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ABSTRACT

The prescribed surface curvature distribution blade design
(CIRCLE) method can be used for the design of two-dimensional
(2D) and three-dimensional (3D) turbomachinery blade rows
with continuous curvature and slope of curvature from leading
edge (LE) stagnation point to trailing edge (TE) stagnation point
and back to the LE stagnation point. This feature results in
smooth surface pressure distributionairfoilswith inherently good
aerodynamic performance. In this paper the CIRCLE blade de-
sign method is modified for the design of 2D isolated airfoils.
As an illustration of the capabilities of the method, it is applied
to the redesign of two representative airfoils used in wind tur-
bine blades: the Eppler 387 airfoil; and the NREL S814 airfail.
Computational fluid dynamic analysis is used to investigate the
design point and off-design performance of the original and mod-
ified airfoils, and compare with experiments on the original ones.
The computed aerodynamic advantages of the modified airfoils
are discussed. The surface pressure distributions, drag coeffi-
cients, and lift-to-drag coefficients of the original and redesigned
airfoils are examined. It is concluded that the method can be
used for the design of wind turbine blade geometries of superior
aerodynamic performance.

NOMENCLATURE

b axia chord (nondimensionally b=1)

¢ axia chord, leading to trailing edge

Co, C1... thickness coefficients (egns. 3,5)

*Corresponding author. Email forward for life: korakianitis@alum.mit.edu

C1,C2... Bezier control points(fig. 4d)

C=1/r curvature (egn. 1 and fig. 4d)

Cp drag coefficient

CL tangential-loading (lift) coefficient

Cp pressure coefficient

i incidence

ki, ko... exponentia polynomials(egns. 3,5)

M Mach number

o throat circle (fig. 4a)

p pressure

P pointsor nodes on the blade surfaces

r local radius of curvature (egn. 1)

Rey Reynolds number

S tangentia pitch of the 2D blades (fig. 4)

(x,y) Cartesian coordinates

(X,Y) nondimensionalized coordinates (with b)

yl, y2y3 airfoil segments: leading edge; main part; and trailing
edge (fig. 4)

Greek

o flowangle

B blade-surface angle

A stagger angle of the blades

¢ angleof throat diameter (fig. 4)

Subscripts

a amospheric

crd chordline

in inletregion

ot outletregion

p pressureside
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p2 pressureside point, TE circleto y1 segment (fig. 4)
pm pressure side point, y1 to y2 segments (fig. 4)

pk pressure side point, y2 to y3 segments (fig. 4)

pl pressureside point, y3 segment to LE circle (fig. 4)
S suction side

s2 suction side point, TE circleto y1 segment (fig. 4)
sm suction side point, y1 to y2 segments (fig. 4)

sk suction side point, y2 to y3 segments (fig. 4)

sl suction side point, y3 segment to LE circle (fig. 4)

t thicknessdistribution (eg. 5)

INTRODUCTION
Flow conditions

Despite their serene appearance and graceful motion, hor-
izontal and vertical axis wind turbines are extremely dynamic
structures under the influence of unsteady forces because they
are operating under complex and unsteady distributions of aero-
dynamic loading. Wind blowing over aflat area of the earth cre-
ates an atmospheric boundary layer of thickness of the order of
200 m or sometimes higher, while atmospheric turbulence varies
with local wind speed. The power that can be produced from a
wind turbine is proportional to the projected area of the turbine,
or the square of turbine diameter, and proportional to the cube of
incoming flow velocity. In order to maximize the power per wind
turbine, the combination of these factors leads to increasingly
larger turbine diameters. Current wind turbinesrange from under
ameter to well over 125 meters in diameter. The larger turbines
operate at much higher incoming-freestream velocities: at the
bottom of its travel the blade tip is well within the atmospheric
boundary layer (relatively lower incoming velocity), while at the
top of its travel it is closer to the freestream, and the incoming
velocity to the blade tip is much higher. Therefore incoming ve-
locity and turbulence are different at the top and bottom of blade-
tip travel. A third source of unsteadiness is the passing of the
rotor blades upstream of the tower (potential-flow interaction).
Freestream velocities and directions are different depending on
whether patterns and terrain. Though wind-turbine blades are
designed for a “design point”, they operate at off-design point
practicaly al the time. Therefore wind turbine blades must be
designed to operate efficiently at widely different incidences and
turbulence levels.

