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Abstract

Vertical-axis wind turbines (VAWTs) have been widely used in urban environments, which contain dust and experience
strong turbulence. However, airfoils for VAWTs in urban environments have received considerably less research attention
than those for horizontal-axis wind turbines (HAWTs). In this study, the sensitivity of a new VAWT airfoil developed at the
Lanzhou University of Technology (LUT) to roughness was investigated via a wind tunnel experiment. The results show
that the LUT airfoil is less sensitive to roughness at a roughness height of < 0.35 mm. Moreover, the drag bucket of the LUT
airfoil decreases with increasing roughness height. Furthermore, the loads on the LUT airfoil during dynamic stall were
studied at different turbulence intensities using a numerical method at a tip-speed ratio of 2. Before the stall, the turbulence
intensity did not considerably affect the normal or tangential force coefficients of the LUT airfoil. However, after the stall,
the normal force coefficient varied obviously at low turbulence intensity. Moreover, as the turbulence intensity increased,
the normal and tangential force coefficients decreased rapidly, particularly in the downwind region of the VAWT.
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dust and experience strong turbulence from natural wind [1,
2]. These factors can easily affect the dynamic load on the
blades and the efficiency of VAWTs. In particular, strong
turbulence is one of the main causes of dynamic stall [3].
Moreover, dynamic stall is complex, being considered as a
delayed separation phenomenon on the airfoil surface due
to unsteady motion of the wind turbine [4-6]. Therefore,
dynamic loads on VAWTs during dynamic stall in urban
environments must be clearly understood. The effect of dust
on airfoil performance should also be investigated. There-
fore, a considerable number of studies on VAWT develop-
ment have focused on airfoil performance [7-10].
Compared with HAWTSs, the local angle of attack (a) of
VAWTSs changes constantly with azimuthal angle (6), even in
a stable incoming airflow. Moreover, as the speed of rotation
of the rotor decreases, the range of fluctuation of « increases.
Previous research on VAW Ts conducted by Ferreira et al. [9]
and Islam et al. [11, 12] showed that the shape of the VAWT
airfoil and the operating conditions played important roles in


http://crossmark.crossref.org/dialog/?doi=10.1007/s10409-019-00898-3&domain=pdf

Experimental and numerical investigation of the influence of roughness and turbulence on... 1179

the dynamic stall phenomenon. They also offered some good
suggestions for overcoming dynamic stall. Further analysis
of the aerodynamic performance of VAWTs was conducted
by Carrigan et al. and Howell et al. [13, 14] using a numeri-
cal method and wind tunnel experiments. Their results indi-
cated that the performance of a VAWT could be improved
by optimizing the airfoil profile. The effect of the airfoil on
the performance of a VAWT was also described by Subra-
manian et al. [15] using a three-dimensional model. There-
fore, studying the dynamic performance of new airfoils for
VAWTs is important.

There is no doubt that roughness affects the aerodynamic
performance of an airfoil [16—18], making such sensitivity
to roughness one of the most important indices for assess-
ing wind turbine airfoil performance. Early studies focused
mainly on the mechanism underlying airfoil sensitivity
to roughness. For instance, the process of boundary layer
development on rough airfoils has been determined experi-
mentally and through theoretical analysis [19, 20]. A great
deal of meaningful work on airfoils for wind turbines was
subsequently conducted [21]; For example, Timmer and
Schaffarczyk [22] studied the performance of the DU-W-
300Mod airfoil at high Reynolds number. Their research
showed that the blunt trailing edge helped to decrease the
roughness sensitivity of the airfoil. Similar work was also
carried out by Zhang et al. [23], who investigated the aerody-
namic performance of the S834 airfoil with different rough-
ness heights using the shear stress transport (SST) k- turbu-
lence model. Their results indicated that the sensitive height
on the suction surface of the S834 airfoil was 0.5 mm, while
the pressure surface was insensitive to the roughness height.
Moreover, the sensitivity of thick airfoils to roughness has
been extensively researched [22, 24], because roughness can
easily increase the boundary layer thickness on a thick air-
foil. This can cause the transition position to move toward
the nose of the airfoil; For instance, Van Rooij and Timmer
[25] reviewed the performance of many wind turbine air-
foils, including the DU series, FFA series, AH series, S8xx,
and NACA series, to assess the effect of roughness on thick
airfoils. However, such studies have generally focused on the
roughness sensitivity of airfoils at large Reynolds number
(R,). Based on this literature review, more investigation on
the influence of roughness on the performance of new air-
foils is necessary.

