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The problem of minimizing blade profile power for a conceptual high-altitude UAV compound helicopter was ad-
dressed through airfoil design. Some example performance calculations were presented for a generic configuration at
altitudes ranging from 5,000 ft to 60,000 ft. These performance estimates helped to define the design requirements
for high-altitude rotor blade airfoils. Results showed that the combination of natural laminar flow with improved
transonic characteristics could enable cruise altitudes up to 50,000 ft. The results also showed that for optimum
endurance the rotor tip Mach number had to be increased with altitude. The objective of the design effort was the de-
velopment of transonic, natural laminar flow airfoils for cruise at 50,000 ft. The aerodynamic challenges involved the
combination of high-subsonic Mach numbers with low Reynolds numbers. This combination of parameters resulted
in the appearance of both shock waves and laminar separation bubbles in the relevant flow physics. The design of a
highly reflexed inboard airfoil, AFDD 50K30, enabled the use of more camber over outboard sections. This allowed
the working section airfoil, AFDD 50K60, to be designed for significant runs of laminar flow. Finally the tip airfoil,
AFDD 50K80 was designed for low drag at zero to slightly negative lift found on the advancing blade at high speeds.

Results were compared to existing rotorcraft airfoils over the high-altitude design space.

Nomenclature

as Local speed of soundt/sec

AR  Wing aspect ratio

b Wing span,ft

c Airfoil chord, ft

Cq Airfoil drag coefficient

Cq, Airfoil zero lift drag coefficient
Cq, Wing airfoil 2D drag coefficient
G Lift coefficient, rotor blade element
C_. Lift coefficient, wing

Cp Pressure coefficient

Cn Total rotor power coefficient

Cp  Rotor induced power coefficient
Cp, Rotor profile power coefficient
Cp, Rotor parasite power coefficient
Cr Thrust coefficient

D¢ Fuselage dradbs

Dy Wingdrag,lbs

Dy Rotor drag)bs

D; Total aircraft drag

e Wing span efficiency factor

FM Total system figure of meri(ﬁ/ 2 /(v/2Cp)

fo  Effective flat plate area of fuselagét?

Ly  Total wing lift, Ibs

M Local airfoil Mach number

Mqyq Drag divergence Mach number

Mgo Advancing blade Mach number

Np  Number of blades

Pat Freestream static pressure at altituths/ ft2
q Freestream dynamic pressultas/ ft

Re Reynolds number based on chord length
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R Rotor radius,ft

S  Wing area,ft?

T+ Thrust of turbofanlbs

Ve  Aircraft forward speedft/s

Mip Tip speed,ft/sec

W, Aircraft gross weight at takeoffbs

a Airfoil angle of attackdeg

atpp Angle of attack of rotor tip path plandeg
ACy, Additional drag due to compressibility
ACq, Additional drag due to lift

Ratio of specific heats

Sweep anglerad

Rotor inflow velocity ratio

Rotor advance ratidip /Ve
Density,slug/ ft3

Rotor solidity,Nyc/ (TIR)

QO E >»><

Introduction

The challenges of airfoil design for high-altitude aircraft
have been researched by the developers of fixed-wing UAVs
for atmospheric sampling missions, weapons platforms, bal-
listic missile defense, and military reconnaissance. The pri-
mary reason for using a UAV in place of a piloted aircraft is
that the weight of a pilot and life support equipment typically
exceeds the payload requirement of the high-altitude mission
(Ref. 1). One of the first efforts was a long endurance, high-
altitude airfoil targeted for aB82 ft wing span11001b UAV
at66,000 ft (Ref. 2). The20,000mile range an@0hour en-
durance requirements demanded a new approach to the airfoil
design process tailored to the operational requirements. The
result was the development of the NASA NLF(1)-1015 air-
foil which was an improvement from the classical Wortmann
FX63-137 over the design lift coefficients. One characteristic
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of both of these airfoils is that the maximum lift is not reduced
by leading edge roughness; however, the low lift performance
is degraded with roughness. At low angles of attack, these air-
foils suffer from a sharp drag rise due to separation in the cove
created by the aft loaded camber distribution. For this reason,
the use of such an airfoil on a rotor blade would incur a signif- .
icant penalty on the advancing blade. Even so, the procedure
to custom tailor an airfoil to specific multi-point design re-
qguirements as outlined by Ref. 2 presents an example that’
will be followed in the current work. Another benchmark
from this design study was the realization that high lift could ,
be obtained at low Reynolds numbers, and in fact, the low /
Reynolds number could be exploited to sustdolaminar
flow on both sides of the airfoil in order to reduce drag.
While the development of the NLF(1)-1015 airfoil was fo-
cused on low Reynolds number performance, another study,
combined the additional problem of high subsonic Mach *
numbers encountered at high-altitude (Ref. 3). The result- *
ing transonic flow was found to severely impact the design
at high-lift with the formation of lambda shock structures in
proximity to laminar separation bubbles. In this design study,
the validation of the MSES code was found to be in good
agreement with the sparse amount of data representative of
these flight conditions. The study was focused on altitudes in
excess ofL00,000 ft requiring lift coefficients off; = 1.3 at

