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Abstract

In the current paper, a computational study has been performed to simulate a novel concept in
which a fixed/rotating microcylinder is installed upstream of the leading edge of the NACA 0021
airfoil, aiming to enhance the performance of the H-type Darrieus rotor. The idea behind
implementing a fixed/rotating microcylinder is to enhance the lift to drag ratio due to increasing
near-wall momentum through generated vortices transferring the momentum from the outer flow
to the near-wall flow region of the airfoil. Parametric analyses for the microcylinder including its
location, size, shape (circular, square and rhombus), and rotation were performed. The
commercial Computational Fluid Dynamics (CFD) package ANSYS Fluent was used for solving
the Unsteady Reynolds Averaged Navier-Stokes (URANS), and turbulence equations. The code
has been based on Finite Volume Method (FVM) with the pressure-based solver developed for
low-speed incompressible flows. The semi-implicit method for pressure-linked equation
(SIMPLE) was used to solve the discretized equations. The URANS was used with adopting the
SST k-o turbulence model to find out the optimum rotor by utilizing the microcylinder model.
An optimization methodology using Response Surface Optimization (RSM) based on Kriging
method has been first performed to find the optimum size and location of a circular

microcylinder. The optimization study indicated an optimum microcylinder diameter
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(d/C=0.0085313), at an upstream chordwise distance and normal to it 0.070275 and 0.02303 of
the chord length (C), respectively. The results showed also that a small static circular
microcylinder of d/C=0.009 and installed at 0.075 C from the leading edge (MC5) is an efficient
geometry at high regime of tip-speed ratios (TSR > 2.2) rather than lower regime of TSRs.
When these superior set of rotating (5 rad/s) microcylinder (MCS5) parameters were adopted,
significant enhancement of power coefficient (Cp) could be achieved and a considerable
improvement of the maximum power coefficient (Cpp,q,) up to 120 % at TSR = 3 appeared. A
physical analysis of the flow fields using the contours of vorticity, pressure and turbulence
energy has been performed to illustrate the effect of rotating microcylinder for improving rotor
performance. The vorticity contours showed the ability of rotating microcylinder for generating a
strong vortex structure in its wake for enhancing turbulence production around the blades, which
delayed the known strong stall of the blades by diminishing the separation bubble size. This

generally improved the blades aerodynamic performance and enhancing the lift-to-drag ratio.
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C Airfoil chord [m] SST Shear Stress Transport
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D Rotor diameter [m] 3D Three dimensional
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1- Introduction

Renewable energy takes a lot of importance in the last years and the researchers used the solar
energy in several interesting applications which can change the lifestyle in world by reducing the

usage of the fossil oil [1-5].

Wind energy technologies have been developed rapidly to play a major role in the energy field.
However, with the overall energy demand, the use of wind power is still small. Two main
problems are facing the utilization of a small- scale wind turbines within the residential areas; the
first is the weak, turbulence and unstable air flow within the built environments where they are
installed, and the second is small aerodynamic starting torque that results in the difficulty to start
the rotor system in the low wind speed sites. Therefore, to harvest a reasonable power output
from a small wind turbine located in such an environment, and justify its installation
economically, the aerodynamic performance of these turbines must be enhanced. However, the
maximum theoretical power coefficient that can be extracted from the wind is 0.593. This limit

for the power coefficient is known as the Betz limit [6].

The main reason for the efficiency deterioration of this small-scall wind turbine is the flow
separation from blade surface. Separation occurs at suction side of the blade because of changing
angle of attack due to the change of wind direction or the turbine rotation. If the air flow past the
wind turbine blades could be fully controlled, the efficiency of generated power and thus the
energy production would increase by 9 % [7]. For large scale wind turbines, the flow separation
is controlled using blade pitch and yaw control while this method is not efficient for small scale
wind turbines [7]. Therefore, passive flow control techniques are the most effective ways to
control the flow separation on the small-scale wind turbine, thus improving its aerodynamic
performance. Some of these passive techniques have been implemented in the last few years
such as vortilons, flow vanes, gurney flaps, fixed leading edge slats, aerofoils with

protuberances, cavities, passages, slots and microcylinder [8]—[11].

Many studies have been performed in the last years focusing on quantifying the effects of
trapped vortex cavity on vertical axis wind turbine (VAWT) performance. Ibrahim et al. [12]

performed two-dimensional (2D) numerical calculations to investigate the effect of cavity on the



straight bladed Darrieus rotor using URANS simulations. The calculation was conducted for a
cavity located on the blade suction side, at 20 % blade chord length from leading edge. The
results indicated that the turbine with a cavity blade has higher power coefficient than baseline
turbine at low tip speed ratio (TSR = wD/2V, in which, D is the rotor diameter, w is the angular
speed of the rotor and V,, is the wind velocity). Sobhani et al. [13] studied the effect of dimple
location, shape, and size on the VAWT performance using 2D numerical calculations with
URANS approach. The results demonstrated that the dimples with a circular shape have superior
performance than other shapes of dimple geometries. Also, the performance of the turbine is
strongly affected by the dimple locations especially at high TSR. Roshan et al. [14] also
investigated the effect of cavity shape, numbers, size and position on the power and torque
coefficients of the VAWT using 2D-URANS numerical calculations. It was reported that the
turbine with a single cavity near the trailing edge on the upper surface of the blade is more
beneficial than blade with double cavity. The maximum improvement in power coefficient was
18% using a single circular cavity with a diameter of 0.08 blade chord length. Eltayesh et al. [15]
performed numerical calculations and classical simplified methods (engineering approaches) to

improve the performance of Darrieus-Savonius hybrid VAWT with using airfoil dimples.