The turbulence level also has a significant impact on
the loads on and aerodynamic performance of VAWTs [2,
26, 27]. The fact that VAWTs experience a high degree of
turbulence in urban environments cannot be ignored. To
study the effect of turbulence intensity on VAWTs, Molina
et al. [28] devised an innovative method to obtain highly
turbulent wind conditions in a wind tunnel. They found that
strong turbulence caused obvious vibrations and decreased
the power of VAWTs. Similar work was performed by

Ahmadi-Baloutaki et al. [29], who found that the power
increased with a 5-10% increase in turbulence intensity.
Moreover, VAWT self-starting was improved under the
influence of free-stream turbulence. These results are similar
to those obtained by Peng et al. [30] using large-eddy simu-
lations and wind tunnel experiments. A numerical method
was employed by Siddiqui et al. [31] to assess offshore wind
energy, and their results indicated that the performance of
VAWTs decreased by 23% to 42% for a 5% to 25% increase
in turbulence intensity. The effect of turbulence on VAWT
performance is therefore complex.

A new VAWT airfoil, known as the Lanzhou University
of Technology (LUT) airfoil, was designed by our team.
The LUT airfoil has a large maximum lift coefficient and
thickness. High design lift and increased thickness generally
heighten airfoil sensitivity to roughness [22, 32]. It was thus
necessary and important to study the effect of roughness on
the performance of the LUT airfoil. Relatively little research
has been dedicated to VAWT airfoils in urban environments,
and strong turbulence is an important cause of VAWT load
instability. Therefore, we studied the dynamic loads on the
LUT airfoil at different turbulence intensities. The remainder
of this paper is organized as follows: Section 2 describes
the experimental and numerical methods. Section 3 reports
the sensitivity to roughness of and the dynamic loads on the
LUT airfoil at different turbulence intensities.

2 Experimental and numerical methods
2.1 Experimental equipment and methods

The sensitivity of the LUT airfoil to roughness was investi-
gated by measuring the airfoil surface pressure.

2.1.1 Wind tunnel

Airfoil surface pressure tests were carried out in a low-tur-
bulence wind tunnel located at Northwestern Polytechnical
University. As shown in Fig. 1, the rectangular cross-sec-
tion of the experimental apparatus was 400 mm X 1000 mm,
while its length was 2800 mm. The maximum wind speed
was 70 m-s~', and the turbulence intensity was below 0.3%.
A more detailed description of the wind tunnel can be found
elsewhere [33]. The x-, y-, and z-axes of the wind tunnel
coordinate system represent the free stream, perpendicular
direction, and span of the airfoil, respectively.

2.1.2 Test airfoil model
The LUT airfoil is an asymmetric VAWT airfoil with chord

length (c) of 200 mm and span of 400 mm. A more detailed
description of the LUT airfoil can be found in Ref. [34].
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Fig. 1 Experimental wind tunnel: a schematic diagram; b photograph of experimental section. The cross-section of the wind tunnel was
400 mm X 1000 mm, with length of 2800 mm. The test model was the Lanzhou University of Technology (LUT) airfoil

Figure 2 shows how a total of 50 pressure taps with diam-
eter of 0.7 mm were distributed on the surface of the model
airfoil, concentrated at its leading and trailing edges. Car-
borundum no. 60 and no. 120 with average grain size of
0.30 mm and 0.12 mm, respectively, were used to ensure
a fixed transition [20, 35]. The carborundum was attached
to the upper and lower surfaces of the airfoil at positions
corresponding to 10% and 15% of the chord length, respec-
tively. It is worth noting that, because the carborundum was
attached to the surface of the test airfoil using tape with
height of 0.05 mm and width of 4 mm, the actual roughness
heights were 0.35 mm (carborundum no. 60) and 0.17 mm
(carborundum no. 120).

