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1. Abstract

Two Computational Fluid Dynamic codes which solve the compressible full-potential
and the Reynolds-Averaged Thin-Layer Navier-Stokes equations were used to analyze the non-
rotating aerodynamic characteristics of the British Experimental Rotor Program (BERP) heli-
copter blade at three flow regimes: low angle of attack, high angle of attack and transonic. At
low angle of attack, the BERP blade exhibited higher induced drag at a given lift as compared
to other blade shapes such as rectangular, Puma, and a sweep-taper planform, but it had less
induced drag than a 3:1 taper tip blade planform. Also, the computed spanwise loading at low
angles of attack indicated a high leading edge suction peak at the blade notch and a drop in local
lift coefficient at the sweep section of the blade. These characteristics provided a better under-
standing of the blades behavior at the other flow regimes. At high angle of attack, the blade
attained high-lift by maintaining attached flow at the outermost spanwise locations. In the
transonic regime, the BERP reduced the shock strength at the outer spanwise locations which
reduced wave drag and shock-induced separation. Overall, the BERP blade exhibited many
favorable aerodynamic characteristics in comparison to conventional helicopter rotor blades.

2. Introduction

Helicopters’ inherent aerodynamic limitations prevent them from attaining high forward
speed. For example, the Soviet Union’s Hind A-10 held the helicopter world speed record of
228.9 mph ( 368.37 km/hr ) for 8 years [1] until Westland Helicopter Ltd. flew their modified
G-Lynx to 249.1 mph ( 400.87 km/hr ) [2]. One of the significant differences between the
Hind and the G-Lynx was the unique helicopter rotor blade known as the British Experimental
Rotor Program (BERP) blade shown on the G-Lynx in figure 1.

Figure 1 - BERP Blade on the Westland G-Lynx
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Westland attributes the improved forward flight rotor blade performance to the combi-
nation of unorthodox blade planform shape and high performance airfoils. This combination
was designed to reduce transonic effects such as drag rise and increase rotor thrust by delaying
retreating blade stall [2,3]. As shown in figure 2, the last 15% of the span was swept back to
reduce transonic effects. However, simple swept tips shift the aerodynamic center behind the
blade feathering axis which induces adverse control problems. To overcome this problem,
leading-edge area was added to the swept tip region which formed the BERP blade's character-
istic leading-edge notch. To further reduce the transonic effects at the tip, thin airfoil sections
were used: 12% thick at the inboard sections, 8% at the sweep section and 6% at the extreme
outboard sections.

To delay retreating blade stall, Westland incorporated a delta-wing-like planform at the
extreme spanwise location; delta wings maintain high-lift at high angles of attack by forming a
stable vortex structure over the wing surface.” Secondly, high-lift airfoils developed by the
Royal Aircraft Establishment [4] were used: RAE 9648, RAE 9645 and RAE 9634. The RAE
9645 is an aft loaded high-lift airfoil with a nose- down pitching moment. To counteract the
9645's pitching moment, the reflexed (nose- up pitching moment) RAE 9648 was used.

Westland designed the BERP blade with the use of extensive experimental data and
some theoretical analysis. To date this data includes nonrotating wind tunnel experiments at
low-speed, model rotor tests, and some flight experiments. As indicated by the world speed
record of the G-Lynx, the flight tests have shown that the blade indeed improves rotor perfor-
mance, but they do not fully explain either the aerodynamic behavior of the BERP blade or the

blade's effect on the flow physics. Also, when Westland attained the world speed record, the
helicopter industry realized that rotor blade performance could still be improved, but more de-
tailed aerodynamic data was required to either improve upon the BERP blade design or to adopt
it as a replacement rotor blade.,

However, the cost and complexity of good detailed experiments limits the amount of
available data on the BERP and many other advanced rotor blades. High equipment costs,
modeling costs, the lack of available wind tunnel facilities, and the limited amount of man
hours available for projects all contribute to the high costs of experiments. Also, the constantly
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varying flow environment of a rotor blade complicates obtaining detailed aerodynamic data. As
an illustration, for a helicopter in forward flight, the advancing rotor blade travels at speeds
high enough to cause shocks to form at the rotor blade tips. The retreating blade, on the other
hand, operates at high angles of attack and low-speeds which can cause stall. Therefore, other
methods, such as Computational Fluid Dynamics (CFD), are needed to complement ‘experi-
mental data on advanced rotor blades.