Later, many studies have focused on others flow control methods, such as slots and jet actuators
on VAWTs. The slotted airfoil was considered as a passive flow control, which energizes the
boundary layer and postpones flow separation. Belamadi et al. [9] investigated numerically the
influence of single slot with different geometrical parameters on aerodynamic performance of a
NREL S809 airfoil using 2D calculations. The calculations were performed at an angle of attack
(AoA) ranging between 0° to 20°. It was found that superior performance is obtained when the
slot outlet is located at 50% of the blade chord, slot inclination angle of 60° and slot inlet to
outlet area ratio of 4. Furthermore, the slots efficiency was higher than baseline at AoA between
10° to 20° due to the separation elimination for these locations. While at low AoA, the slot
efficiency is less than the baseline airfoil. Mohamed et al. [16] designed and tested numerically
the slot location, dimension, and inclination angle on NACA 0018 airfoil at different AoA using
2D static calculations. Subsequently, the optimized slotted airfoil was assessed on a Darrieus
VAWT. Their results indicated that the slotted airfoil enhances the turbine performance at low
tip speed ratio. This could be attributed to the slotted airfoil assistance of separation delay at high

angles of attack. Also, the maximum power coefficient for the slotted airfoil occurs at a tip speed



ratio of 2, while the maximum power coefficient for the baseline airfoil is about tip speed ratio of
2.5-3. Ni et al. [17] studied experimentally and numerically the effect of slot width and angle of
inclination on the lift and drag coefficients for NACA 634-021 airfoil. The experimental results
showed that the slotted airfoil increases lift coefficient and lift to drag ratio by about 58% and
14%, respectively compared to baseline airfoil at AoA greater than 11°.  While the baseline
airfoil has higher lift to drag ratio than the slotted airfoil at 0° < AoA < 11°. Abdolahifar and
Karimian [18] used CFD calculations to investigate the effect of blade height, slot width and
outflow locations on the performance of Darrieus VAWT using three dimensional (3D)
simulations. The simulation was performed at slot outflow location ranging from 2C/3 to C/6
measured from blade leading edge, for blade height of 0.384, 0.768 and 1.15 m and outflow to
inflow width ratio varied from 2/3 to 1/2. Their results demonstrated that the rotor with slotted
airfoil located at 2C/3 and slot width ratio of 1/2 has the best performance among all different
slot cases. This could be attributed to the elimination of flow separation. Also, the maximum
average torque for the slotted blade increases by about 93.4%, 66.1%, and 10.5% at TSRs of 0.5,
1.0, and 1.5, respectively compared to baseline one. Zhang et al. [19] examined numerically the
energy capturing for semi-active flapping airfoils power generator at low flow speed to rise the
efficiency using leading edge slots considering different inclination angles. The results showed
that the energy capture power and efficiency of the semi-active flapping airfoils can be improved
by cutting appropriate slots on the leading edge of airfoil. When the inclination angle is from 15°

to 17°, better performances are obtained compared with original airfoil without slots.

Many studies on the effect of flow control techniques such as Gurney flap (GF), have received
much attention by many authors. The GFs have many advantages such as simple structure, and
low production costs. Zhu et al. [20] examined numerically the effect of both dimples and GF on
the performance of VAWT with different solidity ratio using CFD calculations. They reported
that both GF and GF with dimple located on the suction side of the blade improve the lift

coefficient which leads to enhancing the power coefficient of the turbine.

Bianchini et al. [21] also studied the effect of GF on the aerodynamics performance of VAWT
using numerical calculations. It was found that the location of GF on the suction side of the blade
generates a strong vortex shedding phenomenon. These results are opposite to the results

reported in Zhu et al. [20].



Hao et al. [22] investigated numerically the self-adaptive flap on the performance of VAWT. The
study was carried out for different flap lengths and locations using CFD calculations combined
with fluid—solid interaction. They found that the flow separation generated on the blade leads to
self-activated flap and hence blockage of the backflow. Also, the short flap located far from the
blade leading edge performed better than the long flap at high TSR. Furthermore, the short flap
located near blade leading edge performed better at low TSR.

Liu et al. [23] examined the effect of combined cavity and Gurney Flap (c-GF) on the
aerodynamics performance of straight blade VAWT using 2D unsteady numerical calculations.
Furthermore, in their study they investigated the movable (c-GF) and compared the results with
conventional fixed (c-GF) and original Darrieus rotor. The results indicated that the movable (c-
GF) improves the power coefficient (Cp) by about 20% comparing to original Darrieus rotor.
Also, tangential force of optimal movable c-GF is higher than fixed (c-GF) in downwind zone at
TSRs 0f 2.33, 2.51, 2.64 and 3.08.

Syawitri et al. [24] performed a numerical study on GF geometry optimization in a full VAWT
to consider the effect of rotational turbine blades rather than a single stationary airfoil using CFD
Taguchi method. The optimization parameters were GF height, mounting angle, and position
from the trailing edge. The results showed that the optimum GF height for the VAWT is 3% C
compared to 2% C in case of single stationary airfoil. This could be attributed to the effect of
vortices generation due to turbine rotations. Also, they noted that the optimum GF height and
mounted angle are 3% C, and 90°, respectively with GF located at the trailing edge. This led to
improving Cp to 130.94%, 69.94% and 41.36% at TSRs of 1.44, 2.64 and 3.3, respectively.

