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This paper presents wind tunnel experimental results to investigate the effects of surface gradient-of-curvature
on aerodynamic performance of a low Reynolds number airfoil Eppler 387 for use in small-scale wind tur-
bines. The prescribed surface curvature distribution blade design method is applied to the airfoil E387 to
remove gradient-of-curvature discontinuities and the redesigned airfoil is denoted as A7. Both airfoils are
manufactured with high precision to reflect the design. Low-speed wind tunnel experiments are conducted to
both airfoils at chord based Reynolds numbers 100,000, 200,000 and 300,000. Surface pressure measurements
are used to calculate lift and pitching-moment data, and wake survey method is applied to obtain drag data.
The experimental results of E387 are compared with NASA LTPT results for validation. The gradient-of-
curvature discontinuities of E387 result in a larger laminar separation bubble which causes higher drag at
lower angles of attack. As the angle of attack increases the separation bubble of the airfoil E387 moves faster
towards the leading edge than that of A7, resulting in a premature bubble bursting and earlier stall on E387.
The impact of the gradient-of-curvature distribution on airfoil performance is more profound at higher angles
of attack and lower Reynolds number. The aerodynamic improvements are integrated over the 3D geometry
of a 3 kW small wind turbine, resulting in up to 10% increase in instantaneous power and 1.6% increase in
annual energy production. It is concluded experimentally that an improved curvature distribution results in

better airfoil performance, leading to higher energy output efficiency.

PACS numbers: Valid PACS appear here
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I. INTRODUCTION

Small wind turbines are generally defined as wind tur-
bines with a rated capacity up to 50 kW. They are very
widely used for residential and farming purposes, and
can also be used as a combination with other clean en-
ergy technologies such as hydro engines and photovoltaic.
According to the report from the World Wind Energy
Association (WWEA)!, more than 806,000 small wind
turbines were installed globally before 2013, and this fast
growing market will bring a cumulative installed capacity
of approximately 3 GW by the year 2020.

The smaller sizes and dimensions of small wind tur-
bine blades make their chord based Reynolds numbers at
different blade sections (airfoils) remarkably smaller com-
pared to large-scale wind turbines?. Typically Reynolds
numbers for small wind turbines are on the order of 10°
or even less while large-scale wind turbines often operate
at a Reynolds number in excess of 106 34,

Operating at low Reynolds numbers, small wind tur-
bines do not always offer good aerodynamic performance
subjected to inherent effects of flow separation and stall

a)Electronic mail: korakianitis@alum.mit.edu

on the blades. The flow on blade sections separates due to
a sufficiently large magnitude of the adverse pressure gra-
dient and changes in flow geometry including local sur-
face curvature variations at low Reynolds numbers. The
flow experiences transition to turbulence and can result
in a stall (without turbulent re-attachment) or a lami-
nar separation bubble (with turbulent re-attachment).
Either way, the overall aerodynamic performance of the
blades is reduced and hence the output power of wind
turbines is decreased®.

Conventional airfoils used in large-scale wind tur-
bines become inappropriate for small wind turbines due
to the operating Reynolds number difference”. Hence
researchers put great efforts to develop low Reynolds
airfoils for small wind turbines. Giguere and Selig®
presented three primary aerofoils with 10% maximum
thickness and one root aerofoil 16% maximum thick-
ness (SG604X family) which are specially designed for
1—5 kW rated power small wind turbines. The wind tun-
nel tests confirmed that they have enhanced lift-drag per-
formance over many other low Reynolds number airfoils.
Based on genetic algorithm, Ram et al.® designed an low
Reynolds airfoil USPT2 with 10% maximum thickness.
They claimed that The airfoil has better lift-drag per-
formance than SG604X family® when the attack angle is
beyond 10° and the lift drop beyond the stalling angle is
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milder than similar airfoils. NREL specifically designed
aerofoils S822 and S8341° for the small wind turbines and
S834 took low noise into design consideration. These two
aerofoils were experimentally proved to have more steady
stall performance at Re = 5 x 10°. Moreover, Using a
pressure-load prescription method, Henriques et al.!! de-
signed an airfoil with high lift performance (C; is close
to 2) for urban wind turbines at Reynolds numbers rang-
ing from 6 x 10* to 10%. More recent researches for small
wind turbine airfoil design can also be found in the study
of Islam et al.'?, Marnett et al.'® and Singh et al.5!4.

Researchers have noticed that low Reynolds number
airfoil performance is dominated by laminar separation
bubbles. McGhee et al.'® conducted wind tunnel tests
on the airfoil E387 over a range of low Reynolds num-
bers and concluded that at Reynolds numbers below
200,000 laminar separation bubbles dominate the air-
foil performance. Selig et al.'® tested six low Reynolds
airfoils for small wind turbine use and confirmed these
low Reynolds number operations are highly dependent on
laminar boundary layer behaviour. Van Treuren’ com-
pared low Reynolds number airfoil performance results
between wind tunnel tests and commonly used compu-
tational tools, and once again confirmed the necessity
of the airfoil wind tunnel experiments at low Reynolds
numbers. The separation bubble increases the bound-
ary layer thickness above the airfoil, resulting in loss of
lift force and increase of pressure drag. Hence, the small
wind turbine’s power generation efficiency is degraded.