M = 06 al’ld Re: ZOQ 000. Again, the use Of an aft |0aded Wt - 6000 Ib (empty We|ght - 4000|b)

camber distribution enabled the point design requirement to 3 x RR 250-c20W Turboshaft : 1950 HP total

be met; however, the drag penalty at low angles of attack 1 x Williams/Rolls FJ44-1A Turbofan: 1900 Ibs
became more severe with increasing altitude (see Fig. 16 of Fuel = 1500 Ibs ’

Ref. 3). While this is less of a problem for a fixed-wing UAV, Pavioad = 500 Ibs
it presents a significant design challenge to prevent large pro- y
file power losses on the advancing blade of a rotor (Ref. 4).

1
1
1
I
1
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The same low angle of attack penalty of aft loading can also Ro_tor:

be found in Fig. 17 of another study (Ref. 5), where the use- R __30ft

able lift coefficient range of the airfoil became nearly a point Nb,'_ o

design af70,000 ft altitude. Both of these studies illustrated solidity = 0.074 _
the utility of the MSES airfoil design code for point designs, Anti-torque: turbofan thrust vectoring

although the code includes a multi-point design capability. )
The present airfoil design study attempted to apply the Wing:

philosophy of the Eppler-style multi-point design method of b = 40ft

Ref. 2 using the transonic, low Reynolds number capabil- S =143 ft"2

ity of MSES demonstrated by Ref. 3. The objectives of the AR =12

design were to investigate the challenges of high-altitude ro-

tor airfoils and the multi-point optimization issues related toFig- 1 High-altitude VTOL UAV concept used for rotor airfoil

achieving a global maximum — as pointed out by (Ref. 6).2erodynamics study.

The paper was divided into two parts. In the first part, a

representative configuration for a compound helicopter wa

developed, and a performance study was conducted to d

termine the flight envelope. The study was repeated USINBetails are configuration dependent. There is a balance re-

turbulent airfoils, natural laminar flow (NLF) airfoils, and su- quired in preliminary design between the level of detail and

percritical NLF airfoils. The second part of the paper used th%he efficiency of the process. This is especially true when the

results of the performance study to design three new airfoil§ - ; :
) " ocus of the effort is on overcoming complex flow physics
for a50,000 ft cruise condition. 9 P phy

problems through airfoil design.

vortex wake flow physics, fuselage/engine/wing inflow dis-
?6rtion, and trimmed flight control inputs. Many of these

Model Problem for a High-altitude, Approach

Long Endurance VTOL UAV In the present study, a new class of helicopter is under study
The accurate prediction of the periodic airfoil environ- over a wide range of flight conditions (i.e., altitudes from
ment at each radial station requires a detailed comprehensi&000 ft to 60,000 ft) and over a wide range of rotor oper-
aeromechanics analysis. This must include the induced arating conditions. At a minimum, an example baseline study
gles of attack from blade dynamics and aeroelastic responsegquired 2040 cases to be studied to determine the flight enve-

11-2
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lope, and clearly this precluded a full comprehensive analysisombination of design and flow control. The minimum ob-
from providing rapid feedback into the airfoil design process.tainable effective flat plate area of the fuselage without the
Instead, the current study attempted to reduce the matrix usving was assumed to Beft?.

ing a more efficient first principles based analysis. As much The concept used for this study is purely theoretical and
as possible, the key issues that defined the airfoil environmetitas no relationship to any current government program or US
were included in the analysis. This included simple models ofArmy acquisition plans. The concept was developed for re-
the effects of non-uniform inflow, control inputs, elastic tor- search purposes in order to study the airfoil design aspects of
sional motion, and blade flapping response. The justificatiotthis class of UAV.

for this approach is that it provided a good first approximation

to the airfoil environment, and identified the role of airfoil Performance Analysis Method

performance in the capabilities of an entirely new class of he- The analysis method used empirically corrected perfor-
licopter. In addition, the efficiency of the method allowed anmance equations for the rotor combined with simple finite
airfoil design code, a transonic airfoil analysis code, and awing aerodynamic theory. Once a trim state was determined,
airfoil optimization code to be coupled together and linkedthe blade element environment was calculated with a mod-
to the rotorcraft performance code. The approach was by nfgied form of the Beddoes prescribed wake method (Ref. 7)
means a substitution for proper comprehensive analysis, angbupled with simple models of blade flapping and torsional
the results must be verified and refined in a follow-on effortmotion (Ref. 8). Engine sea level specifications were found
over a small subset of the flight envelope. This would oc-from manufacturer data, but theoretical lapse rates (with tech-
cur once more details of a specific design or configuration ar@ology improvement factors df0%) were used for perfor-
developed. mance estimates at altitude.