Otherwise, extensive investigations on the effect of GF parameters on lift and drag coefficients
were carried out using stationary airfoil. For instance, Jain et al. [25] performed computations to
study the effect of GF on the aerodynamic performance of NACA 0012 airfoil. The calculations
were conducted at six different GF heights ranging from 0.5% to 4% C, seven different GF
locations varied from 0% to 20% C measured from the blade trailing edge and seven mounting
angles from 30° to 120°. They validated their results against the available experimental data
provided by Li et al. [26]. It is reported that the lift coefficient increases with increasing GF
height until GF equal to 2% C while above this value, the lift coefficient decreases.
Furthermore, it was recommended that the GF should be located about 10% C from blade trailing



edge to enhance lift coefficient. Also, reasonable agreement was obtained between the
calculations and the experimental measurements up to stall angle.

Other promising passive flow control techniques were recently conducted using microcylinder at
the blade leading edge. For instant, Luo et al. [27] assessed numerically the effect of
microcylinder locations and size on the passive flow control of a stalled airfoil (NACA0012).
The numerical calculations were performed at Reynolds number (Re) of 6 X 10° based on inlet
velocity and blade chord length, and at angle of attack AoA varied from 16 to 23°. It was
demonstrated that the lift and drag coefficients are highly affected by the distance between the
blade surface and the microcylinder. In the case of microcylinder diameter ratio of d/C = 0.01,
the optimum spacing was found to be 0.015 of blade chord length. Zhong et al. [28] used CFD
analysis to investigate the effect of leading-edge rod of NACA 0018 to control the dynamic stall
of VAWT. The findings revealed that the tangential force coefficient in case of airfoil with rod
increases with increasing AoA which leads to increase the driving torque and hence increase the
output power. The results also indicated that the generated vortices from the rod with large
distance from the airfoil is more valuable for transmitted kinetic energy into the boundary layer
of the airfoil. This prevented the formation of dynamic stall vortices and the eliminates the flow
separation of the airfoil at large AoAs. These results agreed well with the experimental results
presented by Choudhry et al. [29], who used 0.95 mm diameter rod (0.95% C) at two positions in
front of NACA 0021 airfoil to control the dynamic stall. Extensive investigations have also
focused on the effect of microcylinder on the performance of HAWT [30]-[32]. Castelli et al.
[33] described and validated computational model against experimental data for a classical
NACA 0021 three-bladed rotor. Flow field characteristics were investigated for different tip
speed ratio, allowing a comparison among rotor operation at optimum and lower Cp values, for
better understanding of rotor performance. Rezaeiha et al. [34] performed URANS simulations
with the transition SST turbulence model and found that the method can serve as accurate and
reliable CFD simulations of VAWTs at different tip speed ratios. This was noticed from the

comparisons with the measurements of Castelli et al. [33].

Asadbeigi et al. [35] purposed CFD studies for optimization, and economic analysis of a
Darrieus VAWT for illustration of the aerodynamic design and optimization stages, to suggest
the most efficient and economically feasible turbine configuration for the application. They

concluded that the three-blade turbine achieves a maximum Cp at the optimal TSR, which



registered 14% and 23% power increments compared to the four- and five-blade turbines,
respectively. Ansaf et al. [36] performed CFD simulation and optimization using ANSYS Fluent
to conduct the Efficiency-Based Design Optimization of an H-Darrieus VAWT coupled with
fixed guiding walls surrounding its rotor at different tip speed ratios. Ansaf et al. [36] noticed
that among the parameters to control the configuration of fixed guiding walls, wind turbine

performance is greatly affected by its design parameters.

Bakhumbsh and Mohamed [37] carried out acrodynamic analyses using ANSY'S Fluent software
based on finite volumes method and the URANS equations with Shear Stress Transport (k-o
SST) turbulence model for Darrieus turbine (three blades) based on the NACA 0018 airfoil with
installed a microcylinder in various locations. Three different microcylinder diameters are
examined with a ratio of the microcylinder diameter to the chord (d/C = 0.029, 0.05, 0.065).
They concluded that the larger diameter microcylinder located on the suction side or down

towards the pressure side of the blade leading edge, causes reduction of the turbine performance.

Syawitri et al. [38] introduced a comprehensive review on using passive flow control devices as
performance enhancement of lift-type vertical axis wind turbines and suggested that for
evaluation of passive flow control devices, all ranges of tip speed ratios (TSRs) operation

conditions must be considered.

The ultimate main goal of the boundary layer control over the wind-turbine airfoil is to enhance
the airfoil performance by increasing the lift-to-drag ratio along with stall-delay. The
microcylinder is a flow control device that can be implemented in H-type Darrieous rotor to
improve its performance. Therefore, the main aim of the present study is to use the leading-edge
microcylinders as a passive control technique for boundary layer flow separation, to ensure stall
delay and to enhance the lift-to-drag ratio and hence improving the turbine performance. For
evaluating turbulence models implemented with URANS equations, validation was first
performed against the measurements of Castelli et al. [33] and the computational results from

Rezaeiha et al. [34] and Mohamed [39] of the standalone Darrieus rotor, see Table 1.

However, using stationary/rotating microcylinder technique is rarely investigated. Implementing
a novel concept of rotating microcylinder instead of a fixed microcylinder as a passive flow
control method for improving the performance of a small-scale Darrieous rotor with NACA 0021

airfoil is the main objective of the current study.



2- Numerical procedure

In this study, the Computational Fluid Dynamic (CFD) was used to investigate the effect of
microcylinder (MC) on the performance of Darrieus VAWT using two dimensional (2D)
unsteady calculations. Different cylinder diameters, locations as well as cylinder shapes are
proposed as a passive flow control separation to improve the aerodynamics performance of
straight blade NACA 0021 Darrieus rotor.