Within recent years, supercomputers such as the Cray 2 and Y-MP at NASA Ames
Research Center's Numerical Aerodynamic Simulation Facility and the availability of more ef-
ficient numerical algorithms have made CFD a feasible research tool. By using CFD, one can
model the flow field of a helicopter blade at different operating flow conditions and obtain
highly detailed data. Currently, CFD methods cannot adequately model the inherently complex
wake structure in helicopter rotor flows. Hence, extensive tlow parametric studies using CFD
are currently limited to nonrotating computations.

The main objective of this paper is to use CFD methods to develop a better understand-
ing of the fundamental aerodynamic properties of the BERP blade. To accomplish this goal, a
cooperative research agreement between Westland Helicopters Limited and the U.S. Army
Aeroflightdynamics Directorate (AFDD) was established. Under this agreement, Westland per-
formed nonrotating wind tunnel experiments while AFDD used the computer simulation capa-
bilities at NASA Ames to simultaneously predict the Westland experiment. The wind tunnel
tests performed by Brocklehurst of Westland Helicopters Ltd. [5] modeled the outermost 30%
span of an otherwise full-scale model of the production BERP blade tip. Flow visnalization
and pressure data were obtained on a range of angle of attack sweeps from 00 to 229 with and
without boundary layer trips. This paper presents the computational effort performed by the
author which was designed to complement Westland's experiment and to provide industry
additional data on this unique rotor blade.

3. Methodolo
3.1 Computational Fluid Dynamic Methods

In CFD, there exists a hierarchy of methods which vary in computational cost and
physical flow approximations. Basically, CFD methods compute the flow field around a body
by solving a system of nonlinear equations that satisfy the basic physical laws of conservation
of mass, momentum, and energy. These methods may be divided into two categories - invis-
cid and viscous. Inviscid computational methods simulate the fluid flow by assuming that the
viscous effects of the fluid are negligible and can be ignored where as viscous computational
methods maintain the viscous effects of the fluid.

_ The compressible full-potential rotor code by Strawn [6] called FPR, was chosen for
the inviscid computations. The main advantage of this code is its relatively low computation
cost per solution. For example, fully converged BERP blade solutions required approximately
20 minutes of CPU time on a Cray 2 supercomputer. However, this approach is limited to un-
separated flows, since flow separation is a viscous effect of the fluid, and to flows that do not
develop strong shock waves which violate the isentropic assumption in the full-potential for-
mulation.

The FPR code solves the fully conservative unsteady full-potential equation in general-
ized coordinates with an Approximate Factorization method that is first-order backward differ-
enced in time and second-order central differenced in space. Streamwise flux terms use up-
wind density biasing in regions of supercritical flow to ensure stability of the algorithm. The
code imposes the freestream velocity field onto the blade by modifying the time-metric terms
which effectively moves the blade through still air. Angles of attack are imposed by tilting the
grid about the quarter chord relative to the nontilted root chord then modifying the time-metric
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terms as before. At the radial outer grid boundary, a nonreflection boundary condition pre-
vents wave reflections from affecting the solution while a freestream boundary condition is
used at the outer spanwise grid location. The inboard plane boundary condition comes from
the time derivative of the spanwise grid motion [6].

Of the various viscous codes available, the Reynold$~Averaged Thin-Layer Navier-
Stokes code of Obayashi [7] known as LANS3D was used. Unlike the previous inviscid ap-
proach, this method can model separated flows, vortex dominated flows and flows with strong
shock waves. However, this method is computationally expensive. The computations for this
study required approximately 20 to 30 CPU hours per solution on the Cray 2. This high cost
is a function of the high number of grid points needed, the number of equations or computer
operations and the complexity of the flow phenomena.

The LANS3D code solves the three-dimensional (3-D) Reynolds-Averaged Thin Layer
Navier-Stokes equations with the LU/ADI method of Obayashi [7]. The Thin-Layer form of
the Navier-Stokes equations ignores the streamwise and spanwise stress terms of the full
Navier-Stokes equations, and retains only those normal to the surfaces. The Reynolds stresses
that result from time averaging the high-frequency turbulent fluctuations inherent in turbulent
flows are modeled with the algebraic Baldwin-Lomax turbulence model. The resulting equa-
tions are then solved using the LU/ADI scheme which decomposes the block tridiagonal form
of the Beam-Warming algorithm into the product of an upper and lower bidiagonal matrix
along each coordinate direction by using a flux-vector splitting technique and similarity matrix
ransformations. This decomposition allows for the efficient solution of the Navier-Stokes
equations.