Configuration Design Profile Drag Estimate
In order to begin to define the airfoil environment, some The f_undamer!tal.bar.rierto.high-altitude UAV rotor perfor-
details of a specific configuration were required. The high.Mance is the rapid rise in profile power due to shock boundary

altitude, long endurance VTOL UAV concept used in this /2Y€r intéractions at high lift. A zero order model of the drag
study is shown in Fig. 1. The initial sizing of the aircraft lnqremen_ts IS pre_sented in order to begin to define the high
was based on the requirement for maximum endurance carrititude airfoil design requirements. _

ing a 500 Ib payload over a range of altitudes from 30,000 ft . The advancing tip Mach number (accounting for a swept
to 50,000 ft with a service ceiling of 60,000 ft. The config- tP) IS v

uration of a compound helicopter with auxiliary thrust was Mgg = (“p) (1+ ) cos(Asip) (1)
chosen as a good candidate for the high altitude requirement. 8

The maximum wing span was limited @y3 of the rotor and the airfoil drag divergence Mach number is assumed to
diameter in order to avoid blade strikes during ground run-be a function of the blade loading (Ref. 9)

up in adverse winds. A low wing design was required for

the same reason. Th_e planf_or_m of the wing was ba§ed ona Mgq = 0.95— 2.507T 2)
high-altitude design lift coefficient of 1.5 balanced with the o

requirement for minimum download in hover. The low disk The effect of high performance transonic airfoils was ideal-

loading of the rotor 2 psf in hover) provides for excellent jzed by usingCr = 0 in the above equation. When the ad-

hover efficiency. vancing tip Mach number had exceeded the drag divergence
Preliminary engine selection was based on currently availvalue then a compressibility correction (Ref. 9) is added to

able models with technology advancement factors assumdtie average sectional drag coefficient

for the high-altitude performance. The number of turboshaft

engines was allowed to change between two and three, but 3

a single turbofan was assumed to keep installation drag to a ACq; = 0.2(Mgo — Mda)” +0.0085(Mgo — Mad)  (3)

minimum. The models chosen were characterized by thei

compact size and minimum weight. The turboshaft engine

are found on other VTOL UAVs such as the Firescout, an

the turbofan engine is similar to that used on a jet version o

fh addition, the increase in drag with lift was estimated by
dding the following function of blade loading to the sec-
ional drag coefficient (Ref. 8)

the Predator fixed-wing UAV. In addition to minimizing sig- 9y (1+ 37;12>
nature, the placement of the turbofan inlet downstream of the ACy = — o Cr2 4)
rotor pylon fairing is conceptually for the purpose of reduc- ! 4op

ing hub/pylon drag. The inlet design for such a concept is not , .

trivial, since a variable guidevane system and variable itcl\1Nhere the same correction was always applied for all of the
' 9 SYyste € PICl asses of airfoils. The total sectional drag coefficient is then

compressor blades would be required in order to avoid flow .

X . . stimated to be

distortion losses and unsteadiness. In hover and at low speegs

where. the downvyard V-tail is |neffe_ct|ve, a turbofan thrust Cq = Cy, +ACq, +ACy (5)

vectoring system is proposed for anti-torque. In this case, the

inlet location minimizes particle ingestion into the turbofan where the minimum drag for natural laminar flow airfoils was

as much as possible. The drag of the fuselage assumes sidealized asCy, = 0.006 and the minimum drag of conven-

nificant amounts of laminar flow and no separation through dional fully turbulent flow airfoils wa<y, = 0.010. This first
11-3
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order estimate of profile drag was used to help define the taand this approach is obviously over conservative. The para-
get for airfoil design and to determine the influence of airfoil site drag of the fuselage was
design on the flight envelope.

The purpose of this study was to design a series of airfoils D =qfe (14)
where the first two terms of Eq. 5 are minimized at high-
altitude. As will be shown, it is the rapid rise in profile power
that limits the ceiling of low disk loading high-altitude rotors.
It is anticipated that if the airfoil design problem is solved, T =W — Ly (15)
then a new class of helicopter will become increasingly com-
petitive with fixed wing high-altitude UAVs — with the added and no variation over time with fuel burn was used. For this
advantage of vertical takeoff and hover capability at lower a|-simp|e study, the wing was assumed to be operating at a high
titudes. lift-to-drag ratio, and the lift coefficient was prescribed as a
constantC_. = 1.5. This is representative of high-altitude,
fixed-wing UAVs, and allows the analysis to assume an op-
timized, high-performance wing. The lift on the wing varied
with forward speed/, = U\ip and altitude according to

The total thrust required from the rotor was equal to the
aircraft weight minus the wing lift.