The turbine blade under investigation was proposed by Castelli et al. [33]. The specification of
the Darrieus rotor is listed in Table 2. The microcylinder is located close to the blade leading
edge as shown in Figure 1. The corresponding coordinates of the center of microcylinder and its
dimensions are listed in Table 3.

The numerical calculations were carried out at inlet wind velocity of 9 m/s corresponding to
Reynolds number (Re) of 6.35 x 10° and at inlet turbulence intensity of 5 %. The Re is based on
rotor diameter (D), inlet wind velocity (V) and the air properties at freestream temperature
25°C. The performance of turbine is examined at different microcylinder diameter ratio, d/C of
0.009, 0.0113, 0.0167 and 0.025, where d is the diameter of microcylinder, and C is the blade
chord length.

The commercial CFD package ANSYS Fluent was used for the simulations to solve the
conservation of mass and momentum, and turbulence. The ANSYS Fluent code was based on
Finite Volume Method (FVM), in which the fluid domain is divided into discrete control
volumes. These individual control volumes allow an iterative solution of the set of partial
differential equations for each volume. Finally, linearization of the discretized equations and an
approximation solution of the variable is obtained point by point over the entire flow field

domain.

The pressure-based solver developed for low-speed incompressible flows was used in the present
study. In this solver, equations of continuity, and momentum were solved sequentially
(segregated implicit solution algorithm). If the residuals of all variables do not reach the required
level, the properties of the flow are updated, and the solution of the equations is repeated. In the
segregated solution method non-linear governing equations were linearized to produce a matrix
of equations for the dependent variables in every computational cell. Implicit means, for a given

variable, the unknown value in each cell was computed using a relation that includes both



existing and unknown values from neighboring cells. Therefore, each unknown will appear in
more than one equation in the system, and these equations must be solved simultaneously to give

the unknown quantities.

The air flow around the rotor is unsteady, and hence the unsteady incompressible Reynolds-
averaged Navier—Stokes (URANS) were used in the present computations. In the computational
method, the governing equations need to be translated into algebraic equations that can be solved
numerically which have been done by means of discretization. The semi-implicit method for
pressure-linked equation (SIMPLE) was used to solve the discretized equations. It was chosen to
use first order upwind discretization for the initial part of the solution to help the convergence
then it was set to second order upwind to obtain higher-order accuracy.

Furthermore, the sliding-mesh technique was employed to simulate the rotational motion of the
wind turbine rotor, see El-Askary et al. [8].

The general conservation formulation for sliding meshes can be expressed as:

L ppdV + [ pp(d — Unmesn).-d A = [ TVP.dA + [ Sy dV (1)
¢ represents the components of relative velocity in all directions, U is the velocity vector,
ﬂ)mesh represents the velocity of moving mesh, I' is the diffusion coefficient, and Sy is added to

represent any source term of ¢.

The conservation of mass equation is:
- o
V.(U — Umesn) =0 (2)

For sliding mesh all computations were performed without mesh deformation, hence the cell

volume remains unchanged, (AV™*1 = AV™). The unsteady term in the general conservation

n+1_ n
equation (1) becomes %fpgadV = e®) At(p(p) V. this leads to fﬂ)mesh.dz = 0. The

solution of Eq. (1) for the sliding mesh motion was inherently unsteady with moving mesh.

The entire computational domain was divided into two different zones, the first is the stationary
zone and the second is the rotating cylindrical zone containing the rotor blades including the
microcylinders (rotating diameter is 1.5D) as shown in Fig. 2. Interface boundary condition was
used to merge the separated zones, for more details see El-Askary et al. [8]. The inlet plane of

the computational domain was placed at 10 rotor diameters, while the outlet plane was placed at



25 rotor diameters downstream, and the side boundaries were set at 10 rotor diameters. All
dimensions were measured from the center of the turbine and were previously verified by

Rezaeiha et al. [34], [40]. The final computational domain of the current calculations reads 35D
x 20D. The boundary conditions at the inlet, outlet and side planes were set as uniform velocity,
zero static pressure and symmetry respectively. The interface between the rotating and fixed
zone was defined using sliding mesh method. All surfaces of the blade and microcylinder walls
were considered in the ‘no-slip’ state. The convergence threshold for all the parameters were set
at a value of 1 x 107°. The air density and viscosity are set as a default. The final computational

domain dimensions as well as boundary conditions are depicted in Fig. 2.

The 2D-computational domain and mesh generation were created using ANSYS meshing.
Hybrid mesh topology was generated for the domain. An unstructured mesh scheme with
triangular elements was applied to the entire. The interfaces between rotating and fixed zones
were meshed using the same mesh sizes. The final 2D computational mesh is shown in Figure 3.
A structure O- type mech was used in the boundary layer near the solid walls of the turbine
blades and cylinder to allow fine grid resolution. The boundary layer had 12 rows with the first
layer from the wall is 0.001 mm and the layer growth factor is 1.2. The maximum and average

dimensionless wall distance y+ values are about 1.8 and 0.47, respectively.

Different turbulence models were implemented with solving RANS equations to calculate the
turbine performance and validating the experimental results of Castelli et al. [33]. Three
turbulence models were considered namely, RNG k- ¢ with standard wall function [41],
Realizable k- € with standard wall function [42] and SST k- of Menter [43]. The calculations
were performed on the standalone Darrieus rotor. The calculated power coefficient (Cp) obtained
with the different turbulence models and from Rezaeiha et al. [34] and Mohamed [39] are given
in Figure 4. The coefficient of power has been estimated based on the relation C, =
Tw/(1/2pAV2) in which, T is the mechanical torque of the rotor, A is the projected area of the
rotor (facing the wind), and p is the air density. The turbulence models give different results in
view of comparisons with the measurements of [33]. The calculation with the RNG and
Realizable k- ¢ turbulence models give good predications at low tip-speed ratio (TSR) until 2.2.
At high TSR greater than 2.2 the RNG and Realizable k- ¢ show underprediction with the

experimental measurements.