Previously, the FPR code has been used to investigate the performance of rotating heli-
copter rotor blades of simple planform shape. The code has been validated with experimental
data and is very robust. The LANS3D code has been used in transonic fixed-wing and low-
speed delta-wing computational studies. It is also robust and has been validated against other
Navier-Stokes codes and experiments. Neither code has been used to investigate a geometry as
complex as the BERP blade.

3.2 Grid Generation

To utilize CFD methods, the 3-D space surrounding the blade surface and the surface
itself are divided into a structured grid system of discrete points, The physical phenomena
modeled by each method places different requirements onto the grid, as shown in figure 3.
Grids for viscous methods require highly concentrated number of grid points orthogonal to any
body surface to capture the inherently thin viscous regions. In contrast, inviscid grids do not
need high clustering at the surfaces. '

The surface grids for the inviscid and viscous methods were based on a digitized
database, provided by Westland, containing the BERP surface coordinates (figure 4). The in-
teractive surface grid generation code of Steinbrenner {8] known as GRIDGEN2D was used 10
redistribute the spanwise locations of the Westland BERP surface coordinate database. The
surface grid generation code allowed for a surface grid that conformed to a number of con-
straints imposed by the computational methods:

1. [t must accurately represent the shape of the blade with a minimum of discontinu-
ities.

2. lIts layout should consider the overall flow-field grid topology to avoid discontinu-
ities in the field grid.

3. Surface grid points should be concentrated according to the expected flow physics
such as tip vortex formation and sharp leading-edge suction peaks.
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Figure 4 - Surface grids

To comply with these constraints, the spanwise locations along the leading-edge and
trailing-edge of the blade were determined using GRIDGEN2D. Once these coordinate loca-
tions were found, a cubic spline routine was then used to reinterpolate the locations of the
database to the desired surface points. The desired surface points were described by curves
that passed through the specified leading-edge and trailing-edge locations found with
GRIDGEN2D. Figure 4 illustrates the inviscid method surface grid point distribution which
consists of 33 parallel sections in the the spanwise direction and 80 points distributed along
each parallel section. The sections collapse to a zero thickness airfoil at the extreme tip. The
viscous grid contains 52 spanwise sections each containing 141 points. The sections were dis-
tributed parallel to each other until the extreme swept tip part of the blade where the sections
were slightly rotated clockwise to allow the surface grid to collapse to a singular point ( airfoil
of zero thickness and chord ) at the blade tip.
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The flow-field grids were generated with elliptic grid-generation methods first devel-
oped by Thompson [9]. In this method, a system of Poisson's equations are solved whose re-
sults describe the nodal grid points suitable for computational methods. For the inviscid
method, the grid was formed by solving at each spanwise location the two-dimensional (2-D)
Laplace equations. This method formed an O-H topology grid that contained 80 points in the
chordwise directions, 43 points in the spanwise and 25 points radial to the body totaling
91,125 grid points.

Viscous grids require much greater control to concentrate the points near the surfaces,
hence the 3-D Poisson solver by Sorenson [10] known as 3DGRAPE was used to form a C-H
topology grid. First, 3DGRAPE was used to generate a coarse grid totaling 189 points in the
chord direction, 72 points in the spanwise direction and 20 points radial to the blade surface
with the distance of the first point off the body equal to 0.05 chords. Then, to obtain the re-
quired concentration of points, an exponential stretching function by Vinokur [11] and a cubic
spline routine was used to reset the distance of the first point off the body to 0.00005 chords
and to increase the number of grid points. The number of nodal grid points of the final viscous
grid totaled 189 x 72 x 51 or 694,008 in total.

3.3 Flow Conditiong

By taking into account the computational cost and flow limitations of the inviscid and
viscous approaches, computations were performed to analyze the effects of angle of attack and

Mach number shown in figure 5. The angle of attack sweep from 0° to 20° in 30 increments at
freestream Mach number of 0.2 corresponded to Westland's experimental flow conditions.
The alpha sweep was designed to overlap the CFD methods at the lower angle of attacks for
code-to-code comparison and to use the viscous method at the higher angles of attack where the
flow separates ( a strongly viscous phenomenon ). To investigate the effect of Mach number, a
Mach number sweep at 60 angle of attack from Mach numbers of 0.2 to 0.85 was performed.
Beyond 0.6 Mach number, the shock strength became too large and only the viscous approach
was used. The Reynolds number, based on the freestream velocity and root chord length,
equaled 1.5x100 for the 0.2 Mach number case and 8.5x106 for the 0.85 Mach number case.
In the discussion to follow, the results will be presented in the three highlighted flow regimes
shown in figure 5: low angle of attack, high angle of attack and transonic.
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Figure 5 - Computed flow conditions
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In addition to the BERP planform calculations, a rectangular planform, a sweep-taper
planform, a 3:1 taper blade with the taper at 90% radius, and a Puma blade planform [12] each
with the same airfoils, span and twist as the BERP blade were evaluated using the inviscid
method. An angle of attack sweep at 0.2 Mach number and some transonic calculations were
performed with these supplementary planforms. Figure 6, illustrates the various planforms.