Power Curve Estimate

The total power coefficienCp, is estimated as a function
of induced power from Ref. 8,

2
_ n G 1
Cp, = 1.075cosh (7.5r) 2 /iZ 1N 6) Lw = 5Pait (MMip)®CLS (16)
and profile power, where the density at a given altitudg; was found by assum-
ing a standard atmosphere. The ratio of rotor thrust to wing
0Cy 2 4 6 lift can be written as three terms corresponding to the wing
Cp, = — (1+4.650°+4.15u* — 7 _ . : ’
Po 8 ( H A ) @ the ambient conditions at altitude, and the rotor
where the total drag coefficient including corrections for com-
pressibility and lift was used in place Gf, in this equation T — <2\M°) ( 1 ) 1 1 (17)
from Ref. 8. Lw CLS/ \YPait / \ (uMhip)?
The parasite power was, This study assumed the first term to be constant, varied the
1 [ fe+Cp,S\ 1 second term by changing altitude,;, and varied the third
Con =5 (AW) (8)  term by changing both the rotor tip Mach numbés, and

the advance ratig. This form of the equation illustrates the
where the total effective flat plate aref, is equal to the increase in the ratio of /Ly, as altitude increases (i.e., pres-
sum of contributions from the fuselage, hub, tail, etc, and asure decreases).
contribution from the total wing drag;p,S. Rotor/wing in-

. . o .(Eilade Element Analysis
terference drag was ignored, but this assumption is only vali i )
for a low wing in cruise. Normally, the total rotor power ~ USing the results of the integrated performance study, a

required would include this parasite term, but in this S,[udyblade element analysis was performed at the cru.ise conditipn
auxiliary propulsion from a turbofan was assumed to providd®r 50,000 ft. The classical blade element equations used n
the required thrust. The tip-path-plane angle of attack wad'e Study were from Ref. 7, and will not be repeated here;
assumed to be zero, with cyclic controls applied to zero ouhowever, a few additional details were included in the defini-

harmonic flapping. As a result, the total shaft power requiredion Of the effective angle of attack at each blade section.
by the rotor was A modified version of the Beddoes prescribed wake

Ch =Cp +Cp, (9) (Ref. 7) was developed. The unique feature of the Beddoes
model is that the vertical displacement of the tip vortices is
Trim State determined from the integrated effect of an assumed inflow
The total thrust required from the turbofan was equal to thaistribution. Instead of using the semi-empirical inflow equa-
total drag tion developed by Beddoes, the vertical displacement of the
T =Dy (10) tip vortices was integrated using the Mangler and Squire in-

where the total drag was a sum of contributions from the{lr?v‘t/ Todetl (Ref.ﬂ: )- Tfp € ?ddfeﬁ'aﬂlvantage ?f this. aﬁ) proach is
wing, rotor, and fuselage at it captures the effects of highly nonuniform inflow near

the edges on vertical wake spacing, without resorting to a full

D; = Dyw+ Dy +Ds (11) free wake analysis. This appeared to be very important for
predicting the vortex induced angles of attack when the rotor
The total wing drag was estimated using was operated at zero tilt of the tip-path-plane.
5 The induced angles of attack from blade motion were es-
Dy = ( G +de> qS (12)  timated using a simple theory (Beavan and Lock) for blade
emAR torsion from Ref. 8 and the assumption of harmonic flap mo-

tion. The control settings were determined by requiring zero

The effective drag of the rotor was approximated by o i
lateral and longitudinal flapping. A precone &f was also

CHpaHAVt?p assumed. One important note about the blade motion is that
AV (13)  the Lock number is reduced by a factor of approximately
11-4
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ten at high-altitude. This results in a condition of small flap

damping and reduced torsional sensitivity to non-zero airfoilculated by performing a forward speed sweep (varyihgt
pitching moment. More detailed studies are required fromeach combination of tip Mach numbig;, and altitude. Each
full comprehensive analysis to better understand the blade dgombination uniquely determined the ratio of rotor thrust to

namics at low air density conditions. wing lift according to Eq. 17. Rotor tip Mach number was
) _ used instead of rotor tip speed or angular velocity, so that the
High-Altitude Performance Study results were plotted independent of the decrease in sonic ve-