The discrepancies between the numerical and experimental results are caused by the absence of
shafts, and arms, as well as the experimental uncertainties, the numerical study hypothesis, and
the modeling assumptions which include the absence of friction or mechanical loss. However,
the calculated power coefficient (Cp) using the SST k-o turbulence models shows a reasonable
agreement with the measurement over most turbine TSR. The SST k- turbulence model is then
used to close the RANS equations in all coming computations, as recommended by El-Askary et
al. [8] and Rezaeiha et al. [34], who studied the same rotor profile. Therefore, all the coming

calculations were performed using the SST k- model.

The grid dependency was examined for the Darrieus rotor without/with different microcylinder

shapes. In the case of Darrieus turbine with different microcylinders the grid study was

performed for microcylinder installed at % = 0.1 from the blade leading edge and % = 0.0 (MC1)

with microcylinder diameter ratio of % = 0.025. The effect of total grid size on the turbine Cp

was performed at TSR of 2.5. Four different grids were used to check the grid dependency with
total number of cells ranging from about 190x10° to 313x10°. Figure 5 demonstrates that there is
no significant change in the turbine Cp when the total mesh increases above 260 - 272x103,

The settings made for the inlet velocity and turbulence intensity are the same to those of Castelli
et al. [33]. The time step is set corresponding to 1° of the turbine rotation, which is consonant
with the acceptable results from several researchers in the literature, see Rezaeiha et al. [34] and
Wong et al. [44]. The number of iterations per time step is 20. The calculations were performed
till the change in the torque coefficient for two successive turbine rotations was about 0.0015.
The obtained residuals of all variables are below 107> except for the continuity equation which
was about 10~*. All simulations were performed on an HP Z800 (Intel Xeon CPUX5650, 2.66
GHz, 2 processors) workstation with 24 cores available for parallel calculations and 32 GB

RAM.

3- Computational Results
3.1 Effect of microcylinder locations

CFD-based optimization is a common tool to determine the best configurations or flow

conditions in renewable energy applications [36]. It is widely adopted with several techniques



aimed to vertical axis wind turbine optimization [45]. In the present study, the searching for
optimum size and location of the microcylinder was first performed based on the optimization
study of Ranjbar et al. [45]. Optimization methodology is the discipline of fine-tuning an
objective function which is dependent in nature on a particular set of parameters while remaining
within a pre-stated set of constraints [36]. Different efforts using optimization methodology have
been implemented to enhance the generated power of wind rotor including surrounding
geometries [45]. The optimization of Ranjbar et al. [45] was aimed to obtain a maximum
approaching velocity to an H-Darrieus VAWT installed inside the optimized duct. Ranjbar et al.
[45] developed a code to allow numerical steps including generating the meshes, changing the
geometries, and setting up the solver simultaneously. Using that method, deep dynamic stall
phenomena have been captured perfectly with leading-edge vortex generation and delaying the
vortex separation.

In the present study, an optimization methodology has been performed to find the appropriate
size and location of a circular microcylinder for enhancing the performance of H-Type NACA
0021 Darrieus Rotor. The optimization was performed using parameters and design points tools
which are available in ANSYS workbench.

In order to specify the optimum microcylinder diameter ratio (d/C) and its location (H/C and
V/C), the optimization technique was used using Response Surface Optimization (RSM) which
is available in Ansys package. The first step of the optimization is to set the Design of
Experiment (DOE). The Latin Hypercube Sampling Design (LHSD) method is used to set the
samples (refinement points) in the DOE [46]. In the current study, the microcylinder diameter
ratio d/C was varied from 0.008 to 0.025, the microcylinder location upstream the leading edge
of the rotor blade along chord line was ranged from H/C of 0.015 to 0.1 and normal to chord line
V/C from -0.05 to 0.05, see Fig. 6. However, the refinement was only performed at TSR of 3 to
compute the optimum Cp. The stochastic interpolation Kriging method was used to interpolate
the data of the DOE during the RSM. This method was used in a previous study which related to
vertical axis wind turbine [45, 46]. However, to improve the accuracy of the Kriging method the
number of refinement points must be increased. In the current study the number of refinement
points used is 16 as illustrated in Table 4, and the results from Kriging method are shown in Fig.
7. Figure 7 illustrates the surface responses of the model formed by altering the independent

parameters (H/C and V/C) and the microcylinder size (d/C), while keeping a constant tip-speed



ratio (TSR=3.0). Based on this optimization, the optimum microcylinder size and location were
that have the highest rotor performance.

Finally, the optimization technique was performed using Nonlinear Programming by Quadratic
Lagrangian (NLPQL) which supports a single output parameter objective. The final optimum
microcylinder size (d/C) at optimum location (H/C and V/C) using NLPQL is listed in table 5.
Table 5 illustrates the data extracted from the program for three chosen optimized locations for
the optimum microcylinder size (d/C=0.0085313), in which point 1 is considered the optimum

location for the optimum microcylinder size.