Consequently, to optimise small wind turbine efficiency
by improving airfoil performance, flow separation must
be suppressed. Researchers have shown that flow sepa-
ration can be suppressed by making the curvature dis-
tribution of an airfoil continuous and smooth!”'#. The
idea came originally from high-efficiency turbomachin-
ery blade design, in which the distribution of surface
curvature is an important factor!®2°. In 1985 a pres-
sure spike was detected by Hodson?! which was caused
by the curvature discontinuity at the connecting posi-
tion between the leading edge (LE) circle and the air-
foil main body. Consequently great efforts were made to
remove the LE spike and keep a smooth pressure distri-
bution?223. Wheeler et al.?425 found that LE geometry
also affects compressor efficiency through the interaction
between compressor LE and wake. Massardo et al.?6:27
used streamline curvature distribution calculations to de-
termine the 3D variation of inlet and outlet flow angles
for axial-flow compressor design and improved the com-
pressor efficiency. Korakianitis et al. proposed a design
method?® to optimize airfoils by ensuring continuous dis-
tributions of curvature and gradient-of-curvature along
the surfaces, and showed that the aerodynamic and heat
transfer performance strongly depended on curvature and
gradient-of-curvature distribution. Based on surface cur-
vature distribution, Song et al.2 showed that continu-
ous curvature distribution at the LE blending position of
a compressor blade improves performance by helping to
eliminate the separation bubble.

Although the effects of surface curvature discontinu-
ities are widely researched in turbomachinery blade de-
sign, more research attention is required on external aero-
dynamics applications considering the prospective im-
pacts of surface curvature distribution on the behaviour
of the airfoil boundary layer. Korakianitis et al.?® ap-
plied continuous gradient-of-curvature distributions to
wind turbine airfoils and numerically presented the aero-
dynamic improvements of the airfoils. Based on that,
Shen et al.3% separately investigated the effects of sur-
face curvature and gradient-of-curvature on boundary
layer behaviour of different airfoils. They numerically
concluded that continuous distributions of surface cur-
vature and gradient-of-curvature improve aerodynamic
performance through the effects on the laminar bound-
ary layer. Nevertheless, more experimental research is
needed on the aerodynamic mechanisms causing the im-
proved airfoil performance yielded by smooth curvature
distribution as the relevant research on airfoils in small
wind turbines has not been investigated and published
before to the best of the aouthors’ knowledge.

In this paper we experimentally examine the effects of
improving gradient-of-curvature distributions on an ex-
ternal airfoil. A typical low Reynolds number airfoil E387
is selected for this investigation due to the existence of
discontinuities of gradient-of-curvature, its extensive ap-
plications and the available experimental data'®'6. All
the gradient-of-curvature discontinuities of airfoil E387
are removed using the CIRCLE method®!. The newly
designed airfoil is denoted as “A7”. Both airfoil manufac-
turing and wind tunnel experiments were carried out in
Queen Mary University of London (QMUL). The exper-
iment carried out in the NASA Langley LTPT'® which
is regarded as a benchmark of E387 is selected as the
reference to validate the experimental results of the air-
foil E387 from this study. The experimental results of
the two airfoils are compared to analyze the aerodynamic
performance differences caused by the different curvature
distributions. We also examine the mechanism behind the
observed changes with both experimental and computa-
tional results. Reynolds Averaged Navier-Stokes (RANS)
computations are applied to both airfoils at the same op-
erating conditions as the experiments. The experimental
results are subsequently applied on a 3 kW wind tur-
bine to estimate the power generation improvements. It
is anticipated that the results in this paper will deepen
our knowledge of surface curvature effects on the aerody-
namic performance of low Reynolds number airfoils.

Il. REDESIGN OF THE AIRFOIL E387 WITH THE
CIRCLE METHOD

Many airfoil geometries including E387 have discon-
tinuities in surface gradient-of-curvature distributions3.
These discontinuities are observable as unsmooth “kinks”
in airfoil curvature distributions. A smooth curvature

distribution is equivalent to a continuous gradient-of-
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curvature distribution. Based on this, the CIRCLE
method, which was previously documented3!, is ap-
plied to the airfoil E387 to remove the discontinuities
in gradient-of-curvature distributions. The original and
redesigned airfoils are presented in Fig. 1. The curvature
distributions are presented in Fig. 1(a) and the geome-
tries are compared in Fig. 1(b). The curvature distri-
butions are calculated from the definition of surface cur-
vature, as shown in Eq. 1, and the definition of slope-of-
curvature is presented in Eq. 2. The sign of the curvature
is usually defined as the direction of the unit tangent vec-
tor moving along the curve. In order to clearly present
the curvature distributions of both suction and pressure
sides simultaneously, we define curvature as positive if
the vector rotates clockwise (suction side) from the LE,
otherwise it is negative (pressure side).

Curvature
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FIG. 1. The comparison of (a) curvature distributions and
(b) airfoil geometries of the original aerofoil E387%% and re-
designed airfoils A7. The subfigure in figure(a) is the mag-
nification of the curvature distributions at the leading edge
area.
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In Fig. 1(a) the unsmooth parts (gradient-of-curvature
discontinuities) including two obvious “kinks” in the
magnified figure are exhibited on both sides of the airfoil
E387, although most of the gradient-of-curvature discon-
tinuities are in the suction surface. The airfoil A7 has

a smooth curvature distribution without any gradient-
of-curvature discontinuities. The continuous gradient-of-
curvature distribution of A7 results in very slight differ-
ences in thickness and camber distributions.