The composite results of the performance calculations ovepcity with altitude. The weight was also assumed constant
the entire flight envelope are shown in Figs. 2 to 4. In eactfluring the cruise, and so the absolute numbers for endurance
of these figures, the endurance during the cruise portion ¢re conservative. In this study, the absolute values for cruise
the flight profile (assuming a 1000 Ib fuel burn) is plotted asendurance during 20001b fuel burn are not as important as
a function of the rotor’s hover tip Mach number and the air-the values relative to the baseline.
craft's pressure altitude. Endurance was selected as the quan-The purpose of this study was to: (1) help better understand
tity of interest, because the most likely role of high-altitudethe optimum load sharing between the wing and the rotor at
UAVs is reconnaissance. The maximum endurance was cahigh altitude from integrated performance results, (2) deter-

11-5

31sT EUROPEAN ROTORCRAFTFORUM



mine the sensitivity of high altitude performance to advanced
airfoil design, (3) estimate the aerodynamic environment and

define the airfoil design objectives. 14 L
Integrated Performance t2r Ro0s0 ]
There are many concepts of slowed-rotor compounds, ih T :jﬁjg:g i
where the rotor is slowed in forward flight and completely — === r/R=095
unloaded. This is possible and efficient at lower altitudes be- | *°[ I
cause of the high dynamic pressure available to the wing. At £ o6} i
an altitude 060,000 ft, however, the air density drops to ap- &
proximately10%of the sea level value. As a result, a slowed g o4r i
rotor compound design would require ten-times the wing area £ ¢} . i
for the same load sharing between the wing and rotor. For the \ \\w
assumed wing design in this study, the results show that opti- or \\\\\\‘] i
mum endurance requires the rotor speed to be increased with o5} N i
increasing altitude. One obvious question related to whether
or not tilting the rotor back into autogyro mode wouldbe ben- %47 ]
eficial. The relative change in maximum endurance is shown 0 01 02 03 04 05 06 07 08 09 1
in Fig 5 as a function of rotor angle of attack. There appears Mach number, M

to be very little improvement since the high-altitude rotor is
already at an advance ratio for minimum induced drag, andfig- & Airfoil environmentwith 6. = —8°, Altitude = 50,000 ft,
the small power savings is offset by increased fuel consump? = 0.39, Cr/0 = 0.08, Ve, = 150 kis, T/W = 0.5, Miip = 0.7,
tion of the turbofan to overcome the additional rotor drag. AMz.90 =084

more detailed study should include the effect of operating in

this mode on the aerodynamic environment. It appears from

Ref. 10 that the radial lift distribution of an autogyro changes

as would be expected. The slightly increased angles of attack 14
near the tip would cause earlier shock formation, and the high

. L /R=0.30
inboard angles of attack would cause stall because of the low 2 t/R =060
Reynolds number. For these reasons, the current study was 1} T :jﬁzg;g _
conducted at zero angle of attack of the tip-path-plane with e~ {/R=095
08 ]

zero cyclic flapping (and a finite coning angle). .
The trimmed flight envelope is also shown as a dashed line & ¢}
surrounding the contours of endurance. The boundary to the &
left (Figs. 2 to 4), at lower tip Mach number, was primarily
from an increase in rotor drag (H-force) that exceeded the § .|
thrust available from the turbofan. This increase in rotor drag
was caused by the reduced tip speed forcing the rotor to op- 0
erate at high blade loading with corresponding high profile L i
drag. The boundary to the right, at higher tip Mach number,

Lift coeff

occurred when the required rotor power exceeded the avail- %4 ]
able turboshaft power. At lower altitude this occurred when 0 01 02 03 04 05 06 07 08 09 1
the increased tip speed caused the advance ratio to decrease, Mach number, M

forcing arise in rotor induced power. At higher altitudes, both o . . . . .
boundaries were a function of the compressible flow, profile=ig. 7 Airfoil environment with optimized twist, Altitude =

power rise, and so they joined to form the absolute ceiling. °%000 ft, u=0.39, Cr/0 = 0.08, Vo = 150 kts T/W = 0.5,
Miip = 0.7, M1 g0 = 0.84.