4. Validation with Experiments

To gain confidence in the computational results, oil flow patterns, pressure distribu-
tions and lift are compared to the experimental data of Brocklehurst [5]. Figure 7 compares the
experimental surface oil flow patterns with natural boundary layer transition to the simulated

surface oil flow patterns computed by the viscous approach at M= 0.2, =139, and Re= 1.5 x

106 with turbulence modeling; the simulated oil flow patterns were computed by releasing ficti-
tious particles into the computed flow field close to the blade surface and confining those parti-
cles to remain close to the surface. In comparison, the trailing-edge separation evident in the
experiment inboard of the notch and its disappearance outboard of the notch is captured in the
computed oil flow. Also, the tip vortex of the computed and experimental flows compare quite
well. The one main difference between the two is the extent of the separation region just in-
board of the notch region. But, in general there is good agreement between the computed and
experimental surface oil flows.

Figure 8 illustrates the comparison between four representative experimental and com-

puted surface pressure coefficient distributions at M= 0.2, 0=139, and Re= 1.5 x 106. There
is excellent agreement with the experiment at the inboard section, notch and sweep spanwise
locations. At these sections, the pressure peaks and general shape of the pressure plots agree
extremely well with the experiment. At the inboard location, the experimental points slightly
disagree with the computed pressures toward the last 5% of chord indicating the difference in
the extent of the separation found in the surface oil flow, The pressure distribution at the
extreme tip, however, does not agree very well with the experiment. The computed pressure
shows a vortex structure forming inboard of the leading-edge not evident in the experiment.
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Figure 6 - Supplementary planforms
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Figure 8 - Surface pressure validation

This difference indicates that at the blade's highly swept region, the tip vortex formed further
inboard than in the experiment. Overall, there is excellent agreement between the computed
and measured surface pressures.

Figure 9 illustrates the comparison of the experimental and computed local lift coeffi-
cient ( () distribution at M=0.2 and at angle of attacks of 6°,139,16° and 20°. The Reynolds
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Figure 9 - Local lift coetficient distribution validation

number at 6° and 130 angle of attack is 1.5x100 while at 16° and 20° the Reynolds number is
1.0x106. The experimental data for the transition free and the transition fixed cases are shown

while all the viscous computations assume fully turbulent from the leading edge. At 69, the
inviscid computation is included for added comparison between the computational methods.

As expected from the pressure comparisons, there is excellent agreement between the
computation and experiment for the cases when the flow is attached such as 6° and 13°. The
discrepancies between the experiment and computations occur when the blade begins to stall
along the sections inboard of the notch. At the extreme tip there is some disagreement between
the computation and experiment in the prediction of the tip vortex with the computation predict-
ing a stronger tip effect than shown in the experiment. In the dataset, there are two experimen-
tal points that consistently disagree with the computation that lead one to question their reliabil-
ity

Finally, the computed total integrated lift coefficients are compared to the transition free
and transition fixed experimental data as shown in figure 10. As expected from the earlier
comparisons, the lift coefficients compare well at the predominantly attached flow cases. At
high angles of attack, there is a difference between the two sets of experimental data because
the boundary layer trip was optimized for the 130 case. The experiment and computation at 160
and 20° disagree because of the discrepancy in the amount of separation indicated in figures 9¢
and 9d.

These comparisons now give confidence to the computations. They place bounds on

the following discussion and highlight areas where the computations may lead to erroneous
conclusions. These comparisons also illustrate the capability of CFD to provide additional data
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Figure 10 - Integrated lift coefficient validation

to complement experimental data and they now allow conclusions to be drawn regarding the
aerodynamic characteristics of the BERP blade.

5. Results

5.1 Low Angle of Attack Case

At low angles of attack, the BERP blade exhibited greater induced drag at a given lift
than the sweep-taper, the rectangular, and the Puma. However, the BERP exhibited less in-
duced drag than the 3:1 taper planform. Figure 11 illustrates the induced drag polar compari-
son between the BERP and the other planforms as computed by the inviscid method at M=0.2.
The induced drag polar for the non-BERP planforms were corrected to the BERP blade aspect
ratio.