Wind turbine blades are designed by stacking 2D isolated
airfoil sections, with substantial changes in thickness and type
of 2D section from hub to tip. As the blades have to operate
in a wide range of incoming freestream velocity and turbulence
levels, and operate for most of the time at “off design” condi-
tions, compromises must be made. The choice of 2D sectionsare
not necessarily chosen for airfoil-incidence levels correspond-
ing to an individual airfoil’s maximum value of lift-to-drag ratio
(CL/Cp) at “design point”. Airfoils are selected based on their
performance at the required Reynolds numbers. The operating

Reynolds number varies for different applications (a scaling ef-
fect). For instance at sea level insects fly at Rey = 107 to 10%,
birds at 10* to 10°, wind turbines operate at 10* to 10°, and
wings for large civil aircraft operate at 107 to 108. Depending
on Rey the flow over an airfoil may be: laminar from leading
edge (LE) totrailing edge (TE); or may start laminar near the LE
and transition to turbulence somewhere along the airfoil surface;
or in high Rey it may transition to turbulence very near the LE,
or be turbulent throughout the length of the airfoil. In all cases
dominant factors are: thelift to drag ratioC /Cp; theloading on
the airfoil; the loading distribution along the chord (determined
by the C, distribution along X or equivalent parameter); and the
behavior of the boundary layer as it devel ops over the airfoil sur-
faces, which depends heavily on Rey. At low Rey the viscous
effects are relatively large.

The suction surface introduces higher velocity and lower
pressure. The eventua return to freestream pressure near the
trailing edge implies an adverse pressure gradient from the max-
imum velocity/minimum pressure point along the suction sur-
face to the trailing edge. For Rey > 10° and at design point
this adverse pressure gradient normally occurs after transition,
in a turbulent boundary layer that can negotiate reasonable ad-
verse pressure gradients without separation. However, for lower
Rey airfoils, the boundary layer at the beginning of the adverse
pressure gradient may still be laminar, and therefore unable to
withstand significant adverse pressure gradients. When a lami-
nar boundary layer separates, the separated layer frequently un-
dergoes transitionto turbul ence because the low momentum fluid
mixes with higher momentum fluid in the free shear layer, mak-
ing it possible for the flow to re-attach as a turbulent boundary
layer, resulting in what is referred to as a “laminar separation
bubble with turbulent reattachment”. The distance from separa-
tion to reattachment is such that in airfoils of Rey < 50 x 103 the
flow usually does not re-attach until after the trailing edge, with
consequent implications for reduction in C /Cp (fig. 1). Blade
surface roughness adds to friction and therefore drag, but it has
different effects on laminar and turbulent boundary layers; and
it can induce turbulence in boundary layers near separation, thus
stabilizing boundary layer behavior (fig. 1). The wide variation
in incidence has additional effects on turbulence, and in order to
use them in wind turbines additional aerodynamic tests are re-
quired even for airfoils of “known” performance (e.g. [1]).

Airfoil shapes

A large variety of airfoil section geometries has been devel-
oped for different applications, some in the shape of teardrops,
others in paisley shapes, and others in even more esoteric
shapes [2,3]. Initially wind-turbine airfoils were based on other
aeronautics applications, e.g. NACA series with thickness dis-
tributions, but later (in addition to traditional airfoils) other air-
foilsdedicated to wind turbineswere devel oped by SERI, NREL,
Risg and others. Some of these airfoils are specialized for larger
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wind turbines (e.g. [4, 5]), others are specialty airfoils for small
wind turbines (e.g. [6]), and their modifications (e.g. [7]). Inverse
design methods are increasingly used for the optimization of
wind turbineairfoils (e.g [8-11]). Inverse design methods have a
difficulty at the stagnation points near the LE and TE of airfoils
where nominally velocity is zero (singularity). Unique among
these is the method described in [10], in which one Bezier-type
curvewith several control pointsisused to design theairfoil from
TE to suction around the LE and back to the pointed TE. This
method still uses pointed trailing edges. By its nature it provides
curvature continuity throughout the airfoil surfaces and the LE.
It does not give the designer exact control of the minimum X
location of the LE, but thisis not a limitation because the air-
foil coordinates are easily re-scaled for the desired chord length.
Other inverse methods result in blades with zero thickness at the
trailing edge, which are impossible to manufacture; or with other
adaptationsmade at the trailing edge introducing uncertainties. It
may be difficult to obtain an acceptable geometry with aninverse
method [12-15].

Leading edge (LE) separation bubbles are a frequent oc-
currence at design and off-design conditions throughout the Rey
range, leading to adverse boundary-layer development implica
tions further downstream (and on the suction as well as pressure
surfaces) in all types of turbomachines [16-20]. This isrelated
to the “double-stall” phenomenon in airfoils [21, 22]. Previous
work has been done on the redesign of airfoilsin order to im-
prove aerodynamic performance with specific reference to dou-
ble stall [23]. This LE separation bubble issue is exacerbated by
the rate of change in surface curvature where the LE circle joins
the thickness distribution describing the airfoil surface. Sepa-
ration bubbles create losses, and in order to reduce these |osses
thereisadesire to design airfoilsthat resist the creation of sepa-
ration bubbles. There istherefore a need for a method to remove
the surface curvature “disturbances’ or “kinks’ in that region in
order to reduce the aerodynamic implications of LE separation
bubbles at design and off-design incidence, throughout the Rey
range.