Performance Sensitivity to Airfoil Design

As aresult, the high-altitude performance and ceiling were o o
a strong function of the rotor airfoil performance. Fig. 2 as-Ments, the ceiling was not changed by the use of NLF airfoils.
sumed a typical value @y, = 0.01 for fully turbulent airfoils In Fig. 4, the compressible drag rise characteristics of the
with a standard drag rise with increased lift (Eq. 4) and MachNLF airfoils were assumed to be improved from the standard
number (Eq. 3). The performance at the design altitude ofmodel (Eq.3). This improvement resulted in both increased
50,000 ft is poor, and the ceiling is approximateé, 000 ft. endurance and increased ceiling, as well as optimized perfor-
Fig. 3 assumed a typical value 6f, = 0.006 for advanced ~mance over a range of altitudes 3,000 ft to 55,000 ft -
natural laminar flow (NLF) airfoils using a standard drag risemeeting the original design goals.
with lift and Mach number. The maximum endurance was The use of NLF airfoils on rotorcraft has often been pre-
increased dramatically, and an optimum in cruise altitude apeluded by operational environments at low altitudes where
peared fron80,000 ft to 40,000 ft, i.e., once the rotor power leading edge contamination occurs due to dust, sand, water,
was minimized, the performance became a function of thénsects, and blade erosion. The idea of using natural lami-
turbofan specific fuel consumption. Despite these improvenar flow airfoils on a high-altitude helicopter assumes; first,

11-6
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that a high rate of climb at sea level will be available to mini- laminar separation bubbles and shock waves. In most cases,
mize leading edge exposure, and second, that the rotor blad#e starting airfoil was very close to optimum.

would be maintained according to the science/art of laminar Using results of the rotor performance code, a multipoint
flow. Another factor that might influence how much natural optimization problem was generated and used the geometry
laminar flow is possible is the effective turbulence level of theoutput of the Eppler code as an initial condition. The pri-
rotor environment. The ultimate success of this concept camary tool for the final optimization study was MSES and its
only be determined by extensive testing, and so the currergubprogram LINDOP. This numerical analysis uses an Euler
study only aims at building support for more research intosolution on a streamline based inviscid grid, and an integral
this area. boundary layer solution near the wall. The Euler and viscous
solutions are coupled using the displacement thickness and
solved with a global Newton method (Ref. 12). This allows

~ The study used a description of a class of airfoil by US-poth jnverse and direct solution/design capability. Details of
ing a model for the drag. The result was useful for designne code are presented in (Ref. 13).

purposes because it identified the characteristics of the airfoil

that had the most impact on high-altitude performance. In .

this case, it appeared?hat not or?ly could natpural laminar flow Design Results

dramatically increase endurance, but also careful attention to The requirement of high-lift at high, subsonic Mach num-

compressible drag rise could increase service ceiling. All of€r combined with low Reynolds number places severe chal-

the results also assumed attached flow with no drag rise dignges on the airfoil design. These challenges are similar to

to stall. those faced by designers of high-altitude fixed-wing UAVs,
Two cases for the blade element / prescribed wake aerd€fS: 2 and 3. Three new airfoils were designed for the root,

dynamic environment are shown in Figs 6 and 7. Paraboli&Vorking section, and tip of a conceptual rotor. The final air-

sweep was assumed for both cases in order to maintain a tfgil coordinates are shown in Figs. 8 to 10.

yvi_th Icc(;nsta}nt Mac? n;JQbertast_funct.i?n_lof rtidiLtjs.. I?uring thearpp 50K30 Airfoil, r/R=0.30

initial development of the starting airfoils, the twist was as- . , , L

sumed to be ?inear, see Fig. 6. Atgypical helicopter rotor bladea The design of the inboard blade section was primarily

would have more twist, but an attempt was made to minimize riven by the requirement for a high, positive pitching mo-
o np' . .~ ent used to offset the use of aft loaded airfoils outboard.
the amount of negative lift at the tip in forward flight. Fig-

: e P .. 2 As shown by Ref. 14, the absolute value of the inboard re-
ure 6 shows the predicted variation of airfoil lift coefficient Ce .
. : flexed airfoil pitching moment must be two-times that of the
with Mach number over one rotor revolution. The rotor was

lightly loaded, and the advance ratio was low enough to avoic?ft loaded section. Such a high positive pitching moment is

) . . outside the abilities of a simple tab. The use of a highly re-
retreating blade stall. The signature of the vortex md_uced AMiexed camber line requires the portion of the airfoil forward
gle of attack change was observed on the advancing blade

Under light loading with no shaft tilt, the vortex wake re- (_)f the quarter chord to generate p_osm_ve lift. The amount of
; . lift must compensate for the negative lift generated by the aft
mained close to the tip-path-plane.