As a check on the computed induced drag, the computed results for a NACA 0012
untwisted rectangular wing is compared with linear wing theory as given by equation {(1).

2 (1+3)

Co=C; TAR.

Where: ] (1)
Cp = Integrated Drag Coefficient
CL = Integrated Lift Coefficient

8 = correction factor
A.R. = Aspect ratio

The correction factor, d, in equation (1) for a 12% thick rectangular planform wing as
given in Perkins and Hage [13] yields a drag polar slope of 0.0411. The slope for the com-
puted untwisted rectangular case is 0.04598 at a Mach number of 0.2 or 0.04411 when cor-
rected to a Mach number of 0.0 using the Prandtl-Glauert factor,

The low angle of attack results also lead towards an understanding of the aerodynamic
characteristics at the more extreme flow conditions. Figure 9a illustrates the comparison of the

computed and experimental local lift coefficient at a0 = 60 and M=0.2. The variation in the local
lift coefficient is primarily a result of the planform chord variation. For example, the increase
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Figure 11 - Induced drag polar comparison

in chord at the sweep section of the BERP causes a drop in C). While at the extreme tip, the C]
begins to increase resulting from the decrease in local chord. In addition, the viscous compu-
tation shows evidence of vortex lift indicated by the difference in the lift coefficient between the
inviscid and viscous computation. These characteristics show that the swept region of the
BERP blade will remain attached much longer than the inboard sections. This behavior comes
from the basically two-dimensional idea of reduced local lift coefficient from planform change
and the three-dimensional effect of vortex lift.

Figures 12a and 12b further compares the BERP local lift and induced drag coefficients

at o = 6% and M=0.2 to the non-BERP planforms. In comparison to the other planforms, the
local lift coefficient of the BERP is the only one that exhibits a significant drop at span
locations greater than (1.5. This again illustrates the blade's capability to reduce the onset of
separation as compared to other planforms; the other planforms tend to maintain higher C). At
the notch section, span location of .5, the BERP blade exhibits a large negative induced drag
force that results from a large leading edge suction peak at these sections. At higher angles of
attack, this behavior will tend to cause the boundary layer to prematurely separate from the
leading edge and at transonic speeds it can cause local pockets of high Mach number flow.

5.2 High Angle of Attack Case

At high angles of attack, the BERP blade exhibits the ability to attain high lift coeffi-
cients by maintaining attached flow in the sweep part of the blade. Figure 10Q illustrates the in-
tegrated lift coefficient { Cr ) versus angle of attack for the BERP blade as computed by both
CFD methods at a M=0.2 and Re= 1.5 x 106, First, at = 139, 160 and 209, the viscous solu-
tions diverge from the nearly linear increase in lift as predicted by the inviscid method. This
difference illustrates the presence of separated flow and the need for a viscous method to cap-
ture this flow feature. Secondly, at a= 16° and 20° , the lift has reached a plateau where as

one would expect the blade to stall with a drastic drop in the lift at approximately a=120 to 15°,

The blade attains high-lift by maintaining attached flow at the outer spanwise locations.
Unrestricted particle traces shown in figure 13 illustrate the predicted flow around the blade at

a= 200, M=0.2 and Re=1.5x106. The traces indicate a highly separated flow shown as a large
vortical structure fixed over the inboard sections. A leading edge stalled region then forms just

inboard of the notch region. The flow remains attached at the sweep region of the blade with a
tip vortex at the extreme edge.
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The simulated surface oil flow pattern, shown in figure 14, further illustrates the blades
ability to maintain attached flow at the outer span. Inboard of the notch, the flow separates at
approximately 1/3 chord with the flow separating from the leading-edge at the beginning of the
notch region. A complex separation pattern exists behind the primary inboard separation line
which includes a number of secondary separation and reattachment nodes and a dominant reat-
tachment node at the notch region. Beyond the notch, the simulated oil pattern exhibits a pre-
dominantly attached flow which has some separation towards the trailing-edge. Finally, a tip
vortex appears at the highly swept extreme edge.

The blade's separation behavior directly affects the spanwise load distribution. Figures
9b and 9d illustrate the local C) spanwise distribution for the 0=13° and 20° cases as computed

with the viscous method. The C) distribution at ¢=139, a predominantly attached flow, shows
a drop in the Cjbeyond the notch region with an increase in Cj from the tip vortex and local
chord decrease at the extreme spanwise location, In contrast, the 200 case has a drop in Cj at
the notch with an increase at the swept region resulting from the flow reattachment.