2.1.3 Pressure measurements

The pressure was measured using an electronic scan-
ning measurement system (DSY104), a pressure scanner
(PSI9816), and an angle-of-attack control mechanism.
The pressure measurements and pressure scanning with
the PSI9816 scanner were accurate to within +0.2% and
+0.05%, respectively, of full scale (FS). The accuracy of
angle-of-attack control was within +0.033°.

0.2

The pressure on the surface of the model airfoil is expressed
as the pressure coefficient C, = (p; — p,,)/(0.5pU% ), where
p; 1s the pressure at pressure tap i, p is the free-stream static
pressure, U _ is the free-stream speed, and p is the air density.
The drag coefficient was calculated using the wake investiga-
tion method. The height of the wake rake (H) was 300 mm.
The wake rake was installed at a point 0.9c downstream from
the trailing edge of the airfoil. The formula used to calculate
the drag coefficient was

H ’
Cd=/ ¢, d(y/c), ey

where y is the y-coordinate of the total pressure tap for
the wake rake. The integral function of the wake rake is
expressed as

_ _ 05
vy n 1/y Poi G=D/rrq — Py /Po)) V7 .
! Poo Po 1= (pes /o)

1= (poo /P07 02 ,
]

o Pressure tap
== Roughness tape

-0.14

-0.24

1.0

Fig. 2 Distribution of pressure taps and locations of roughness tape on test model. Fifty pressure taps were distributed over the airfoil surface.
Roughness tape is shown in green, attached on the upper surface at 0.1c¢ and on the lower surface at 0.15¢
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where ¢ is the local drag coefficient of the total pressure tap
for the wake rake, p, is the static pressure at the wake of the
model, p,, is the total pressure of the wake rake, p, is the
free-stream total pressure, c; o is the ¢! arithmetic mean of
¢, in the wake of the airfoil, and y is the specific heat ratio,
which is typically y = 1.4 [36].

The lift coefficient ¢; was calculated based on the rela-
tionship between the coordinate system, the drag coefficient
(c,), and the normal force coefficient ¢, as follows:

cL =c,-cosa—(cqg—c, sina) - tana, 3)

where a represents the angle of attack.

In the wind tunnel experiment, it was necessary to elimi-
nate measurement errors. Therefore, the pressure values
of the pressure taps and the wake rake were referenced to
free-stream velocity of 0 m-s~! and angle of attack of 0°.
The uncertainties on both the lift and drag coefficients were
evaluated using the accuracy of the PSI9816 scanner.

2.2 Numerical method

Based on previous research [4, 5, 23], the unsteady Reyn-
olds-averaged Navier—Stokes (URANS) method is consid-
ered reasonable and efficient for numerical analysis. In this
work, the SST k-w two-equation turbulence model of the
URANS method was employed to simulate the dynamic
performance of the LUT airfoil under free transition. The
numerical simulations were carried out using ANSYS Flu-
ent software (ANSYS, USA). The coupling of pressure
and velocity was achieved using the SIMPLEC algorithm.
The second-order upwind discretization scheme was uti-
lized to calculate pressure and velocity, while the second-
order implicit formula was adopted to evaluate temporal
discretization.

To calculate dynamic performance, the varying angle of
attack was defined by the empirical Eq. (4) [37]:

sin 0 )’ @

a = tan™! (—
A+ cosf

where 6 is the azimuthal angle and 4 is the tip speed ratio.
The angular velocity (f) was defined by differentiating
Eq. (4) with respect to time [4].
Q[Acos(R21) + 1]
== ) 4)
[4%2 4+ 2Acos(£21) + 1]

where ¢ is the movement time, €2 is the angular frequency
£ =2xnf, and f is the variation frequency of the angle of
attack, which is typically f = 0.55.