Near the tip. the ad ina blade suffered f i I.ﬁportion of the airfoil.
earhe tip, Ine advancing blace suiered from negative it 1, -, mnination of low Reynolds number and high sub-
coefficients shown in Fig. 6. Preliminary results showed this

N Lo - ) . ._sonic Mach number caused a severe design challenge near
combination of negative lift coefficient with high subsonic g g

. ) : the leading edge for the advancing blade design point, and
Mach number resulted in shock boundary layer interaction O%n the Iovs?er S?Jrface of the traiIing edge for tr?e rl?atreating

the lower surface.of the leading nge. This made th? des'gHIade design point. As shown by Fig. 11, the formation of
22;0:;::?\;\:; It I\;a\llr;éngr t{:ﬁgezeglfemggstﬂgl;angrthlj (;??r'] a laminar separation bubble occurred at the same location on
T P o € magnhit e leading edge where a pocket of supersonic flow created a
negat_lve lft on the adv_ancllng tip. The airfoil en\{lronment hock on top of the bubble. The result was an unhealthy tur-
Iﬁr t? Ifr Cat?r(1a Iilszownrl IZirilgr'nn'iﬁAvc adrdzd bednefT'thW?S thl?gulent boundary layer that re-separated before reaching the
the retreating blade maximu as reduced. The resu %/4chord station. The retreating blade Reynolds number was
n .F'g'. 7 were used as the target a_urf0|l de5|gn points. h 10000, and the flow shown in Fig.12 was dominated by
objective was to des_lgn natural laminar _fl(_)w airfoils that Per | aminar separation bubbles on both the upper and lower sur-
L?rgsg with advancing blade drag coefficient<af= 0.006 face. On the the lower surface, the bubble did not re-attach
' and there was a significant pressure drag penalty. These
o . flow physics proved to be outside of the capabilities of the
Airfoil Design Tool optimizer to fix, and so the airfoil was redesigned using a tra-
The conformal mapping approach of the Eppler codeditional approach.
(Ref. 11) was the primary airfoil design tool used in this study The resultis shown in Figs. 13 and 14, where the advancing
to develop good starting airfoils for the multi-point optimiza- blade design point no longer suffered from separated flow,
tion process. The design was specified in the transformednd the lower-side bubble of the retreating blade design point
complex plane, where the airfoil is represented by a circlewas forced to reattach. The drag was reduce or the
I I h he airfoll i db ircl f d h. The d duce8i@for th
Once a design was generated, the result was analyzed usiagvancing blade design point, and 8% for the retreating
MSES at ten blade azimuths in order to check the transoniblade design point; however, the pitching moment had to be
and low Reynolds number performance. The process was relecreased. It is interesting to note that the resulting airfoil
peated to minimize the adverse flow physics associated witts similar to one of the first elicopter sections, the
d inimize the ad fl hysi iated witts simil f the first NACA heli i h

Design Objectives
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NACA 6H10. environment for the oute20% of the blade radius. Using the
AFDD 50K60 Airfoil, 1/R = 0.60 same procedure described in the previous section, the tip air-
i ' e ) . foil was designed for low drag. The starting airfoil is shown in
Using results from the rotor analysis, the design space fog;g 27 for the advancing blade conditions, and in Fig. 28 for
the 60% radial station is shown in Fig. 15 where the Mach yhe retreating blade conditions. The final results are shown in
number ranges from 0.15 to 0.70, and the Reynolds nuMgigs 29 and 30 for the initial airfoil, the final AFDD 50K80
ber ranged from 150,000 to 1.1 million. Using these con-yirfoj| and the SSC-A09. The AFDD 50K80 airfoil was de-
d!t|ops a starting alrfo!l was generated, and the.Mach ”Umbeéigned for very low drag by using laminar flow ov&8% of
distribution is shown in Fig. 16 for the advancing blade de-po1h syrfaces at subcritical Mach numbers. The drag bucket
sign point.  The airfoil was designed to maintain subsonicsee Fig. 30) was moved to negative lift commonly found on
flow, and a significant run of laminar flow. The advancing high speed advancing tips. For the advancing blade condition
blade drag wagy = 0.007Q Next, the starting airfoil was (rigs 32 and 31), the flow becomes supersonic, and so the
run through a ten-point design optimization using LINDOP, yegign attempts to minimize the shock strength. As shown
subject to the constraints on lift coefficient. The objectiveby Fig. 34, strong shocks form on both sides of the SSC-A09
function was the sum of the drag values at each of the desiggi il and the lower drag of the AFDD 50K80 is achieved
points. The airfoil shape was modified using a series of modg, part by minimizing these shocks. The performance at high

shapes based on Chebyshev polynomials. After a few stepgs \vas traded for the low drag at near zero lift.
the leading edge was changed, and the drag was reduced to