I1l.  EXPERIMENTAL FACILITY AND MEASUREMENT
TECHNIQUES

Wind tunnel measurements were conducted to com-
pare the performance of the original airfoil E387 and
the redesigned airfoil A7 at Reynolds numbers 100,000,
200,000 and 300,000. Static surface pressure mea-
surements were performed to obtain pressure, lift and
pitching-moment coefficients. ~ Wake profile measure-
ments were performed to obtain the drag coeflicients.

A. Wind Tunnel Facility

The experimental study was conducted in QM UL No.2
subsonic wind tunnel. This closed-circuit type tunnel has
a 5.6:1 contraction ratio. The test section is 760 mm
high, 1000 mm wide and 2330 mm long. An exchange-
able section was specifically designed for the current air-
foil performance testing. The wind speeds in the test
section are variable up to 40m/s controlled by a AC
motor and a five bladed fan. The turbulence inten-
sity (TI) in the testing section, which has been mea-
sured by a DANTEC 55P11 single hot wire with a Dan-
tec 55MO1 constant-temperature anemometer (CTA), is
0.4% to 0.6% depending on the Reynolds number. The
low TT is sufficient for aerodynamic performance mea-
surements for low Reynolds number airfoils. Continuous
flow quality has also been tested and confirmed in the
experiment>2.

Amandolese and Szechenyi®® suggested that the
stalling angle of the aerofoil does not vary significantly
for the wind tunnel experiments with TT lower than 1.1%.
However higher TT in the testing section can result in de-
lay of stall to various extents, and more significant delay
of stall can be observed with an increasing TI?*3°. Tt will
be of interest to investigate the effects of T on aerofoil
performance, yet it is beyond the scope of this article. In
the present study, the attention is paid to the effects of
the slope-of-curvature discontinuities on the performance
of low Reynolds number aerofoils. Hence we tested the
original and redesigned aerofoils at the same operating
conditions, i.e., in the same wind tunnel with a consis-
tent TI. It is essential to first study low TI conditions
before addressing the effect of higher TT and we believe
that this is the first step to conduct series of studies.

B. Airfoil Models

Each airfoil model was mounted vertically in the wind
tunnel. The model is compromised of three sections,



Experimental Study of Surface Curvature Effects on Airfoil Performance 4

the upper section, middle section and lower section.
The 200 mm middle section was machined from alu-
minum alloy by a computer numerical control (CNC)
machine HAAS Mini Mill with a positioning accuracy of
0.005 mm. The upper and lower sections were 3D printed
using material ABS M30 by Stratasys Fortus 450mc with
an achievable accuracy of 0.127 mm. The span length of
each section is 280 mm. Three studding rods penetrate
all the sections and are fixed with nuts at the end of the
upper section.

Three 5 mm Dowel pins are used to connect neighbor-
ing sections. The lower section of each airfoil was fitted
with a 30 cm diameter endplate which is embedded and
rotatable in the bottom of the test section. One 8 mm
dowel pin was used to connect the upper section and the
ceiling of the test section. It is an interference fit between
the dowel pin and upper section, and a sliding fit between
the dowel pin and ceiling. In this way the angle of attack
can be adjusted by rotating the scaled endplate embed-
ded in the bottom of the test section. The pitching axis of
the airfoil was located at the quarter-chord point which
is a common approximate location of the aerodynamic
center.

Both models have a chord length of 228.6 mm (9
inches) and a span of 760 mm. To deal with the “zero
thickness” trailing edge (TE) problem and provide struc-
tural integrity, the TE of the airfoil model E387 was
circularly cut to keep the TE diameter as 5 mm. The
structure of the middle section is presented in Fig. 2. To
maximumly keep the surface curvature of the airfoils, all
the pressure tubing was routed under the surface. It was
a necessary compromise to sacrifice some space for pres-
sure tubing near the TE (say at z/c¢ > 0.9) to provide suf-
ficient structure strength without damaging the surface
curvature. 41 pressure measurement orifices were drilled
through the metal surface of the middle part into the tub-
ing. The axes of the orifices were perpendicular to the
tangential direction of local surface. These 0.4 mm di-
ameter orifices were slightly staggered spanwise to avoid
the interference from each other.

The models were digitized using a QCT Quantum GL
6105 coordinate measuring machine (CMM) to determine
the actual airfoil shape in order to determine the accu-
racy of the manufactured models. 256 points were taken
around the airfoil. The measured spacing was propor-
tional to the local curvature. Relatively more points
were taken near the LE and TE than near the airfoil
main body. All model coordinates were measured near
middle of the model. The curvature distributions calcu-
lated from measured model coordinates are presented in
Fig. 3. High-precision manufacture effectively preserved
the original design. The main differences between the
curvatures are near LE and TE. The main body part of
each airfoil keeps a smooth curvature distribution with
a small value. In Fig. 3(a), the unsmooth curvature dis-
tributions of E387 at the connection part between the
LE and the main body indicates that the manufactured
airfoil model E387 successfully retains the gradient-of-

curvature discontinuities in the original design. As de-
signed in the previous section, the curvature distributions
of A7 in Fig. 3(b) removed the gradient-of-curvature dis-
continuities. The precision limit of airfoil manufacture
and coordinate measurement introduced slight fluctua-
tions to both curvature distributions. Generally the two
airfoils met the design and wind tunnel testing require-
ments.