2.2.1 Boundary conditions and geometric schemes

Figure 3 shows schematics of the boundary conditions
and geometry used for the numerical simulation. The

Pressure

Velocity
outlet

inlet

Rotating
zone

Stationary
zone

40c

Fig.3 Schematic showing the geometry and boundary conditions of
the numerical simulation. The diameter of the stationary zone was
40c, where c is the chord length, while the diameter of the rotating
zone was equal to 6¢. The regions on the left and right sides of the far
domain are defined as a velocity inlet and pressure outlet, respectively

aerodynamic center (0.25¢) of the LUT airfoil, which was
also the center of the rotational axis, was located at the
origin of the coordinate system. The entire computational
domain was divided into two parts. These included a sta-
tionary zone with diameter of 40c and a rotating zone with
diameter of 6¢, with an interface boundary condition set on
the intersection of the two zones. The left region in the far
domain was defined as a velocity inlet, where U, =23 m-s~!,
while the region on the right was defined as a pressure outlet.
The turbulence intensity and viscosity ratio were used to
define the turbulence boundary conditions at the velocity
inlet, with turbulence intensity of 0.14%, 10%, or 20%. The
turbulence viscosity ratio was equal to 1, a typical value for
the SST k-w two-equation turbulence model. The backflow
turbulence intensity and viscosity ratio of the pressure outlet
boundary conditions were the same as those of the velocity
inlet turbulence boundary conditions. The walls of the airfoil
were set as no-slip walls.

2.2.2 Computational grid

Structured O-grids were adopted for the numerical simula-
tion, as shown in Fig. 4. A sliding mesh was used for the
rotating zone, which enables the required interpolation of
flux to be obtained [4]. To ensure that y© was < 1, the spac-
ing of the first grid around the LUT airfoil was less than
1x107° m.

Figure 5 shows the results of checking the mesh inde-
pendence. The pressure coefficient on the LUT airfoil sur-
face was investigated at an angle of attack (a) of 8° with a
Reynolds number of 3 x 10°. When the total number of cells
exceeded 1.9 x 10°, the results of the numerical simulation
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Fig.4 Grid details around the rotating zone: a the O-grids employed and b the boundary layer comprising 36 cell layers. The height of the first
layer was 1x 10~ m, and the growth rate of the grid in the boundary layer was 1.04

-4

Experiment

-3 ——SST k-o ( cell number: 1.9x10° )
——SST k-o ( cell number: 1.5x10%)
——SST k- ( cell number: 0.5x10° )

Fig.5 Comparison of experimentally determined and numerical pres-
sure coefficients on the LUT airfoil surface. Black, red, blue, and
pink lines represent experimental results obtained with cell number
of 1.9%10°, 1.5x 10%, and 0.5 x 10, respectively. The angle of attack
was 8°, and the Reynolds number was 3 X 10°

were in agreement with the reported experimental results.
Therefore, the number of cells employed in the numerical
method was greater than 2 x 10°.

Sufficient spatial resolution can ensure the accuracy of
simulated airfoil dynamic performance. Therefore, it was
necessary to study the effect of the time step in the numerical
simulation. In this study, the time step was defined as [4, 38]

T=—>, (6)

where 7 is the dimensionless time step and At is the time
step.

Table 1 presents the sensitivity to the dimensionless
time step at a tip speed ratio of 2 when the numerical sim-
ulation was unsteady with a dynamic stall. Figure 6 shows
the numerical LUT airfoil lift coefficients obtained with

@ Springer

Table 1 Sensitivity to the dimensionless time step

Case T Atz (s) T/IAt Used time (h)
0.02 17.38%x10° 1047 12

2 0.010 8.69x10° 2093 48

3 0.005 4.345%10° 4186 68

0.0 0.2 0.4 0.6 0.8 1.0
t/T

Fig.6 Lift coefficients of LUT airfoil obtained by numerical simula-
tion with different time steps at tip speed ratio of 2. Black, red, and
blue lines denote the lift coefficient in case 1, case 2, and case 3,
respectively

three different time steps under unsteady conditions with
dynamic stall. The lift coefficient in case 3 was higher
than those in cases 1 and 2 at the initial phase of stall
during the upstroke process. Meanwhile, the numerical
simulation for case 1 took less time than that of either
case 2 or 3. Therefore, the time step in case 1 was adopted
for numerical simulations to balance time and calculation
accuracy.
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3 Discussion

The static pressure coefficient distribution on the LUT
airfoil was obtained using different roughness heights in
the wind-tunnel experiments. The dynamic loads on the
airfoil were investigated at different turbulence intensities
using the numerical method.