For a blade in rotation, the BERP's high angle of attack capability can increase rotor
thrust by allowing the advancing blade to provide more lift since the reteating blade can main-
tain a higher total lift coefficient, The computations showed that the blade geometry maintains
attached flow beyond the notch and prevents separated flow from penetrating beyond the
notch. The last 15% radius of the blade provides a large majority of the blade lift in compari-
son to the inboard blade sections.

5.3 Transonic Case

At transonic speeds the BERP geometry has a dramatic effect on the extent of super-
sonic flow and shock strength on the blade. Figure 15 illustrates the comparison of inviscid
upper surface Mach contours of the BERP, the rectangular, 3:1 taper, Puma and sweep-taper

planforms ut a=6° , M=(.6. These computations were performed at the same aspect ratio and
span. As shown by the heavy black line which delineates the boundary between subsonic and
supersonic flow, the rectangular, swept-taper and 3:1 taper planforms' supersonic pockets ex-
tend much further in the spanwise direction as compared to the BERP and Puma. In short,
only the BERP and Puma blade with the forward sweep or leading edge notch configuration
significantly reduced the supersonic regions in the outer span.

The capability to decrease shock strength at the blade tip greatly affects the wave drag
on the blade. To investigate the planform effect on the wave drag, the local wave drag coeffi-
cient was approximated by taking the difference between the local Cd at M=0.6 and M=0.2;
this difference is defined as Cdiff. Figure 16 shows that in comparison to the other plan-
forms, the sweep-taper and the BERP have lower Cdiff at span locations greater than 0.75; the
3:1 taper has the largest Cdiff values at these locations. Between span location of 0.5 and 0.6
(the BERP notch location), the BERP has a very large variation in C(iff. Also, the BERP has
the targest Cdiff values between span locations of (.55 to (0.75.

At higher Mach numbers, the decrease in the extent of the supersonic zone has a dra-
matic effect on the shock-induced separation. Figure 17 illustrates the pressure coefficient
contours on the upper surface of the BERP blade at a Mach number of (.85, aReynolds num-
ber of 8.5x 106, and angles of attack of 6° and 1°. As in the previous inviscid computation, the
viscous computations show that the shock-strength dissipates beyond the notch, indicated by
the diminished concentration of contours lines at the sweep section of the BERP. The reduc-
tion in the shock strength directly influences the extent of the shock-induced separation as
shown in figure 18. The flow on the blade is separated inboard of the notch while ,beyond the
notch, the flow remains attached because of the reduced shock strength.
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Figure 18 - High speed separation patterns

In summary, the nonrotating transonic results imply some favorable and unfavorable
characteristics of the BERP blade in rotation. One, the BERP will require less power to over-
come wave drag at high transonic tip speeds as compared to other rotor blades such as rectan-
gular, taper and other swept tips. But, the Cdiff values around the vicinity of the notch were
higher than other planforms. This behavior detracts from the BERP's reduced Cdiff at the
more extreme span locations. Secondly, the reduction in shock strength in the spanwise loca-
tions beyond the notch greatly reduces the amount of shock-induced separation on the BERP.
This behavior would reduce the amount of power required and help to alleviate the amount of
vibrations and control loads on the blade.

6. Conclusions

In conclusion, the nonrotating computations in this study have increased the fundamen-
tal understanding of the BERP blade's aerodynamic properties. They have shown how the
blade's unique combination of airfoils and planform shape affect the blade loads and how these
nonrotating characteristics may influence the rotating blade performance. Specifically, at low
angles of attack, the BERP exhibited greater induced drag for a given lift as compared to some
other types of planforms. This characteristic implies that the induced power requirement for
the BERP in a rotating flow environment would be higher in comparison to the rectangular,
Puma or sweep-taper planforms but less for a 3:1 taper blade planform. At high angles of at-
tack, the BERP can attain higher Cp by minimizing separation on the outer spanwise locations.
This capability can increase the available rotor thrust by allowing the advancing blade to pro-
vide more lift. In addition, the leading-edge notch and tip sweep combination significantly re-
duces the transonic effects on the blade that sweep alone cannot accomplish. The milder tran-
sonic effects would reduce the power required to overcome wave drag and reduces the control
loads and vibrations generated by shock-induced separation at high tip speeds.
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