experiment conducted by Belloli et al. [2], the surface
roughness was increased by adding a nylon net to the smooth cylinder which created a roughness
ratio of 0.2%, as is shown in Figure 2. Therefore, a uniform roughness distribution is assumed
for the numerical simulation with the above mentioned roughness ratio.

3. Results

In the section, the numerical simulations are validated against the steady results from the
experimental study conducted by Belloli et al. [2]. The numerical parameters chosen for the
study are mentioned in Table 1. The turbulence model is chosen to be £ —w SST, as this model
is understood to be one of the best-performing numerical models to simulate ows with adverse
pressure gradients [16].

3.1. Initial results with £ — w SST

The initial studies are carried out using the £ —w SST model with a rough-wall-function for w
to simulate the surface roughness Figure 3 compares force coe cients obtained from simulations
using k — w SST without the Wilcox boundary condition. The drag coe cients obtained from
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Figure 3: Variation of mean drag coe cient and mean lift coe cient for a xed cylinder at
di erent Reynolds numbers without using the Wilcox Boundary condition, compared against
experimental results from [2].

Figure 4: Normalised streamwise-velocity component on the rough cylinder: (a) Re = 1.36-10°,
(b) Re = 6.86-10°, and (c) the di erence in normalised streamwise-velocity component between
both Reynolds numbers.

the experiment are pressure drag as friction drag is observed to be negligible at these Reynolds
number ranges [4]. It can be clearly seen that the turbulence model overpredicts the drag
coe cient for Reynolds numbers less than ~ 4-10°. The maximum error estimated in predicting
the mean drag coe cient is around 30%. Even though the drag coe cients are predicted
accurately for ows at higher Reynolds numbers, a signi cant di erence in the recirculation
zone can be seen for the velocities from Figure 4. The recirculation zone is longer for the ow
at Re = 6.86 - 10° than for the ow at Re = 1.36 - 10°, as seen from the negative di erence in
Figure 4c. On further evaluation of the ow separation point over the cylinder, it moves from
100.2 to 107.4 .

3.2. Correction using di erent az

The simulations are now performed for Re = 2.89-10° to analyse the in uence of the parameter
a1 along with the Wilcox boundary condition, as suggested in the literature for better ow
prediction [9; 19]. Figure 5 shows that as a; reduces from the default value of 0.31, the
drag coe cient increases drastically. The drag coe cient almost reaches a steady value of
approximately 0.72 when a; is greater than or equal to 0.34. Figures 3 and 4 show that the over-
estimation of the adverse pressure gradient regions leads to a higher drag coe cient, especially
at lower Reynolds numbers. Therefore, a higher value of a; reduces this over-estimation by
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Figure 5: Variation of mean drag coe cient at Reynolds number Re = 2.89 - 10° for various ay
using the Wilcox boundary condition.

controlling the SST limiter from Equation (1) at lower Reynolds numbers.

0.8 021
® Belloli et al.
¢ Presentwork-a, =0.34 0.157¢
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o . . o041
] ¢ . . . . . 5
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Reynolds number, Re [-] x10° Reynolds number, Re [-] x10°

Figure 6: Variation of mean drag coe cient (left) and mean lift coe cient (right) for a xed
cylinder at di erent Reynolds numbers using the Wilcox boundary condition and a; = 0.34
compared against experimental data from [2].

The simulations are then carried out with a1 = 0.34 for all ows, such that the ow separation
is predicted accurately. Figure 6 shows the results obtained from the simulations with updated
variables, and it is in good agreement with the values obtained from the experiment. As observed
in the experiment, the drag coe cient is almost the same throughout the Reynolds number range,
which corroborates that the ow eld could mimick the same scenarios as for the trans-critical
Reynolds number regime. The maximum error observed between the values obtained from the
simulation and the experiment is 6.5%, which gives su cient con dence in the numerical model
used. There is su cient agreement with the mean values observed for ¢, which is close to zero
for both experiment and simulation. Figure 7b shows the variation of skin friction coe cient,
cf, as the constant a; is increased. The transition point from laminar to turbulent region is
indicated by an increase in the skin friction coe cient and a drop in the distribution. The gure
shows that the transition point shifts from approximately 70 to 62 , imparting more energy
into the ow. This e ect can be seen in Figure 7a where the pressure recovery happens earlier
than the simulations with a; = 0.31. Furthermore, at low Reynolds number, the base pressure
is much lower than of the high Reynolds number, which explains the higher drag coe cient in
such cases.