3.1 Effect of roughness on LUT airfoil performance

The sensitivity of the maximum lift coefficient, ¢y, to
roughness was defined as [32, 39]

= (CL, max fr — €L, max ﬁx)/cL, max fr> )
where ¢p . 1 1S the maximum lift coefficient of a free tran-
sition and ¢y . fix 1S the maximum lift coefficient of a fixed
transition.

CL, max

a 4
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3.1.1 Distribution of the pressure coefficients for various
roughness heights

The experimentally determined pressure coefficients for
the LUT airfoil at different angles of attack are shown
for free and fixed transitions in Fig. 7. The black lines
represent the pressure coefficients (c,) of the clean airfoil.
The red and blue lines represent ¢, for roughness height of
0.17 mm and 0.35 mm, respectively. Comparing the free
and fixed transitions, at an angle of attack (a) of —10°, the
effect of the roughness height on the pressure coefficient
distribution was not obvious. When a =4°, the location of
the free transition on the LUT airfoil was at approximately
45% chord, while the pressure coefficient distribution on
the upper surface clearly changed at about 20% chord due
to the effect of the roughness height. With an increase
in the angle of attack, the free-transition position moved
towards the leading edge of the airfoil. Moreover, the pres-
sure coefficient distributions on the upper and lower sur-
faces of the LUT airfoil were nearly identical at 12° angle

—&— Clean
—e— Carborundum 0.17 mm

-1.0 —A— Carborundum 0.35 mm

0.0[/01 02 03 04 05 06 0.7 O
05 x/c

-3 —=— Clean
—e— Carborundum 0.17 mm
—a&— Carborundum 0.35 mm

x/c

Fig.7 Pressure distribution on LUT airfoil at different angles of attack in free and fixed transitions for a a=—10°, b a=4°, ¢ a=12°, and
d a=16°. Black, red, and blue lines show the pressure coefficient for the clean case, roughness height of 0.17 mm, and roughness height of

0.35 mm, respectively

@ Springer



1184

S.Li, etal.

of attack. At 16° angle of attack, the flow separation on the
roughened upper surface was closer to the leading edge of
the airfoil than it was on the clean airfoil. This can be seen
in Fig. 7d. Additionally, the suction peak decreased with
an increase in the roughness height, although the effect
of the roughness on the lower surface was less obvious.
Therefore, the effect of the roughness height on the LUT
airfoil pressure distribution was weak before stall.

3.1.2 Lift coefficients at various roughness heights

The experimentally determined lift coefficients for the
LUT airfoil with different roughness heights are shown
in Fig. 8. The black lines indicate the lift coefficient of
the clean airfoil, while the red and blue lines show the lift
coefficients for roughness height of 0.17 mm and 0.35 mm,
respectively. The variation in the lift coefficients was basi-
cally the same in all three cases before stall. Once the
angle of attack exceeded 14°, the lift coefficients of the
roughened airfoils dropped rapidly relative to the ¢; value
of the clean airfoil. Stall began at 10° angle of attack,
particularly for the airfoil roughened with 0.30 mm car-
borundum. In this case, the maximum lift coefficient was
15.65% lower than that of the clean airfoil. In other words,
the sensitivity of the maximum lift coefficient (cp ) t0
the roughness was 15.65% for the airfoil roughened with
0.30 mm carborundum. The sensitivity of the maximum
lift coefficient of the airfoil roughened with 0.17 mm
carborundum to roughness was 4%. Compared with the
results of previous research [22, 32], ¢p ., of the LUT
airfoil was less sensitive to roughness.