Thelocal surface curvature distributionof the airfoil and sur-
face roughness affect the boundary layer behavior. While surface
roughness and fouling promote turbulence and may energize the
boundary layer, in some cases reducing overall losses [25, 26],
kinks and discontinuitiesin surface curvature distributionin the
as-designed surface have an adverse effect on boundary layer be-
havior, and therefore act toincrease airfoil losses. Aswill be seen
later in this paper the airfoil surface may appear smooth where
the surface curvature is not smooth, and surface curvature dis-
tribution is dominant in determining the state of boundary layer
development. For instance an unseparated boundary layer over
the suction surface over pointsA, C and D isillustratedin fig. 2a.
An airfoil of higher loading with separated flow isillustrated in
fig. 2b, where separation is about to begin at point B. The blade
surfaces (x,y) and surface curvature distributions (x, C) of two

smooth airfoils

103 rough airfoils

1 1 1 1
10° 10* 105 106 107
Rey

FIGURE 1. Effect of Reynolds number and surface roughnesson air-
foil CL/Cp (adapted from [24])
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() Suction side attached to near trailing edge
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(b) Suction side separated near midchord

FIGURE 2. Good and bad boundary layers on airfoil
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x/c x/c
(a) Favorable? (b) Adverse?
FIGURE 3. Curvature C (defined by eq. 1) andy, ory’ ory” continuity
are not similar quantities

dlightly different airfoilsat pointssuch asB infig. 2b, wherethe
boundary layer is near separation, are illustrated in fig. 3. Such
dlope of curvature discontinuities can result from airfoils whose
geometries appear practically identical ([27-31]), but they affect
boundary layer development if they occur near points such as B,
and al so throughout the boundary layer development, from LE to
TE.
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Therefore, the purpose of this paper is to introduce a new
direct airfoil design (or re-design) method in which the airfoil by
specification has continuous curvature C and continuous slope of
curvature C’ throughout the airfoil shape, and is therefore of in-
herently good aerodynamic performance. This C and C’ continu-
ity isimposed along both suction and pressure surfaces, through
the LE and TE shapes, and through the stagnation points (where
the LE stagnation point may be different from the geometric LE).
The designer can choose to produce an airfoil geometry appear-
ing identical to the geometry of the original airfoil (thus approx-
imately maintaining maximum camber and thickness locations),
or atotally different airfoil. This method is based on modifica-
tionsto the earlier 2D turbine-blade design method [27-31] and
its 3D extensions [32], and can be coupled with various hybrid
multi-objective genetic, heuristic and evol utionary-algorithm op-
timization techniques in order to optimize various aspects of air-
foil performance. The advantages of the proposed airfoil design
method are illustrated with two examples of redesigns of two
representative wind-turbineairfoils.

IMPORTANCE OF AIRFOIL CURVATURE DISTRIBU-
TION

The boundary layer does not shield the core of the flow
from as-designed surface curvature discontinuities. The work-
ing fluid does not move over the airfoil along Cartesian coordi-
nates, but curves around it. When the core flow as well as the
boundary layer equations are written in curvilinear coordinates,
the equations show local pressure on the airfoil surface has a
strong dependence on local radius of curvature. Smooth stream-
wise surface-pressure distributions (avoiding local accelerations
and decel erations) require smooth surface-curvature distributions
(continuoussl opesof pressure and curvature along the airfoil sur-
face). The theoretical and experimental evidence of this state-
ment is presented in detail in previous publications[29-31]. One
must distinguish here between surface roughness and fouling,
with which turbines must operate, and the slope-of-curvature
discontinuities in the as-designed shape at the junctions of the
splines. The latter are invisible to the eye (the blade looks
very smooath), but they may produce unusually-loaded blades and
thicker wakes. Continuous slope of curvature requires continu-
ous third derivatives at the splines or surface patches used to de-
sign the blades. The importance of third-derivative continuity at
the spline knots is illustrated by the following equations for C
and C', wherey = f(x), y = df(x)/dx, y’ = d?f(x)/dx? and

"= d3f(x)/dx.

1 Y
CTE T ™ ¥
C/ _ d_C _ y// [1+y2] _3yy/2 (2)

dx [1_|_y/2](5/2)

C and C’ discontinuity effects are visible as small local
“kinks" in surface pressure or isentropic Mach number distribu-
tions in some of the computational and experimental data pub-
lished, for example, in [33-36], and with local separation bub-
bles in [37—40]. Even more blades and airfoils present a slope
of curvature discontinuity where the LE circle or other shape
joins the main part of the blade, causing in many cases lead-
ing edge separation bubbles and discontinuities, which also af-
fect aerodynamic performance. These have been recently sys-
tematically studied in compressor leading edges [41,42]. Such
alocal leading-edge laminar-separation bubble due to blending
of aleading-edge circle with the blade surfaces occurs in the tur-
bine geometry published in [38], seen in the test data published
in figure 11 of [40]. This leading-edge separation region was
removed by modifying the geometry of the blade in the vicin-
ity of the slope-of-curvature discontinuity with an inverse design
technique as explained in figures 11, 12 and 13 of [43]. This
is a particularly challenging leading edge separation bubble be-
cause of the combination of inflow angle and large changes of
curvature in the LE region. Previous attempts with parametric
direct blade-design methods to remove this leading edge sepa-
ration bubble have indicated difficulties [44]; however, with the
CIRCLE method we have produced a slightly modified blade ge-
ometry that removes this separation bubble [45].