C. Measurement Techniques and Correction Methods

Surface Pressure Measurements. The surface
pressure distributions were obtained from 41 pressure
orifices distributed over the surface of each airfoil. Sil-
icone tubes were used to connect the surface pressure
orifices through 1.5 mm copper inserts to the external
Scanivalve DSA3217 pressure transducers. The pressure
transducer output signal was sampled at 100 Hz for 10
seconds for each orifice. All the measured data were
digitized by a NI 6040E analog-to-digital data acquisi-
tion board. The instantaneous surface pressure values
were subsequently averaged to obtain the mean pressure
at various orifice positions for all angles of attack from
zero to fourteen degrees. Pressure coefficients were ob-
tained from the surface pressure measurements. The lift
coefficients and pitching moment coefficients about the
quarter-chord point were integrated from the pressure
coefficients.

Wake Survey. The wake measurements were per-
formed 300 mm behind the TE of the airfoil to make sure
that the wake static pressure had recovered to the normal
static pressure. Three total-pressure tubes spaced 50 mm
were used to take the wake profile measurements over the
100 mm center span of each model. The measured points
were spaced 1 mm apart in the wake deficit zone. De-
pending on the width of the wake profile, every probe
performed 60 to 80 total-pressure measurements in each
wake survey traverse. The wake survey measurements
were conducted until the appearance of the unsteadiness
of the wake (approximately 11°). The flow that passes
over the aerofoil suffers momentum loss and this loss is
related to the profile drag per unit span d which can be
described as follows:

d= %//pV(Voo ~V)da (3)

where b is the span length, p is the air density, V is the
wake velocity at the elemental area da in the plane that
is perpendicular to the air flow, and V., is freestream
flow velocity. The drag coefficient Cy can be obtained
correspondingly according to the definition.

Air Density Correction. Since certain Reynolds
numbers rather than certain wind speeds are required in
this experiment, accurate calculation of air density is ex-
tremely important besides the determination of the wind
speed and the dynamic viscosity of the air according to
the definition of Reynolds number.
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FIG. 2. The schematic figure of the inside structure of the airfoil middle section
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FIG. 3. Curvature distributions of airfoils E387 (a) and A7 (b)
calculated from the measured coordinates of manufactured
airfoils. The smaller figures are magnifications of the curva-
ture at the leading edge area (0 < z/c < 0.1).

The density of dry air is usually calculated from the
ideal gas law. However the relative humidity of the air in
London is considerably high when the experiments were
conducted. The addition of water vapor to air remark-
ably reduces the density of the air (up to 20%) and there-
fore is not neglected. Shelquist’s correction of air humid-
ity36 is applied and the air is treated as a mixture of
water vapor and dry air. The density can be expressed
as

Pd Do
= — 4
Ry R,T )

Ph

where R4 and R, are specific gas constants for dry air and
water, subscripts h, d and v respectively denote humid
air, dry air and water vapor. The summation of pg and
Dy is local atmospheric pressure and p, can be expressed

as

DPv = ¢ps (5)

where ¢ is relative humidity of the air, p, is saturation
vapor pressure which can be expressed as a function of
local temperature®7,

ps = 6.1078 x 107273 6)

This method reduces the error in the density calculation
to less than 0.2% in the temperature range of —10°C' to
50°C36.

Two-Dimensional Corrections. Standard low
speed wall boundary corrections for two-dimensional
wind tunnel testing®® have been applied to the exper-
imental data. Due to the existence of solid and wake
blockage, corrections were applied to the free stream dy-
namic pressure. The streamline curvature corrections
were applied to angle of attack, lift and pitching mo-
ment because of the physical constraints of the tunnel
boundaries,

, 57.30

o = a+ 2376 440, (M)
O = Ci(1— o — 2) (8)
Ol = Ol — 20) + iacl )

where the variables with ’ are corrected data, and block-
age ¢ is the summation of the solid blockage €4, and wake
blockage €,5. For the above, o = Z—;(%)Q where c¢ is
model chord length and h is tunnel height. Unaffected
by streamline curvature, the drag was corrected from the
dynamic pressure effect and the wake blockage,

Cly = Ca(1 = 3egp — 2eup) (10)

No blockage corrections were applied to the pressure co-
efficient data. For the current experiments, we applied all
the pressure orifices near the center of the airfoil model
with a span-to-chord ratio of 4.5 to reduce the effects of
the tunnel sidewall boundary layer interference.
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IV. RESULTS AND DISCUSSION

In this section the lift, drag and pitching moment co-
efficients of E387 and A7 obtained from QMUL experi-
ments are compared to show the improvements to aero-
dynamic performance resulting from removing gradient-
of-curvature discontinuities at Reynolds numbers 1 x 105,
2 x 10° and 3 x 10°, as shown in Fig. 4.

A. Comparison With Results From NASA LTPT.

For validation purpose the E387 results of the present
experiments are compared with NASA LTPT experimen-
tal data'5. The lift and pitching moment results from
both QMUL and LTPT tests were obtained from sur-
face pressure measurements, and the drag results were
both obtained from wake survey method. As shown in
Fig. 4, the present experimental results generally show
good agreement with LTPT results. One of the discrep-
ancies is in the lift results in the high angle of attack
range at all three tested Reynolds numbers. The QMUL
results of lift coefficients show lower values compared to
the LTPT data in the angle of attack range from 9° to
14°.