For satisfying the optimization strategy, six different locations namely, MC1, MC2, MC3, MC4,
MC5, and MC6 are chosen corresponding to % = 0.01, 0.02,0.025,0.05,0.075 and 0.1,

respectively for studying the rotor performance at different tip speed ratios (1.69<TSR<3.5).
The effect of circular microcylinder implementation in front of the blade leading edge at various
locations on the performance of Darrieus rotor is first investigated to find the appropriate

location. Six different locations are designed namely, MC1, MC2, MC3, MC4, MC5, and MC6,

H

corresponding to i 0.01, 0.02,0.025,0.05,0.075and 0.1, respectively. The circular

microcylinder of diameter ratio % = 0.009 was first installed along the chord line without

variation in the normal to it (% = 0). To also check the ability of the optimized microcylinder at

all TSR, the rotor with the optimized microcylinder (d/C=0.0085313) installed at H/C=0.070275
and V/C=-0.02302 (candidate point 1) has been simulated against the standalone rotor and a
rotor with the other mentioned MC1, MC2, MC3, MC4, MC5, and MC6. The difference between
the results of optimized microcylinder and MC5 is less than 0.2% at TSR=3, see Fig. 8.
However, the small negative impact of MCS5 on the turbine Cp at low TSR range (TSR < 2.25)
disappears with using the optimum microcylinder. Figure 8 illustrates also that the presence of
microcylinder (MC4 and MC5) has a small negative impact on the turbine Cp at low TSR range
(TSR < 2.25), while this range is increased for the others as shown in the figure. The reduction
of the rotor performance at low tip-speed ratio with implementing microcylinder is due to the
laminar wake behind the microcylinder which extracts turbulence energy from the near wall
boundary-layer flow at the blade surface, which causes a reduction of the generated lift force.

With increasing the tip-speed ratio, the performance with the presence of microcylinder appears



better than that of the stand-alone rotor, depending on the location of microcylinder. The figure
indicates that the implementation of very close microcylinder MC1 (the nearest one to the blade
leading edge) has the worst rotor performance because of its blockage effect on the blade
boundary layer. With further increasing the distance of the microcylinder location, the power
coefficient of the rotor increases at all tip-speeds. The microcylinder MC3 appears to the first
location causing some improvements at high tip-speed ratio (TSR > 2.7). There is a high
improvement in the performance a long wide range of tip-speed ratio is caused by MCS5 in the
range 2.2<TSR<3.5. However, the presence of MCS5 has certainly a positive impact on airfoil
attacking the flow, which is responsible for the reduction of separation and hence increasing the
generated lift to drag value. Accordingly, the location of microcylinder at H/C= 0.075 and V/C=
0.0 (MC5) is set as the best location along chordwise direction. Further increasing the
microcylinder locations to MC6 still leads to improvement of the rotor performance but lower
than that generated with using MC4 and MCS5. However, MC2 improves the performance in the
range of 2.4<TSR<3.3, after that the performance decreases sharply, because of its energy

dissipation at the high tip-speed ratio.

After that the location of microcylinder was changed for different diameters along the vertical

direction to search the best cylinder location along the vertical to chordwise direction. Two

different locations were examined: the first one was located upper the chordwise at % = 0.075
and % = 0.05 (MC?7) and the second one was placed lower the chordwise at % = 0.075 and % =

—0.05 (MCS). The performance of Darrieous rotor without/with circular microcylinder (% =

0.009) located at different locations (MC5, MC7 and MCS) is presented in Fig. 9 (a). The
improvement in wind rotor Cp,q, 15 12.3 %, 7.6 % and 4.62 % for the microcylinder locations
of MC5, MC7 and MCS, respectively at TSR of 3. These findings also indicate that superior
performance of the wind rotor is obtained for the microcylinder location of MCS5 in the range
2.2<TSR<3.5. However, MC7 and MCS8 have the same behavior, in which the performance is
only improved in the range 2.4 < TSR < 3.2. This may be due to the increased drag force on the
blade. The microcylinders MC5, MC7 and MC8 were further examined using circular
microcylinder (d/C=0.0113, 0.0167 and 0.025) to evaluate the performance using different sizes,
see Fig. 9 (b), (c), and (d), respectively. For the case d/C of 0.0113, Fig. 9 (b) indicates that MC5



improves the performance in the range 2.3 < TSR < 3.5, while MC7 and MCS8 have the same
behavior and delay the period of improvement to be in the range 2.8 < TSR < 3.5. The visible
reduction of the performance in the lower tip-speed ratio is due the extraction of the wall-
boundary layer energy, which is responsible for the reduction of generated lift force. Figure 9 (¢)
illustrates that installing microcylinder with d/C of 0.0167 (MC5) causes some improvement of
the performance in the range 2.65 < TSR < 3.3, but MC7 reduces this improvement range to be
2.85 < TSR < 3.5. Implementing the microcylinder MCS8 cause reduction of the rotor
performance except in the range 2.9<TSR<3.1, in which the performance of modified rotor with

microcylinder approaches the performance of the standalone rotor. With changing the diameter
ratio to be % = 0.025, MC5 has the same performance of that without microcylinder in the

range 2.45 < TSR < 3.0, see Fig. 9 (d). Around that, the performance of MC5 becomes lower
that of the standard rotor (without microcylinder).
However, MC7 and MCS8 have the worst performance, respectively. Increasing the cylinder

diameter leads to significant reduction in turbine power for all TSR.

3.2 Effect of Microcylinder Diameter

Figure 10 illustrates the effect of microcylinder diameter variation (d/C= 0.009, 0.0113, 0.0167
and 0.025) on the performance of rotor without/with the presence of microcylinder MC5, MC7
and MC8, respectively compared with the optimum microcylinder. It can be concluded that, the
existence of microcylinder at MCS5 with d/C= 0.009 still approaches the performance with
presence of the optimum microcylinder, in which it makes a significant contribution to improve
the turbine performance in the range 2.18 < TSR < 3.5 as illustrated in Fig. 10 (a). The
improvement is reduced in the range of 2.3 < TSR < 3.5 when using a microcylinder with d/C=
0.0113, while there is more reduction of performance in the range of 2.65 < TSR < 3.3 when
using a microcylinder with d/C=0.0167.