2D AND 3D BLADE AND AIRFOIL DESIGN

The CIRCLE method was originally developed for the de-
sign of 2D and 3D gas turbine blades [27-32], and later modi-
fied for the design of 2D and 3D compressor blades. Sample 2D
and 3D compressor and turbine examples are presented in [46].
This paper presents the modifications of the method for 2D iso-
lated airfoils, and examines the resultant airfoil performance as
a function of incidence. The CIRCLE method for 2D turbine
blades is summarized below, in order to later outline the modifi-
cations made for isolated airfoils, and to facilitate discussion of
the results.

Fig. 4 illustrates the CIRCLE method for 2D gas turbine
blades. The suction and pressure sides are each divided in three
segments, y1, y2 and y3, which are joined to the LE and TE
shapes. Compressor and turbine blades are set at stagger angle
A (fig. 4a), while for isolated airfoils thisis set to =0 (fig. 4e).
Compressor and turbine geometries are defined on the suction
side by the minimum area in the passage (e.g. for turbinesthroat
circle diameter o and angle ¢ in fig. 48). This defines in turn
the suction-surface blade control point Py, and blade angle Bsm.
The corresponding input values are arbitrary blade point Ppy, and
blade angle Bpm on the pressure side for turbines, compressors
and airfoils. One major difference of isolated airfoils from com-
pressor and turbine blades is that, on the suction side, Psy and
Bsm areinputsunrel ated to area passage. Other key inputsfor iso-
lated airfoilsare the LE and TE circle radii (or ellipses, or other
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its corresponding blade-angle Bsm

FIGURE 4. 2D bladeand airfoil geometry definition (adapted from [30, 32])

analytic shapes), and the inlet and outlet flow angles o1 and oz.
The airfoil-design method presented in this paper illustrates the
use of LE and TE circles. These are the hardest shapes to join
to the airfoil surfaces as there is a transition from the constant
curvature of the circle region to the locally varying curvature of
the remaining airfoil surface. Therefore the method presents the
most difficult case of joining the LE and TE edge shapes to the
rest of the airfoil surface; and all other shapes will be an easier
variation of the methodology presented.

The trailing edge radius locates the trailing edge circle
(figs. 4b and 4g). The suction and pressure surfaces “detach”

from the trailing edge circle at points Py and Pp, specified by
input parameters Bs and Bp2 respectively (local airfoil-surface
angles, determined by the “wedge” airfoil angle of the trailing
edge, and related to the outlet flow angle o). The trailing edge
region (line segment y3) from Ps to Psy on the suction surfaceis
specified by an analytic polynomia y = f(x) of the form:

y3= f(X) = Co+Cix+ X%+ 3+ 3
+ Caka[x—X(Pg2)] + Cskao[x — X(Po)])

wherek; and k; are exponential functionsresultingintermsof in-
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creasing importance as we approach point Ps, and of negligible
importance away from Pyp. For example ¢4 exp{Q[x—x(P2)]},
where Q is a large positive number and [x — x(Ps)] is negative,
isthe simplest form; but many other more complex variations of
exponential functions, such as ¢4 exp{Q x* [x—x(Pg)]} (increas-
ing the order of the polynomial expressions near points such as
Ps) work well. Thus equation 3 is a cubic equation near point
Psm; and the basic cubic equation has exponential modifications
asit approachesthe TE circle at point Ps. The six coefficients cp
to cs are evaluated from the conditionsof point, first, second and
third derivative continuity (four conditions) of the airfoil surface
line at Ps; and prescribing the point and slope of the airfoil sur-
face at Pyy (two additional conditions). This approach enables
slope of curvature continuity in the vicinity of the trailing edge
circle (though the changesin curvaturein thisvicinity are usually
large).

The design of line segment y2 between points Psy and Py
is accomplished by “mapping” the curvature distribution for the
shape of the blade surface in that region from the C vs. X plane
to theY vs. X plane using 4-point to 6-point Bezier splinesin
curvature (fig. 4d). For illustration purposes fig. 4d shows a 6-
point Bezier spline, though in principle any n-point Bezier spline
can be used, and usually 4 Bezier control points are sufficient.
The curvature segment corresponding from Ps t0 Py, is evalu-
ated from analytic polynomial y1 (using egn. 3) and plotted on
the C vs. X plane starting from the TE at X = 1.0 and ending
in point Césin fig. 4d. The slope of the curvature C(x) at point
C6s (corresponding to blade point Psy,) is computed from egn. 3
and becomes an input to further calculations. On the curvature
of the suction surface we specify points Cls, to C5s. Point Clsg
isspecified at an x location corresponding to Pg. Since the slope
of the Bezier curve is tangent to the line of knots at its ends, the
tangency condition at point C6s ensures slope-of-curvature con-
tinuity from C1¢ to C6s (from Py to Py).