1.54

—a— Clean

1.0+ —e— Carborundum 0.17 mm
—4A— Carborundum 0.35 mm
0.54

al (°)

Fig. 8 Lift coefficients of LUT airfoil with free and fixed transitions
at Reynolds number of 3 x 10
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3.1.3 Drag coefficients at various roughness values

The experimentally determined drag coefficients of the
LUT airfoil for each roughness value are shown in Fig. 9.
The black line represents the drag coefficient of the clean
airfoil. The red and blue lines correspond to the drag coef-
ficients at roughness height of 0.17 mm and 0.35 mm,
respectively. Compared with the clean airfoil, the influence
of roughness on the drag coefficient was quite minimal when
—7°<a<9°. However, when the angle of attack exceeded
10°, the drag coefficients increased with increasing rough-
ness. Consequently, the loss in momentum clearly became
more pronounced as the roughness increased in the turbulent
boundary layer. These results are consistent with the results
discussed in Sect. 3.1.2.

3.1.4 Lift-drag ratio for various roughness values

The effect of the roughness height on the lift—drag ratio of
the LUT airfoil is shown in Fig. 10, where the colors of the
lines have the same meaning as in Fig. 9. In this figure, the
variation of the lift coefficient with the drag coefficient for
the LUT airfoil is complex, because the roughness height is
so large that the momentum thickness increases [39]. Moreo-
ver, compared with the clean case, the width of the drag
bucket decreases with increase in the roughness height.

3.2 Effect of turbulence intensity on LUT airfoil
dynamics

We investigated the dynamic properties of the LUT air-
foil by performing numerical analysis of the normal and

0.40+

0.35
—a— Clean

—e— Carborundum 0.17 mm

0.30
—4A— Carborundum 0.35 mm

0.25
0.20
0.15+
0.10 4

0.05

0.00 T T T T T
-20 -10 0 10 20

al (°)

Fig. 9 Drag coefficients of LUT airfoil with free and fixed transition.
Black, red, and blue lines show the drag coefficient corresponding to
the clean case, roughness height of 0.17 mm, and roughness height of
0.35 mm, respectively, for Reynolds number of 3 X 10°
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1.0
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Q 0.00/| 0.02 004 006 008 010 012 0.14 0.16
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—S—n u
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Fig. 10 Lift—drag ratios of LUT airfoil in free and fixed transitions.
Black, red, and blue lines show the lift—drag ratios corresponding to
the clean case, roughness height of 0.17 mm, and roughness height of
0.35 mm, respectively, for Reynolds number of 3 x 10°

tangential force coefficients at turbulence intensity (TI)
of 0.14%, 10%, and 20%, indicating low, moderate, and
strong turbulence, respectively [4]. The normal force
coefficient (c,) and tangential force coefficient (c,) were
defined as follows:

F
C =—021
" 0.5pU%c (®)
F
Co=—t
! 0.5pU% ¢ ©)

where F, is the normal force, F, is the tangential force, and
p is the air density.

e N \
i - NS 00
— 90% Upwind area ‘%)L ind v 90
—_— ) / ownwind area,

The working principle of a VAWT is illustrated in
Fig. 11a. The upwind area is defined by 0° <a <180°, while
the downwind area is defined by —180° <a <0°. The varia-
tion in the angle of attack with the azimuthal angle accord-
ing to Egs. (4) and (5) is shown in Fig. 11b.

3.2.1 Effect of turbulence intensity on dynamic loads
on LUT airfoil

The normal and tangential force coefficients of the LUT air-
foil at different turbulence intensities and tip speed ratio of 2
are shown in Fig. 12a, b. During the upstroke process, when
—16°<a <22° the normal force coefficient at the three
turbulence intensities was nearly the same. However, the
normal force coefficient clearly decreased when the angle
of attack exceeded 22°, and it fluctuated when 77=0.14%.
When the angle of attack increased further, the fluctuation in
the normal force coefficient was nearly the same in all cases.
This indicates that the fluctuation in the normal force coeffi-
cient could be delayed during stall as the turbulence intensity
increases. In the downstroke process, when —12° <a <30°,
a similar variation in the normal force coefficient was
observed at all three turbulence intensities. Therefore, strong
turbulence after stall is advantageous for reducing fluctua-
tions in the normal force coefficient. However, the normal
force coefficient quickly dropped at the highest turbulence
intensity. The turbulence intensity hardly affected the normal
force coefficient prior to stall.