Figure 10 (b) shows that using a microcylinder (MC7) with d/C=0.009 is the best choice in the
range 2.45 < TSR < 3.2, while d/C=0.0113 reduces the range of modification to be in the range
2.8 < TSR < 3.5. Further increase of microcylinder (d/C=0.0167) leads to narrow range of
modification to be 2.85 < TSR < 3.5. When increasing the diameter (d/C=0.025), the



performance becomes the worst one because of the blockage effect of the large microcylinder.
Using a microcylinder (MCS8) with d/C=0.009 is also the best choice in the range 2.45 < TSR <
3.2 as seen in Fig. 10 (c¢). The microcylinder MC8 with d/C=0.0113 reduces the range of
modification to be in the range 2.8 < TSR < 3.5, while d/C=0.0167 approaches the performance
of the standalone rotor in the range 2.9 < TSR < 3.1. Increasing the diameter (d/C=0.025) leads
to strong reduction of the performance. Compared with MC7 and MCS, the performance of wind

rotor with presence of the optimum microcylinder is the best one.

3.3 Effect of microcylinder shape

Further examination was performed to evaluate the effect of installing microcylinder with
different shapes on the performance of the Darrieus rotor. The calculations were performed for
rotor with installed microcylinder at MCS5 location which has significant contribution to the Cp.
Two other shapes were investigated namely, square microcylinder and rhombus (with
equal diagonals) microcylinder. The d/C of all studied shapes was 0.009. Figure 11 shows that
the circular microcylinder improves the performance in the range 2.2 < TSR < 3.5, and the
square microcylinder improves the performance in the range 2.5 < TSR < 3.2, while the
rhombus one improves the performance in the range 2.35 < TSR < 3.3. The comparison still
shows that the circular microcylinder is the best choice in view of the improvement of rotor

performance.

3.4 Effect of cylinder rotation
In this section the effect of rotating circular microcylinder (MCS5) with 5 rad/s (in the same

direction of Darrieus-rotor rotation) on the performance of the Darrieus rotor was examined.
Figure 12 shows as discussed previously that the (fixed) circular microcylinder improves the
performance in the range 2.2 < TSR < 3.5, while the rotating microcylinder enhances the
performance for all ranges of TSR compared with the rotor with/without fixed microcylinder.
This improvement is based on the generated turbulence in the wake of rotating microcylinder,
which enhances the turbulence energy of the near-wall boundary layer of the rotor blade as well
as a reduction of the pressure drag on the leading edge of the rotor blade and hence expected
enhancement of the generated lift-to-drag ratio. This is clearly visible and discussed in Figs. 13-

15.
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The dynamic stall of rotor blade is an intrinsic specification of VAWTs. This phenomenon
decreases the power coefficient of the turbine significantly [47-48]. The blade of rotor under
dynamic stall phenomena causes deformation of the wake behind the rotor blade, which
influences the performance of the downstream blades in the rotor [47]. Dynamic stall strongly

affects the generated lift and drag forces. It occurs due to a large angle of attack variation during

turbine rotation. Fig. 13 shows the non-dimensional vorticity (3—) contours around the blade for
oo}

standalone rotor, and rotor with rotating microcylinder at different azimuth positions and its
corresponding angle of attack angles. Take a single blade in consideration and start from azimuth
angle of 335 degrees (corresponding to attack angle 25 degrees). When the azimuth angle is 360
degrees, the attack angle equals to zero degree and with further rotation of the blade the angle of
attack becomes negative as shown in Fig. 13. However, due to rotation of the rotor, the flow

fields around the blade and the upper as well as the lower boundary layers are unsymmetrical.

There is relatively strong vortex structure on the blade surface facing outward flow with respect
of the turning circle of the rotor at attack angle 25 degrees. This is because the blade has strong
unsymmetrical flow fields. For the original blade of standalone rotor without microcylinder, the
separation bubble on the trailing-edge suction surface gradually expands at first to form a large
recirculation region as AoA decreases from 25 to 20, and then rapidly decreases as AoA further
decreases. This rapid change of bubble size causes the sudden drop of lift and it is known as the

heavy stall as presented in [27].

For all positive attack angles, the presence of rotating microcylinder causes enhancement of
vortex structure near the leading edge of the blade, and this is responsible for generating more
turbulence on the upper surface boundary layer and causes reduction of the recirculation eddy
size, see Fig. 13 (a)-(d). Arriving azimuth angle of 360 degrees, the flow is seen to be
symmetrical and fully attached to the blade walls as previously seen in [12].

When the considered blade moves to azimuth angle 10 degrees, as shown in Fig. 13 (h), the
positive vortex at the inside part of blade squeezes to the trailing edge and the trapped vortex
reversed direction. The negative vortex near the trailing edge part decreases but the shedding
positive vortex near the trailing edge of the blade becomes thicker with large elongation of

vortex after the trailing edge with the appearance of separation bubble on the inner side of the



blade. The presence of the microcylinder still strongly generates vortex flow ahead of the leading
edge of the blade with feeding turbulence energy to the inner-side boundary layer of the blade.
For the azimuth angles greater than 10 degrees, large vortex covers the whole blade’s inner side
of the blade with the presence of recirculation zone for all studied cases. The flow is seen to be
fully separated from the inner side of the blade and a strong vortex is shedding from the trailing
edge for the case of standalone rotor, while small recirculation size appears near the leading edge
of the blade for the case of rotor with microcylinder.