Using central differences equation 1 iswritten for curvature
at airfoil point i as a function of (x,y) coordinates of pointsi —
1,1and i+ 1[30]. Given (Xi—1,¥i—1), (%,V¥i), Xi+1 and C; we
can computey; 1 starting from blade points Psy, and progressing
explicitly point by point towards the leading edge to points P«.
The Bezier spline is iteratively manipulated until the slope and
they location of the airfoil surface at points Py, and the shape of
the curvature distribution, are acceptable.

For consistency among blade designs the points are aways
specified equidistant from Py to Psm. Usually pointsare derived
every 0.25% of X at specific locations (e.g. at X = 0.5100, next
point at X = 0.5125, etc.), with additional clustering very near
the LE and TE (where the expressions for y1 and y3 are ana-
lytic). More airfoil points may be used for other reasons: numer-
ical machining programs; or depending on the accuracy of the
metric terms in the grid generator that will be used for the CFD
computations.

Inthe LE areaweimplement a hybrid method based on mod-

ifications of the earlier methods [28, 30, 32]. First we introduce
the leading edge shape, such as a circle or elipse (fig. 4c). The
suction and pressure blade surfaces “detach” from the leading
edge circleat pointsPs; and Pp; specified by input parameters fs1
and By respectively (local blade-surface angles, determining the
“wedge” blade angle at the LE). Then a parabolic construction
line is defined, and a thickness distribution is added perpendic-
ularly to the construction line (as in [28, 30]). The construction
line startsfrom a key geometric point such asthe origin, the lead-
ing edge of the blade or the center of theleading edge circle. The
thickness distribution is added about this parabolic construction
linein amanner that the thickness distribution (and therefore also
the blade surface) have continuous point, first, second and third
derivative (continuousy,y’,y”,y"” and therefore continuous C’)
at point Ps; where it joinsthe leading edge shape (circle) and the
main part of the blade (point Py and Cysinfigs. 4)c and 4)d. This
is analogous to the circle-joining work of [32] with exponentials
inthe polynomials, and the above trailing-edgeregion subsection
on joining the trailing edge circle to the trailing edge segment of
the blade.

The suction-side construction line can be (for instance) of
theform:

y(x) = AC +Bx+C 4

and the thickness distribution y; added perpendicularly to the
construction line (in order to subsequently arrive at the coordi-
nates of the leading edge segment y1) is of the form

Vi = Co+CiX+ X +CaxC+ (5
+ Cakag (X—X(Ps1)) + cskio (X —x(Px)) +
+ Cgkaz (Xx—X(Ps1)) + c7kia (x — x(Px))

where functionski1, ki2, ki3 and ky4 are exponential polynomials
which acquire increasing importance as we approach points Ps
and Py on the blade surface, so that eg. 5 is a cubic polynomial
away from these two end points. The eight parameters of the
thickness function co to c7 are derived from the conditions to
match: y, Y, Y’ andy” (and thus C’) at point P ; and at point Py
respectively.

The procedure is similar for the pressure side of the air-
foil. This approach ensures continuity of curvature and slope
of curvature everywhere on the airfoil surface: from the TE cir-
cle; to the main part of the airfoil surface; through the leading-
edge thickness distribution; and into the LE circle. The stream-
wise surface curvature distribution (fig. 4d) isiteratively manip-
ulated to optimize the aerodynamic performance of 2D sections,
while keeping control of the airfoil geometry via the direct de-
sign method. The designer shapes the surface curvature, and with
it the location of maximum loading, forwards or backwards, on
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the airfoil surface, as described in [31]. After the first iteration
(first geometric design and analysis) the user examines the re-
sulting airfoil loading distribution (e.g. Cp) along X, and decides
where to increase and decrease local curvature (and local load-
ing). After the second iteration the user gains an appreciation
of (or keeps record of) the magnitude of the required changes in
curvature to cause the desired changes in Cp, distribution along
X; or the surface-curvature changes required to improve other
design criteria. The procedure is repeated until a desirable air-
foil geometry and aerodynamic performance are obtained. The
early analysisiterations can start with fast computation methods,
such as panel methods; later proceed with more detailed meth-
ods, such as Reynolds-averaged Navier-Stokes (RANS) calcula-
tions; and even later may aso proceed with large-eddy simula-
tions or direct numerical simulations. The above optimization
procedure (especially with the relatively-fast panel methods and
RANS computations) can be automated with used-defined op-
timization functions, and simple or complex, visua or codified
multi-objective heuristic or evolutionary-algorithm optimization
methods in order to optimize various aspects of airfoil geometry
or performance, e.g. [47,48].