In Fig. 12b, the tangential force coefficients at each
turbulence intensity were similar in the region where
—12° <@ <22° during the upstroke process. After stall,
there was a downward trend in the tangential force coef-
ficient, and it fluctuated in each case. However, fluctuation

20__———_—_—_—_—/_4_ © © @i\

Upwind area

10 / \

T T T T T T 1

-180 -135 -90 -45 0 45 90 135 180
® o 0/ ()

N7 30

Fig. 11 Schematic illustration of vertical-axis wind turbine (VAWT): a two-dimensional cross-section and b variation in angle of attack with
azimuthal angle at tip speed ratio of 2. The upwind area is defined by 0° << 180°, while the downwind area is defined by —180° <@ <0°. The
circled numbers represent special positions in the period of motion. Lines shown with arrows denote the travel direction of the airfoil. F,, is the

normal force, F| is the tangential force, and @ is the azimuthal angle
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Fig. 12 Dynamic loads on LUT airfoil at different turbulence intensities at Reynolds number of 3 x 10>: a normal and b tangential force coeffi-

cients when A=2, ¢ normal and d tangential force coefficients when 1=4

was observed earlier at 7I=0.14%. In the downwind region,
where the angle of attack was negative, the tangential force
coefficient exhibited the strongest fluctuations. The largest
peak value was found in the case of 7/=0.14%, indicating
that an increase of turbulence intensity caused a decrease in
the maximum lift coefficient in this region. However, com-
pared with the downstroke process, the effect of the turbu-
lence intensity on the tangential force coefficient was weak
in the upstroke stage.

Figure 12c, d displays the normal and tangential force
coefficients of the LUT airfoil at the different turbulence
intensities when the tip speed ratio was 4. They show that
the changes in the normal and tangential force coefficients
were almost the same at the different turbulence intensi-
ties. However, compared with Fig. 12a, b, the values of the
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normal and tangential force coefficients obviously increased
when the tip speed ratio changed from A=2 to A=4 for the
LUT airfoil. Meanwhile, the maximum value of the dynamic
angle of attack decreased with increase of the tip speed ratio
due to the weaker effect of the dynamic stall; this result can
be explained based on Eq. (4).

Thus, the turbulence intensity did not affect the normal
or tangential force coefficient at low tip speed ratio prior
to stall. The effect of the turbulence intensity on the nor-
mal and tangential force coefficients was weak in the area
upwind of the VAWT when stall occurred. Fluctuations in
both the normal and tangential force coefficient decreased in
the area downwind of the VAWT as the turbulence intensity
increased. At the same time, the normal and tangential force
coefficients themselves dropped quickly.
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3.2.2 Effect of turbulence intensity on flow-field
characteristics of LUT airfoil

The purpose of considering 4 =2 as an example is to further
illustrate the dynamic characteristics of the LUT airfoil and
investigate the development of the flow field of the LUT
airfoil.

Figure 13 shows the instantaneous contours of the stream-
line and velocity of the LUT airfoil at different turbulence
intensities when 1=2 and the instantaneous velocity "
was equal to U* = U/ U,. When TI=0.14%, the flow on
the upper surface of the LUT airfoil during the upstroke
process (¢=12.1° 1) remained attached. When the angle of
attack increased, a tailing-edge vortex gradually formed and
grew until @=20.9° 1. A larger tailing-edge vortex was also
observed. Therefore, the normal and tangential force coeffi-
cients changed almost linearly during this process, as shown
in Fig. 12. As the angle of attack increased further, the larger
tailing-edge vortex gradually moved to the leading edge
along the upper surface of the LUT airfoil and shed from the
upper surface. This process is clearly shown from a=20.9° 1
to @=29.2° 1. In this range of a, the normal and tangential
force coefficients clearly fluctuated. In the downstroke pro-
cess, the tailing-edge vortex on the lower surface was present
until a=—11.8° |. Moreover, the vortex development was the
same as that on the upper surface in the upstroke stage. How-
ever, the larger tailing-edge vortex fell off the lower surface at
a=-224°].