In the experiment conducted in [2], a clear vortex shedding is seen in the wake. The Strouhal
frequencies observed for Reynolds numbers 1.35-10° and 6.1-10° are 0.18 and 0.17, respectively.
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Figure 7. (a) Pressure coe cient and (b) skin friction coe cient across the cylinder at Re =
1.36 x 10° and 6.86 x 10° for a; = 0.31 and 0.34.
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Figure 8: Power spectral density for Reynolds numbers 1.36 - 10° and 6.86 - 10°.

Figure 8 shows the power spectral density (PSD) for the same Reynolds numbers. A similar
peak in the PSD is seen for both Reynolds numbers, which suggests a strong vortex shedding
for these ow conditions. It should be noted that the strength of vortex shedding reduces as the
Reynolds number increases, which is seen in Figure 8. The Strouhal number obtained from the
simulation is 0.24 for both Reynolds numbers, slightly higher than the Strouhal numbers in the
experiment.

3.3. Force-partitioning analysis

The current section shows the preliminary analysis of contributions from various forces
partitioned using the methodology mentioned in Section 2.3. The boundary conditions and
the numerical parameters used for this analysis is same as that mentioned in Section 3.2.
Figure 9 show the contributions from each force for the Reynolds numbers 1.36 - 10° and
6.86-10°, respectively. Unlike seen from the works of Menon and Mittal [14], the only signi cant
force contributor in these Reynolds number ranges is the vorticity-induced force. As seen in
Equation (6), the vorticity-induced force purely arises from the vorticity-dependent variables
such as rotational velocity » and vorticity w. The reason for no other major force is two-
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Figure 9: Comparison of lift force coe cient against the sum of force coe cients from the force-
partitioning method for (a) Re = 1.36 - 10°, and (b) Re = 6.86 - 10°.

fold: the cylinder is xed, and there are no translational or rotational degrees of freedom; the

uid considered for the ow is air, which is a low viscous uid. This leads to little to no
contribution from kinematic and viscous forces, respectively. Yet, this methodology is useful for
the application to moving cylinders in future work.

4. Conclusions

In the current study, numerical simulations were carried out to validate the ow over a xed
rough cylinder for Reynolds numbers ranging from 1.36 - 10° to 6.86-10°. The experiments were
conducted to simulate the ow e ects similar to the ow over a smooth cylinder at post-critical
Reynolds numbers by adding a nylon net over the surface of the cylinder. As obtained from
the experimental results, the mean drag coe cients are constant for both the experiment and
numerical simulations throughout the wind speeds investigated.

Even though the literature suggests that the k-w SST turbulence model is able to predict
the ow in adverse pressure gradients, it was observed that there was a signi cant di erence for
force coe cients in lower Reynolds number ranges over objects with surface roughness. From
the works of Gutierrez et al. [9] and Mendez et al. [10], the roughness model with the Wilcox
boundary conditions is well-suited for the prediction of aerodynamic characteristics over a rough
surface. In addition to this boundary condition, the constant a; is varied to predict the ow
around uniformly distributed rough surface. As the value for a; is increased, the contribution
from the SST limiter is reduced, which in turn predicts the ow separation and the aerodynamic
coe cients su ciently accurately.

The method of force partitioning was implemented in OpenFOAM to investigate the various
forces contributing to the total force. Depending on the direction in which the forces are
partitioned, the sum of all the partitioned forces gives the lift or drag force. But in the current
study, the cylinder is considered to be xed without translational or rotational degree of freedom.
Hence, the only force contributor is found to be the vorticity-induced force.

This study investigated the ow over a cylinder section with uniformly distributed roughness
and showed its usefulness to mimick higher Reynolds number cases. However, real wind turbine
towers are three-dimensional and prone to motion, i.e. the cylinder has translational and possibly
even rotational degrees of freedom. As a consequence, the composition of the force partitioning
will be di erent. In order to better carry out more realistic wind tunnel analyses on VIV for
wind turbine towers, it is, therefore, bene cial to understand the similarity of ow over smooth
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cylinders at trans-critical Reynolds numbers and the ow over rough cylinders also for these
more general conditions.
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