The method is easily extended for 3D design of compres-
sor and turbine blade rows as described in [32], by specifying
the variation of key 2D blade-design parameters along the blade
height in a smooth manner. This is accomplished using the val-
ues of each 2D parameter, (for instance 2D parameter C3;, one
of the 2D parameters used to specify the suction-surface curva-
ture Cg), at three key 2D sections (hub, mean and tip). We then
specify asmooth variation of the same parameter along the blade
height with a Bezier curve along the blade height that passes
through the value of the 2D parameter at the hub, mean and tip.
We then manipulate these Bezier curves of the 2D parameters
along the blade height until the 3D geometry exhibitsthe desired
3D aerodynamic performance. The 3D CIRCLE method is il-
lustrated in previous publicationswith examples for 3D stacking
of gasturbine blades[32], it allowsfor significant and smoothly-
changing variation of airfoil thickness along the blade height, and
in principle it can also be used for wind turbines. The resultant
smoothly but significantly varying 2D sections can be stacked
along the blade center of gravity (for gas turbine and compressor
rotor blade rows, for instance). There are additional structural
and aerodynamic complexitiesin stacking 2D airfoil sections for
wind turbines. Examples of using the CIRCLE method in 3D
wind turbine designs will be presented in future publications.

THE EPPLER AND A2 AIRFOILS

Fig. 5 and Table 1 compare the geometry and design-point
(icrg = +4°) aerodynamic performance of the original Eppler 387
and of two successfully redesigned airfoils, A1 and A2. Fig. 5a
shows a comparison of the three airfoil shapes. A1 and A2 have
small TE circles while Eppler has a pointed trailing edge. All
three airfoils have the same LE radius, but Al has a lower LE

wedge angle than Eppler, and A2 has a higher LE wedge an-
glethan Eppler (also indicated by the surface curvatures near the
LE of the three airfails in fig. 5b). The curvature distribution
of the Eppler airfoil has small “kinks’ near the LE at X ~ 0.01,
and a change in the slope of curvature on the suction surface at
X 0.6 (fig. 5b). These curvature discontinuities have been re-
moved in the redesigned A1 and A2 airfoils. A1l and A2 have
similar performance, but A2 has slightly better computed perfor-
mance than A1.

Fig. 5¢ shows the C;, distribution of the Eppler and A2 air-
foils. The solid line is the RANS computation of the original
airfoil shape, which agrees very well with the experimental data;
and the dashed lineis the viscous computation of the redesigned
A2 airfoil. The Rey = 10°; turbulence intensity is 0.5%; and
iccg =+4°. Further experimental details can be found in [49].
The computations used GAMBIT and FLUENT. 2D structured
C (for pointed TE Eppler) and O (for circular TE A1l and A2)
meshes, with 50 points perpendicular to the airfoil surface (25
to 30 of the 50 points are in the boundary layer thickness), and
with 500 to 600 pointsalong the airfoil surface have been used in
the computations. These structured grids have clustering around
the LE region (the O grid has clustering inthe TE region as well),
andy+ < 1.2. The structured grids are surrounded by an unstruc-
tured Pave C mesh extending 12 chords upstream and 20 chords
downstream of the airfoil, with a total number of about 350,000
grid points. The RANS computations have used the 4-equation
k— o SST-transition model.

The computed results (fig. 5¢) indicate that the removal of
the kink in curvature near the LE (near X = 0.01) has smoothed
the Cp, distribution near the LE of airfoils A1 and A2 (magni-
fied region in the C,, distribution). The circle points are the ex-
perimental data on the original airfoil (from [49]); the solid line
is the RANS computation on the original airfoil shape; and the
dashed line is the RANS computation on the redesigned A2 air-
foil. The curvature kink in that region of the Eppler arfoil re-
sultsinalocal acceleration-decel eration region of disturbed flow
on the suction side of the airfail (fig. 5d). Unlike the results on
the removal of the LE separation bubble of the HD gas-turbine

TABLE 1. Comparison of computed aerodynamic parameters of the
Eppler 387 and A2 airfoils with experimental data for the Eppler 387
airfoil

Airfoil CL Co C./Cp
Eppler (experiment) | 0.7778 | 0.0230 | 33.82

Eppler (RANS) 0.8007 | 0.0207 | 38.68
A1 (RANS) 0.7591 | 0.0181 | 41.94
A2 (RANS) 0.7276 | 0.0172 | 42.30
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blade presented in [45], the computed results indicate this flow
disturbance on the LE of the Eppler airfoil is not a separation
bubble (at this value of incidence and this Rey and incoming tur-
bulence level). In this case the flow disturbance is just a loca
flow acceleration-deceleration, which nevertheless disturbs the
local boundary layer behavior. The removal of the surface curva-
ture kink in that region resultsin smooth accelerating flow in the
same region of the A2 airfail (figs. 5c, 5e). Use of the CIRCLE
method can be used to remove the LE “kink” in curvature, and
thus eliminate the sharp accel eration-deceleration flow regions
in the LE of airfails, replacing this with a smooth and continu-
ously accelerating flow. Thisisillustrated for a mid-range inci-
dence for the Eppler 387 and A2 arfoilsin fig. 5¢, and in [45]
for the HD and B3 blades (the latter at design and off-design
incidences). This is related to the double-stall phenomenon in
airfoilsfor incidences near maximum lift, and airfoil redesign to
reduce this effect, asin [23]. Double stall may be attributed to
laminar separation bubbles near the LE at these high incidences
undergoing cycles of bursting and re-establishment, resulting in
two significantly different levels in airfoil lift at identical inflow
conditions[21, 22]. The LE disturbances may not cause laminar
separation bubblesin higher Rey airfoilsof current wind turbines,
but removal of the curvature kink at the LE facilitates smoother

boundary layer development over the LE region.