One possible reason for the difference in the lift per-
formance is that the number of surface pressure mea-
surement positions in the present experiment is less than
in the LTPT experiment. This difference occurs mainly
at the LE part because there was not enough space to
fit more tubing in the current experiment. As men-
tioned previously, all the copper pressure tubing was
routed under the surface to maximumly keep the orig-
inal designed surface curvature distributions of the air-
foils, while LTPT machined grooves in the airfoil surface
and routed all the tubing through the grooves and filled
with epoxy resin. With the LTPT method more pres-
sure tubing can be used in the airfoil and hence more
positions can be measured, but it is difficult to guar-
antee the surface curvature distribution of the original
designed airfoil because curvature distributions are rela-
tively sensitive to airfoil surface even if the appearance
is very smooth3!. Since the emphasis point of this paper
is surface curvature effects, it is a necessary compromise
to balance the quantity of surface pressure measurement
positions to maximumly keep the original designed sur-
face curvature. The difference in the lift results at high
angles of attack between QMUL and LTPT experiments
do not affect the comparison between the results of E387
and A7 in the current tests, because the same number
and positions of pressure tubing were used in each airfoil
and same operating conditions were applied to both air-
foils in the experiments. The E387 drag data obtained
from QMUL experiments show good agreement with the
LTPT results. At the higher angles of attack the current
tests generally present slightly higher values of drag co-
efficients except 11° at Re = 3 x 10°. The differences
in the drag coefficients can be attributed to differences

in turbulence intensity and surface curvature effects due
to the reconstruction of the airfoil surface in the LTPT
experiments.

B. Aerodynamic performance improvements.

At all three Reynolds numbers tested, the redesigned
airfoil A7 with a continuous distribution of gradient-of-
curvatures presented a lift increase and a drag decrease.
At higher angles of attack the airfoil A7 presents an obvi-
ous increase in lift coeflicients and a remarkable decrease
in drag coeflicients, while at lower angles of attack it
shows lower drag coefficients and similar lift coeflicients.
At 7° and 8° angles of attack the two airfoils have equiv-
alent aerodynamic performance. Here Re = 1 x 10° is
selected as an example to analyze the reasons and mech-
anism for these improvements from the pressure coeffi-
cients distributions at typical angles of attack, as shown
in Fig. 5.

At angles of attack of 0° and 4°, the airfoil A7 presents
two main differences in performance as compared to the
airfoil E387. The removal of the gradient-of-curvature
discontinuities results in (1) an increase of the pressure
difference between the suction and pressure sides at the
position between the LE and x/¢ = 0.3, and (2) a de-
crease in pressure difference at the back part of the air-
foil main body. Continuous distributions of gradient-of-
curvature change the geometry of the nose part by up
to 0.4% in the suction side and up to 0.14% in the pres-
sure side based on the chord length, which makes the
nose part up to 0.2% thicker based on the chord length.
These slight profile changes directly increase the pressure
difference between the suction and pressure sides by up
to 13% near the nose part and thereby increases the lift
coefficients. However, this does not result in an overall
increase in lift because of the reduction offset of the pres-
sure difference between the suction and pressure sides at
the back part of the main body, at /¢ = 0.85 in Fig. 5
(a) and 2 /¢ = 0.7 in Fig. 5 (b). The decrease in pressure
difference indicates that the turbulent re-attachment on
the suction side of airfoil A7 occurs earlier than airfoil
E387. While they have similar positions of the lami-
nar separation, earlier turbulent re-attachments result in
shorter laminar separation bubbles, leading to a decrease
in airfoil drag coefficients as shown in Fig. 4 (b). Similar
situations can be found in other low angles of attack.

With the increase in the angle of attack at the same
Reynolds number, the laminar separation bubble moves
towards the LE and decreases its bubble length. The
effects of surface curvature on reducing the bubble size
thereupon becomes less obvious. In Fig. 5 (¢), E387 and
A7 have similar pressure coefficients distributions and
hence similar lift and drag coeflicients at 7°. The de-
signed angle of attack of E387 aiming for the maximum
lift-to-drag ratio is approximately 7.5° and it makes sense
that the airfoil E387 presents optimum performance at
an angle of attack near the design angle. Continuous
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FIG. 4. Lift, drag and pitching moment coefficients versus angles of attack obtained from both airfoils of current experiments
and the airfoil E387 of NASA LTPT experiments'®. Figures (a)(b)(c), (d)(e)(f) and (g)(h)(i) are at Reynolds number 1 x 10,

2 x 10° and 3 x 10° respectively.

distributions of gradient-of-curvature provide equivalent
aerodynamic performance at this attack angle.

At angles of attack of 10°, the airfoil A7 presents an
increase in pressure difference between the suction and
pressure sides at the airfoil nose part as shown in Fig. 5
(d). This indicates a larger size of laminar separation
bubble compared to the airfoil E387. Horton® concluded
that the growth and bursting behavior of laminar sepa-
ration bubble in incompressible flow can be summarized
in three stages. At a constant low Reynolds number, the
bubble presents as a relatively long bubble on the airfoil
suction side in low angle of attack range (Stage 1), and it
moves towards the LE region and reduces the bubble size
with increasing angle of attack. When the angle of at-
tack increases to a moderate value (e.g. 10°), the bubble
appears at the LE region as a “short bubble” (Stage 2).
The bubble bursts at the maximum-lift angle of attack
resulting in LE stall (Stage 3). This explains the rea-
son for the bubble size difference near the LE part in the
current case indicated in Figure 5 (d). The Cp results
indicate that gradient-of-curvature discontinuities make
the bubble on E387 move into Stage 2 prematurely, while
the bubble on the airfoil A7 with an improved curvature
distribution is still in Stage 1. Generally the drag force
shows an increase from Stage 1 to Stage 2 due to the
more energetic turbulent boundary layer, and a bursting
increase from Stage 2 to Stage 3 due to the LE stall. Con-

sequently A7 has increased magnitudes of C; (due to the
higher value of pressure difference between the suction
and pressure sides of airfoil pressure and suction sides)
and Cy performance (because the bubble is still at Stage
1), comparing to the premature laminar separation on

the airfoil E387.