The flow conditions around the LUT airfoil at a small angle
of attack, e.g., a=12.1° 1, were the same regardless of the
turbulence intensity. When the turbulence intensity increased,
the intensity of the vortex near the trailing edge increased.
An example is shown for =26.5° 1. The distribution of the
instantaneous pressure coefficients at different turbulence
intensities during this process is shown in Fig. 14. The black
lines correspond to the instantaneous pressure coefficients at
T1=0.14%. The red and blue lines represent the pressure coef-
ficients at 71=0.10% and T1=20%, respectively.

At a=12.1° 1, the pressure coefficients were the same in
all three cases. At a=20.9° 1, flow separation occurred on
the upper surface of the LUT airfoil after x/c reached 0.27. At
a=26.5° 1, the flow separation extended to x/c=0.08. How-
ever, when 7/=0.14% and a=20.9° 1 or 26.5° 1, the pressure
coefficient showed a slight improvement over the other two
cases. This result coincides with the trend shown in Fig. 12. At
TI=0.14%, the normal and tangential force coefficients were
larger than they were at T/=10% or 20%. The pressure coef-
ficient near the trailing edge of the LUT airfoil was unstable
when TI=10% and TI=20%.

However, the flow separation during the downstroke pro-
cess, particularly at a=30° |, was opposite to that of the
upstroke process. Therefore, the tangential force coefficient
at a negative angle of attack was higher at 77=0.14% than at
either TT=10% or TI=20%.

4 Conclusions

To evaluate the static and dynamic properties of the newly
designed LUT airfoil, we tested the sensitivity of the air-
foil to roughness and studied the effect of the turbulence
intensity on its performance. We found that VAWTs
with the LUT airfoil would be suitable for use in urban
environments.

The roughness height affected the pressure coefficient,
lift coefficient, and drag coefficient of the LUT airfoil at
angles of attack greater than 14°. The sensitivity of the
maximum lift coefficient of the airfoil at roughness height
of 0.17 mm and 0.35 mm was 4% and 15.65%, respec-
tively. Thus, the LUT airfoil was less sensitive to rough-
ness. As the roughness height increased, the width of the
drag bucket, stall angle, and maximum lift coefficient
decreased. Moreover, the lift coefficient clearly decreased
with an increase in the roughness height after stall.

Prior to stall, the effect of the turbulence intensity on
the normal and tangential force coefficients of the LUT
airfoil was weak in regions upwind (a > 0°) and downwind
(a<0°) of the VAWT. However, in the upwind region
of the LUT airfoil in stall, the normal force coefficient
appeared to fluctuate at low turbulence intensities. When
the turbulence intensity increased, the normal force coef-
ficient dropped rapidly and the fluctuation reduced. The
variation in the normal force coefficient was similar in
downwind and upwind regions. Compared with the normal
force coefficient in upwind regions, the tangential force
coefficient did not differ significantly with the turbulence
intensity. However, the tangential force coefficient fluc-
tuated more significantly at low turbulence intensities in
downwind regions. Moreover, the fluctuation decreased
as the turbulence intensity increased. Therefore, the tur-
bulence intensity could affect the dynamic loads on the
LUT airfoil after stall, particularly in downwind regions.
The effect of the turbulence intensity on the normal and
tangential force coefficients in upwind regions was com-
paratively weak.

In future work, the dynamic performance and noise
level of the LUT airfoil will be tested in a wind tunnel
experiment.

@ Springer
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Fig. 13 Contours of instantane-
ous streamline and velocity of
LUT airfoil at different turbu-
lence intensities when 4 =2:
aTlI=0.14%, b TI =10%, and
¢ TI=20%
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