The RANS computations (fig. 5¢) indicate that, when the
Eppler 387, A1 and A2 airfoils operate at Rey = 10°, the bound-
ary layer remainslaminar until about X ~ 0.6. After that the mo-
mentum of the boundary layer near the surface isinsufficient to
carry the flow, and thereisalaminar separation bubblein that re-
gion. The RANS computations indicate that the flow re-attaches
turbulent further downstream. However, the laminar separation
in that region of the airfoils is a characteristic of the Reynolds
number of the flow and the diffusion required by the airfoils (Ep-
pler, A1 and A2). Both airfoils A1 and A2 have removed the
small change in the slope of curvature that occurs at X ~ 0.6
in the Eppler arfail (fig.5b); but the smooth curvatures of Al
and A2 cannot change the nature of the flow, and cannot prevent
the laminar separation in that region. Nevertheless, the computa-
tionsindicate that smoothing of the curvature from the LE region
and throughout the airfoil surface has a beneficial effect on per-
formance. Atigq = 4° the computations indicate that the reat-
tachment point of the Eppler airfoil is a X = 0.677; of Al is
at X =0.680; of A2 isat X = 0.682. The corresponding airfail
wakes are progressively thinner, reflected in a drop in computed
Cp from 0.0207 to 0.0172, and a corresponding rise of C./Cp
from 38.68 t0 42.30 (Table 1).
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THE NREL S814 AND R1 AIRFOILS

Fig. 6 shows a comparison of the geometry, design-point
(ierg = +7.19°), and off-design incidence aerodynamic perfor-
mance of the original NREL S814 airfoil (designed for wind-
turbine near-hub sections) and of redesigned airfoil R1. R1 hasa
small TE circle while S814 has a pointed trailing edge. Both air-
foils have the same LE radius. The curvature distribution of the
NREL S814 airfoil has small “kinks’ near X ~0.2 on the pres-
sure surface and near X ~0.3 on the suction surface. (fig. 6b).
These curvature discontinuities, aswell as a LE spike, have been
removed in the redesigned R1 airfoil.

Fig. 6¢ shows the C,, distribution of the S814 and R2 airfoils
at design incidence. The solid line is the RANS compuitation of
the original airfoil shape, which agrees very well with the ex-
perimental data, and the dashed lineis the viscous computation
of the redesigned R1 airfoil. The Rey=1.5x10°; and turbulence
intensity is 2.5%, so that the flow over the airfoil is turbulent.
Further experimental details can be found in [50]. The RANS
computations were performed with FLUENT. 2D structured C
(for pointed TE S814) and O (for circular TE R1) meshes, with
50 points perpendicular to the airfoil surface (25 to 30 of the
50 points are in the boundary layer thickness), and with 500 to
600 points along the airfoil surface have been used in the com-
putations. These structured grids have clustering around the LE

region (the O grid has clustering in the TE region as well), and
y+ < 1.2. The structured grids are surrounded by an unstruc-
tured Pave C mesh extending 12 chords upstream and 20 chords
downstream of the airfoil, with a total number of about 380,000
grid points. The 4-equationk — @ SST-transition model was used
inthe RANS computations.

The results (fig. 6¢) indicate the removal of the small
“bumps” in curvature near X ~0.2 on the pressure surface, and
near X ~0.3 on the suction surface, has resulted in removal of
the small corresponding “bump” regionsin the Cp, distributions
in those locations. These effects are aways more visible on the
suction surfaces where the flow velocities are higher. Further-
more, the smoothing of the curvature near the LE of the R1 air-
foil has resulted in replacement of the Cp, spike in that location
with a smooth C,, distribution.

The differences in surface curvature distributionsof compa-
rable airfoilsalong their chord (e.g. such as NREL S814 and R1)
dictate the differences in airfoil geometry, as well as the differ-
ences in local loading (Cp) distributions along their chord. The
correlation between surface curvature, airfoil geometry, and C,
or pressure distribution along X is more visible in the examples
of gasturbine blades included in[31], because the surface curva-
turesin gas turbine blades are higher than those in most isolated
airfoils. The relative effects of surface-curvature differences are
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smaller, but follow the same patternsin airfoils.