As presented in Fig. 5 (e), the airfoil E387 experiences
a sudden drop in Cp distributions at the angle of attack
of 14°, while the airfoil A7 retains a normal distribution
compared to lower angles of attack. This phenomenon
indicates that the separation bubble on the airfoil E387
burst, resulting in LE stall (Stage 3 as mentioned pre-
viously). The airfoil A7 retains a “short bubble” at the
LE region (Stage 2 as mentioned previously), which can
also be confirmed by the pitching moment distribution
as shown in Fig. 4 (c¢). This accurately explains why
the sudden drop in C! distributions and the bursting in-
crease in Cd distributions occurs to the airfoil E387 but
not the airfoil A7 at 14°. Thus continuous distributions
of gradient-of-curvature can increase the stalling angle of
attack.

The airfoil performance at this Reynolds number is
dominated by the laminar separation bubbles. It was
presented that the airfoil with continuous distributions
of gradient-of-curvature has better control on the bubble
stage and hence better aerodynamic performance at the
same low TI.
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FIG. 5. Pressure coefficients distributions at typical angles of attack obtained from both airfoils of current experiments and
the airfoil E387 of NASA LTPT experiments'®. Figures (a), (b), (c), (d) and (e) represent angles of attack of 0°, 4°, 7°, 10°

and 14° respectively at Reynolds number 1 x 10°.

One might be interested in the effects of a higher TT on
the airfoil performance. Studies show that significant de-
lay of stall can be observed when the TT was raised to 4%
or more? 3 while Li et al.* argued that the increased
TT may not delay the stall for all the Reynolds number
as the stall phenomenon cannot be observed at a low
TI and a very low Reynolds number. Meanwhile Litera-
ture results showed mixed views on the effects of higher
TI on lift performance and laminar separation bubbles
(LSBs), especially when the angle of attack (AoA) is
lower than the stalling AoA determined at a low TI. Lit-
eratures suggested that there are no significant changes
in the lift-AoA curve below the low-TI stalling angle
with a higher TI?* 3% Swalwell et al.?> observed that
the LSB region in pressure distributions of the aerofoil

4421 at 10 degree AoA barely change with four different
TI, indicating that a higher TI barely affects the size of
the LSB. However, Stack®! reported that the maximum
lift coefficients of NACA 0006 and NACAO0021, as well
as their lift coefficients before the low-T1I stalling angle,
decreased with a higher TI at low Reynolds numbers.
Lower lift coefficients indicate that the size of the LSB
decreased with an increasing T1, possibly resulting from a
premature laminar-turbulence transition. Moreover, the
oil flow visualization work of Hoffmann*? showed that
the LSB disappeared on an NACAOQ015 airfoil at AoA
of 17° and Reynolds number 2.5 x 10°> when the TT was
increased to 9%.

It is expected that the stalling angle of the aerofoil with
slope-of-curvature discontinuities will be increased when
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increasing the turbulence intensity based on the litera-
ture33 3%, and removing the slope-of-curvature disconti-
nuities from the aerofoil may further improve the aerody-
namic performance including the stalling angle and the
LSB size according to current study. This is still opened
for future investigation.

C. The effects of Reynolds number

The effects of surface curvature on the airfoils’ perfor-
mance vary with different angles of attack and Reynolds
numbers. Fig. 6 illustrates the effects of Reynolds num-
bers on chordwise pressure distributions at 4° and 10°
attack angles which represent lower and higher angles
of attack respectively. In Fig. 6 (a), the pressure data
indicate a shrinking of the laminar separation bubbles
on both airfoils at Reynolds numbers from 100,000 to
300,000. The surface curvature effects on the bubble size
reduction are consistent at all three Reynolds numbers
at AoA = 4°. Correspondingly the reduced drag coeffi-
cients is essentially consistent at this angle of attack as
indicated in Fig. 4(b), (e) and (h).
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FIG. 6. Effect of Reynolds number on chordwise pressure
distributions. (a) AoA =4° (b) AoA = 10°

As analyzed in the previous subsection, the improved
curvature distributions delay the progress of the sepa-
ration bubble towards the LE, so the separation bubble
on A7 is in a different stage compared to E387, result-
ing in better aerodynamic performance. However, this
improvement becomes less significant with the increasing

Reynolds numbers as illustrated in Fig. 6 (b). Corre-
spondingly the difference of Cy between E387 and A7
decreases from more than 0.01 at Re = 1 x 10° to less
than 0.007 at Re = 3 x 10° as shown in Fig 4. Thus a
higher Reynolds number moderates the effects of surface
curvature on the airfoil performance at higher angles of
attack.