At this point, the pressure distribution at inner side and outer side after middle part of the blade is
expected to be very close, and only the leading edge of blade has work capability because of the
pressure difference near the leading edge. The presence of microcylinder starts to activate the
outer wall with turbulence sufficient to prevent any expected separation with the attacked flow
with more rotation of the blade. A reduction of the leading-edge pressure of rotor with rotating
microcylinder is noticed also from the distributions of the pressure contours, see Fig. 14. This of
course reduces the drag force generated on the airfoil and enhances the generated power of the

rotor.

Another interesting finding is drawn from Fig. 15, in which the presence of stationary
microcylinder produces some increase of the turbulence kinetic energy approaching the blade of
the rotor. This increases the turbulence level in the near-wall boundary layer. The figure also
shows that the presence of rotational microcylinder ahead of the leading edge of the rotor blade
produces more turbulence than that of the blade with stationary microcylinder and hence

enhancement of the generated power.

The coefficients of lift and drag were also derived, as presented in the following equations:

3)

Lift Force
Cl=5 "
EpVooHtD

Drag Force
Cd = T 2
EpVOOHtD

“4)
Where H,D represents the frontal area of the rotor with H; as the rotor height. The ratio Cl/Cd is
known as the lift to drag ratio.

For the fixed/rotating microcylinder MC5 with d/C=0.009, the angular positions at the quasi-

steady state revolution of the lift coefficient, drag coefficient and lift to drag ratio were plotted in



Figs. 16, 17, 18 and19 for TSR values of 2, 2.5, 3, and 3.5, respectively. The results indicate a
minimal difference in the instantaneous Cl, Cd and Cl/ Cd for the two cases (stationary/rotating
microcylinder). The fluid flow is becoming highly unstable and turbulent when the
microcylinder rotates with constant angular speed (5 rad/s). The cyclical nature of the curves for

all cases are kept throughout the simulation.

In addition, rotating microcylinders could increase the lift-to-drag generation compared with the
original rotor (without microcylinder) around the best performance of rotor due to the reduction
of pressure drag associated with expected dynamic stall vortex caused by the reduction of
apparent thickness of the aerofoils in the presence of leading-edge microcylinder. Hence, this
characteristic can be beneficial for lift-type vertical axis wind turbine (Darrieus rotor) as it can

improve the time-averaged lift-to-drag ratio, see Fig. 20.

4- Conclusions

The present URANS computational study discusses the effect of static/dynamic (fixed/rotating)
microcylinder on the performance of an H-type Darrieus rotor with NACA 0021 airfoil. Previous
published measurements and computations of a standalone H-Type NACA 0021 Darrieus rotor
were first used to verify the computational results using three different turbulence models
namely, RNG k-g, Realizable k-¢ and SST k-o with clear superiority of SST k-o turbulence
model over the others. The computational study was then extended based on SST k- turbulence
model for static/dynamic microcylinder. The diameter and the location of the microcylinder
installed upstream the leading-edge of the rotor blade, were the main parameters to be considered
in this investigation. So, an optimization methodology using Response Surface Optimization
(RSM) which is based on Kriging method has been first introduced to find the optimum size and
location of a circular microcylinder required to produce the best rotor performance.

Different parameters including the locations, the size, the shape (circular, square and rhombus),
and the rotation of microcylinder (5 rad/s) were also implemented to improve performance of
rotor. The dynamic stall as an intrinsic phenomenon, which decreases the power coefficient of
the turbine significantly, has been also discussed through simulating non-dimensional vorticity
contours at different angle of attack of the blade during the rotor rotation with/without the

presence of the circular optimized microcylinder.



The main conclusions that can be extracted from the present work are:

1-

The SST k-0 turbulence model can be considered as a suitable turbulence model for
computing the performance H-type Darrieus rotor.

The optimum dimensionless microcylinder diameter of 0.0085313 installed at an
upstream dimensionless chordwise distance and normal to it 0.070275 and 0.02303,
respectively can produce the best rotor power.

The microcylinder of diameter 0.009 of chord length located along the chord line
upstream of the leading edge at a distance 0.075 chord length (named as MCS5)
approaches the performance of the optimum microcylinderand is found to be the best one
compared with all studied cases from the point of view of the rotor performance.

The dynamic circular microcylinder (MC5) is only effective at high regime of tip-speed
ratios (TSR = 2.2) rather than lower regime of TSRs.

The rotating microcylinder MCS5 installed at distance 0.075 chord length upstream of the
leading edge of the rotor blades produces significant enhancement of H-type Darrieus
rotor performance due to the increase of lift-to-drag ratio around the optimal operation of
the rotor. A considerable improvement of the maximum power coefficient (Cp,,qx) Up to
120 % at TSR = 3 is achieved.

The rotating microcylinder is able to generate a strong vortex structure in its wake for
enhancing turbulence production around the walls of the rotor blades.

Using such a rotating microcylinder, the strong stall of the blades can be delayed with
diminishing the size of separation bubble on the blade suction surface. This is responsible
for improving aerodynamic performance of the rotor blades and enhancing the generated

lift-to-drag ratio.

Nevertheless, further studies of a real Darrieus-rotor configuration are still needed to confirm the

ability of leading-edge (stationary/rotating) microcylinder on the improvement of Darrieus rotor

and its capability at all regimes of TSRs also needs to be considered.

Moreover, how the rotating microcylinders are integrated to the blade of Darrieus rotor in real

configuration must be further studied so the structural addition to accommodate rotating

microcylinders on the blade of Darrieus rotor does not add significant mass and design

complexity.
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