For example, the curvature of the NREL S814 airfoil is
lower than the curvature of airfoil R1 on the suction surface be-
tween 0.28 < X < 0.4, and higher between 0.10 < X < 0.28 on
the same surface (fig. 6b; the curvature values are negative). This
means the surface of NREL S814 is more rounded than the sur-
face of R1 between 0.28 < X < 0.4. Thisresultsinthe Cy, distri-
bution of NREL S814 to be higher than the C, distribution of R1
inthe same vicinity 0.28 < X < 0.4. (We used this shape of cur-
vature on airfoil R1 in the vicinity of 0.28 < X < 0.4in order to
remove the“bump” inthe Cp, distributionof NREL S814, fig. 6¢).
The situation is reversed between 0.10 < X < 0.28, where the
surface curvature of R1 is slightly lower than NREL S814, and
the Cp, of R1 isdlightly higher than that of NREL S814.

Figs. 6d to 6f show comparisons of C;, Cp and C /Cp ver-
SuS i¢rg from the RANS computations on the original S814 and
redesigned R1 airfoils. These computed results indicate that, at
design and off-design incidence, although there is a small re-
ductionin C., Cp is reduced correspondingly more, because of
reduction of friction losses on the airfoil surfaces, resulting from
the removal of the surface curvature “kinks’. This reduction in
Cp results in improvement of C /Cp practically throughout the
range of incidence infig 6f.

CONCLUSIONS

The CIRCLE method was originally developed for the de-
sign of 2D and 3D subsonic, transonic or supersonic blades for
axial compressors and turbines. Starting from flow specifica
tions, it has been used for the design of about 30 2D compres-
sor and turbine blades, and 3 3D compressor and turbine blade
rowsin previouswork, as well asfor the redesign modification of
various existing blade geometries. This paper illustrates the ex-
tension of the original method to the redesign of two 2D airfoils
used in wind turbines, and describes the use of the method for
2D and 3D original airfoil and blade designs for wind turbines.

The CIRCLE method, which can be easily coupled to multi-
objective heuristic or evolutionary-algorithm optimization meth-
ods, is based on prescribing the smooth and continuous stream-
wise 2D suction- and pressure-surface curvatures from leading
totrailing edge of the blades or airfoils. This curvature and slope
of curvature continuity includes the locations where the suction
and pressure surfaces join the leading and trailing edge circles,
ellipses, or other shapes, so that curvature and slope of curvature
are smooth and continuous everywhere along the airfoil surfaces
from nomina LE point to nominal TE point, as well as every-
where around the airfoil surface (throughout 360°). In the 3D
method the 2D sections of the hub, mean and tip (or near hub and
tip) are designed first. Then the 2D airfoil-design parameters are
smoothly varied from hub to tip with Bezier curves in the radial
direction, providing a smooth variation of 2D sections from hub
to tip, and allowing significant changes in 2D thickness along
the blade height. The method can be further enhanced using the
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results of 2D or 3D flow computations coupled to optimization
methods to direct the variation of the airfoil- or blade-design pa-
rameters. The 3D CIRCLE method in principle can be used for
the design of 3D wind turbine blades (though this aspect is not
addressed in this paper).

Thisis anew design environment decoupling the traditional
maximum thickness and maximum camber discussions (used in
early airfoil designs) from airfoil-section design, and it attaches
greater significance to the curvature distribution rather than the
exact location of (x,y) pointson the airfoil, even though the de-
signer has direct control of the airfoil surface as in direct meth-
ods. Similarly to inverse design methods, the CIRCLE method
is guided by the surface pressure distributions with their rela-
tion to surface-curvature distributions, and the output is the air-
foil shape. The design sequence shapes the surface curvature and
with it the location of maximum loading, forwards or backwards,
on the airfoil surface. Therefore this method combines the best
advantages of direct and inverse airfoil design methods.

The aerodynamic advantages of the CIRCLE airfoil design
method in designing improved wind turbine airfoils (of lower
losses and higher lift-to-drag ratios) are illustrated with two ex-
amples of 2D airfoilsof known tested experimental performance:
the Eppler 387; and the NREL S814. The modified airfoils are
practically identical in section geometry to the original ones. The
surface curvature distributions and C, distributions of the mod-
ified airfoils are smoother than those of the original ones. The
flow performance of the original and modified airfoils are ana-
lyzed with CFD, and the computed performance advantages of
the redesigned 2D airfoils are discussed.

The redesigned airfoils have removed leading-edge flow-
disturbance regions from both origina airfoils, a mid-chord
suction-surface flow-disturbance region from the Eppler 387
airfoil, and mid-chord pressure- and suction-surface flow-
disturbance regions from the NREL S814 airfoil. The modified
airfoils have lower computed drag coefficients, and higher lift-
to-drag coefficients than the origina ones. It is concluded that
the method is a new and efficient design tool in the arsena for
the tailoring of existing airfoils to increase efficiency for wind-
turbineairfoils. Design of new airfoilsis also possible, but is not
shown in this paper.

Fig. 5aindicates that the differences in airfoil surface ge-
ometries are of a magnitude that is measurable in the chord sizes
of modern large wind turbines. However, more importantly,
figs. Bb, 5¢, 6b and 6¢ indicate that, in addition to the usual
surface-geometry point-by-point measurement of manufacturing
tolerances, we need to introduce additional measurements of ac-
ceptabl e tolerances in airfoil-surface curvature distribution.
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