D. Comparison of Results With RANS Computations.

In many circumstances, the results obtained from ex-
periments are often unavailable because of the economic
and temporal cost for providing different operating con-
ditions and testing models. Hence Computational Fluid
Dynamics (CFD) is used widely in the field of wind en-
ergy*®44. With proper experimental validations for the
theoretical turbulent model, RANS computations can be
an efficient alternative to experimental testing, in terms
of prediction of airfoil aerodynamic and aeroacoustic per-
formance?>46, airfoil optimization for small wind tur-
bines?47. RANS computations also provide the necessary
supplements such as skin friction distributions and sepa-
ration bubble visualizations to the experimental testings.
In this section RANS computations are applied to airfoils
E387 and A7 under the same experimental operating con-
ditions. For both airfoils 1200 nodes were distributed
around the airfoil surface and a 30 chord-length compu-
tational domain which contains approximately 270,000
mesh cells were used after checking the mesh indepen-
dence. Depending on different Reynolds numbers and
angles of attack, at least 150 uniform nodes were dis-
tributed to the zone of laminar separation bubble to seize
the bubble features. y+ < 1.0 were kept for all the cases.
In terms of the eddy viscosity model, the RANS compu-
tations used the four equations transition SST model in
ANSYS Fluent 16.0. More mesh details are described in
Ref?30.
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0.01 0.02 0.03 0.04 cd 0.05 0.06 0.07 0.08

FIG. 7. Comparison of lift-drag coefficients polar curves
between RANS results and present experimental work at
Reynolds number 1 x 10°. The angles of attack of the ex-
perimental data range from 0° to 11°.

Fig. 7 presents a comparison between the lift-drag co-
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efficients’ polar curves obtained from the current experi-
ments and RANS computations for the Reynolds number
of 1 x 105. Generally a better agreement is found at an-
gles of attack lower than 8° while RANS computations
overestimate the drag data at higher angles of attack.
The lift prediction errors of RANS are within 5%, and
the drag prediction errors are generally within 10% ex-
cept 10° and 11° attack angles, pointing to the sensitivity
of drag computations at higher angles of attack.

Detailed data of 4° and 10° attack angles are selected
as typical results to present in Fig. 8 and Fig. 9. The
RANS results accurately predict the increase of the pres-
sure difference near the airfoil nose part due to the im-
proved curvature distributions in Fig. 8 (a). The extent
reduction of the laminar separation bubble due to an
early turbulent re-attachment were predicted, although
in both cases RANS computations prematurely predict
the re-attachment positions. The appearance and extent
of the laminar separation bubbles on both airfoils ob-
tained from RANS computations are presented in Fig. 8
(b). The computational results indicate that continuous
distributions of gradient-of-curvature reduce not only the
bubble length but also the bubble height.

The size of the laminar separation bubble in Fig. 8 (b)
including lengths and areas is presented specifically in
Table I. The bubble extents were bounded by the air-
foil surface and the streamlines. The bubble boundary
coordinates were integrated to obtain the bubble areas.
The bubble length obtained from NACA LTPT experi-
ments'® is acceptably reproduced. The table indicates a
10.5% bubble length decrease and a 16.5% bubble area
decrease due to the gradient-of-curvature continuity.

TABLE I. The laminar separation bubble extent from the
RANS simulations and the LTPT experiments'® at AoA = 4°
for Reynolds number 1 x 10°. The bubble length and area are
normalized by the chord length and the square of the chord
length respectively.

Bubble Length
E387_LTPT|E387| A7
0.38

Bubble Area
E387 A7
0.359(0.321]0.00297|0.00248

The reduction in bubble size is caused by the variation
of the adverse pressure gradient due to the continuity of
local surface gradient-of-curvature. In the current case
two critical positions where curvature distributions are
improved are the nose part (from LE to z/c = 0.3 ap-
proximately) and the TE circle of the airfoil, resulting in
an increase in the adverse pressure gradient and hence a
decrease in the bubble size.

In Fig. 9(a), RANS results offer an acceptable predic-
tion although on the suction side of the airfoil RANS
cannot predict C), accurately at the nose part. On the
suction side RANS computations also slightly underesti-
mate C), at the main body part and slightly overestimate
Cp near the TE part. The length of laminar separation
bubble is well predicted and the streamlines are shown in
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FIG. 8. Comparisons of (a) surface pressure coefficients be-
tween RANS computational results and current experiments
(b) computational streamlines of laminar separation bubbles.
Both comparisons are between the airfoil E387 and A7 at
AoA = 4° for Reynolds number 1 x 10°.

Fig. 9(b). RANS results are in accordance with Horton’s
theory? as the separation bubbles are in different stages
due to the differences of gradient-of-curvature continu-
ities.

The skin friction coefficients predictions in Fig. 9(b)
shows at Re = 1 x 10° and AoA = 10°, the continuous
distributions of gradient-of-curvature delayed the posi-
tion of turbulence TE separation by more than 10% for
the redesigned airfoil A7. As soon as the flow separates
near the TE, the separated region merges with the wake
and results in TE stall, causing lift loss and drag increase.
Continuous distributions of gradient-of-curvature make
the boundary layer flow attach to the airfoil surface for a
longer surface distance and suppress the flow separation
in the TE, and consequently improve airfoil performance.
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FIG. 9. RANS computational results of (a) pressure coef-
ficients and (b) skin friction coefficients distributions of the
airfoil E387 and A7 at AOA = 10°, Reynolds number 1 x 10°.
The streamline figures in (b) are the streamline of E387 (top)
and A7 (bottom) for the current Reynolds number and AoA.

V. ESTIMATION OF THE IMPROVEMENT TO
POWER GENERATION

In this section, we select a 3 kW small wind turbine
blade to demonstrate the improvement in output energy
resulting from replacing its airfoil E387 with A7 while
all other parameters of the wind turbine are unchanged.
The wind turbine parameters are presented in Table II
and the chord lengh distribution of the blade is presented
in Fig. 10.

The steady Blade Elements Momentum (BEM)
method based on the work of Wilson and Lissaman*®
is used to calculate the power coefficient curve and the
power curve on 26 blade sections, as presented in Fig. 11.
All the aerodynamic parameters including lift and drag
coefficients of the blade sections (airfoils) are interpo-
lated from the experimental results of this study. The
force coeflicients were extrapolated to 360 degrees using
NREL’s AirfoilPrep*® based on Viternas method®®. The
Wilson’s thrust coefficient formula®! is used for large in-
duced velocity states. The Prandtl’s tip-loss function®?
were applied to the blade tip as well as the root.

Fig. 11(a) shows that the blade made with the air-
foil A7 presents higher power coefficients at all tip speed
ratios (TSRs). A 6% power coefficient increase is ob-

tained at TSR 4.5 when replacing airfoil E387 with A7
for the small wind turbine. The blade made with the
airfoil A7 reaches a slightly higher maximum power co-
efficient 0.465 at TSR 6. The power curve in Fig. 11(b)
presents an obvious increase when the wind speed reaches
rated speed. The increase is up to 10% at wind speed 12.5
m/s.
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FIG. 10. Chord lengh distribution of the blade of the small
wind turbine.
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FIG. 11. Comparison of (a) power coefficients curve and (b)
power curve of the blade with the airfoil E387 and AT.

Annual energy production (AEP) is also calculated in
Table III to estimate the overall improvement to power
generation. Here the AEP means the energy produc-
tion in theory, which does not consider uncertainty ele-
ments including air density reduction, control misalign-
ment, fault and wakes loss. The Weibull distribution®?
(Weibull parameter k = 2, corresponding average wind
speed 5 m/s) is used to represent wind speed frequency
distribution. Table III illustrates that the AEP of small
wind turbines can be increased by 1.62% by simply re-
placing with the airfoils with continuous curvature and



Experimental Study of Surface Curvature Effects on Airfoil Performance

12

TABLE II. Parameters of a small wind turbine using the airfoil E387

Rated Power
(kW)

Blade Length
(m)

Rated Rotating Speed
(rpm)

Rated Wind Speed
(m/s)

Cut-in Speed |Cut-out Speed

3.0 1.85 250

(m/s)
4

(m/s)
10.5 15

gradient-of-curvature distributions. Considering the cu-
mulative installed capacity of small wind turbines, the
increasing percentage of the AEP is considerably remark-
able.

TABLE III. Annual energy production of the wind turbine
estimated with airfoil E387 and A7

With E387|With A7|Increasing AEP |Increasing Ratio
AEP (kWh)| 5222.56 | 5307.26 84.7 1.62%
VI. CONCLUDING REMARKS

The surface gradient-of-curvature discontinuities in
airfoil E387 were removed using the CIRCLE method.
The newly designed airfoil A7 deviates little in its pro-
file geometry from the original airfoil but it has a con-
tinuous distribution of gradient-of-curvature. Wind tun-
nel experiments were conducted with both airfoils at low
Reynolds numbers and RANS computations under the
same operating conditions were used as a supplement and
comparison to the experiments.

The effects of the gradient-of-curvature distribution on
the airfoil performance is more profound at higher angles
of attack and lower Reynolds number. For low Reynolds
numbers the airfoil performance is dominated by laminar
separation bubbles. The separation bubble sizes were de-
duced from the experimental results of C'p distributions
and visualized by RANS results which compared well
against the available experimental data in the literature.
For the cases at low angles of attack, the continuity of sur-
face gradient-of-curvature affects the pressure difference
between the suction and pressure sides of the airfoil. Con-
tinuous distribution of gradient-of-curvature significantly
reduced the bubble sizes and hence the drag coeflicients.
At higher angles of attack, continuous distribution of
gradient-of-curvature delayed LE separation, laminar-
turbulence transition and TE separation, resulting in im-
proved lift and drag performance. Through these mech-
anisms the airfoil A7 achieved a higher stalling angle.
Continuous curvature and distributions of gradient-of-
curvature result in better control of the laminar separa-
tion bubbles and flow separation to reduce drag, and bet-
ter airfoil profile increasing pressure difference between
the suction and pressure sides to increase lift.

A 3 kW small wind turbine was used to estimate the
output energy improvement by replacing its original air-
foil E387 with the airfoil A7. Based on ideal situations,
the increment of estimated output power is up to 10%
and the increment of annual energy production is 1.62%

which is considerably remarkable based on the cumu-
lative installed capacity of small wind turbines. Con-
tinuous distributions of gradient-of-curvature resulted in
higher aerodynamic and energy efficiency.

It has been experimentally and numerically shown
that the distribution of surface gradient-of-curvature has
significant effects on the low Reynolds number airfoil
performance by affecting the boundary layer behavior.
The research provides an aerodynamic method to in-
crease the power generation efficiency of small wind tur-
bines through improving the airfoil performance, with-
out changing the airfoil profile significantly or importing
other devices.
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