Cq = 0.006Q but some high frequency surface waviness was Conclusions
a by-product of the optimizer, see Fig. 17. As a result, the ] o . . .
airfoil was smoothed using inverse design by specifying a 1. The mquence.of rotor airfoil design on hl'gh-altltud(.e
smoothed pressure distribution, and solving for the airfoil ~ compound helicopter performance was estimated using
geometry. During this step, a finite trailing edge thickness & Simple first principles approach. The results of the
was added to ease manufacturing difficulties. The change in  Study showed a potentially significant impact of nat-
airfoil shape is shown in Fig. 18, and the resulting velocity ~ Ural laminar flow airfoils on the cruise endurance at
distribution is shown in Fig. 19. As a result of the finite trail- 50,000 ft. Maximum endurance was obtained at high-
ing edge thickness, the drag increased slighti@{e-= .0062 altitude by increasing the rotor tip Mach number, be-
Such a low value of drag is the benefit of designing for lami- ~ c@use the wing was operating in very low dynamic pres-
nar flow. sure. The absolute ceiling of the flight envelope was
For comparison, the same advancing blade design pointfor ~ determined by compressible flow drag rise.
the VR12 assuming free transition is shown in Fig. 20. The
transition point occurs nea&0% on the upper surface and
at 4% on the lower surface, so the airfoil boundary layer is
mostly turbulent. As a result, the drag coefficient, even with
the assumption of free transition, @& = 0.01. The reason
for the higher drag is that the flow formed a supersonic pocket
terminating with a small shock that did not form on the AFDD

50K80 airfoil, see Fig. 21 compared to Fig. 22.The interaction 3 The root airfoil, AFDD 50K 30, was designed to provide
of this shock with the boundary layer increased the boundary positive pitching moment used to offset the aft loaded
layer thickness on the lower side of the VR12 airfoil, see dot- camber of the working section airfoil. Laminar separa-

ted line in Fig. 22. o tion bubbles had to be minimized for the retreating blade
The performance of the initial AFDD 50K60 at the retreat- design condition, and shocks had to be avoided for the

ing blade design point is shown in Fig. 23 compared to both advancing blade conditions.

the final airfoil Fig. 24 and the VR12 (Fig. 25). The retreat-

ing blade flow physics were dominated by the formation of a 4. The working section airfoil, AFDD 50K60, took advan-

laminar separation bubble on the upper surface leading edge tage of the low Reynolds number environment with over

and on the lower surface of the trailing edge. The reason for  50% laminar flow. The airfoil drag coefficient for the

the formation of the bubble is that the Reynolds numberis not  advancing blade waSy = 0.006, and a lower surface

high enough for transition to occur before the boundary layer  shock was prevented compared to the VR12.

undergoes laminar separation. After separating, transition is

triggered in the detached shear layer, and the flow re-attachesb. The tip airfoil, AFDD 50K80, was designed witi0%

as a turbulent boundary layer. On the VR12, this turbulent ~ to 70%supersonic laminar flow, and the shocks on both

boundary layer then re-separates before reaching the trailing ~ Sides were minimized compared to the SSC-A09. The

edge (see Fig. 25). After optimization, the final version ofthe ~ zero-lift drag at subcritical Mach numbers was less than

airfoil shown in Fig. 24 overcomes this problem, and the drag ~ Cq, = 0.004

polar shown in Fig. 26 is improved over the entire range of

2. The airfoil environment for cruise &0,000 ft posed
serious flow physics challenges for the design of natural
laminar flow airfoils. Three new airfoils were designed
for the root, working section, and tip of a conceptual
rotor. The final airfoil coordinates are shown in Figs. 8
to 10.

designC;. 6. The use of natural laminar flow airfoils on an opera-
tional rotorcraft presents several challenges. It is not

AFDD 50K80 Airfoil, r/R=0.80 clear how much laminar flow would be achieved with
As shown by the rotor analysis in Fig. 6, the use of nonlin- higher freestream turbulence levels caused by the rotor

ear twist and parabolic sweep creates a similar aerodynamic  wake. The use of laminar flow airfoils on low altitude
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helicopters is impractical due to sand, dust, insect de-
bris, and rain. More research is required to understand if

a high rate of climb is available to minimize low altitude  ®
exposure, how much laminar flow would be achievable

at altitudes abov80, 000 ft. / T e SR
~

7. The simple analysis methods used for performance

and blade element aerodynamic predictions need to be ™%t oo o1 0z s ww ws  os o7 os  o0a 1o
validated over a few cases using a full comprehensive
aeromechanics analysis. Several questions remain
related to thelOx reduction in Lock number occurring

at altitude.

Fig. 9 AFDD 50K60 natural laminar flow airfoil for r/R=
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AFDD 50k

1.6 7mses
V3.0 Mach = 0.u80
Re = 0.798x10°
1.4 Alfa = 7.590
CL = 0.4600
1.2 cD = 0.02131
M CM = 0.18u8
L/D = 21.59
1.0 G0 -
0.8
0.6
0.4
0.2
0.0

Fig. 11 Advancing blade design point atr /R = 0.3, shock in-
duced separation problem.
3.0 rmees AFDD S0k
v3.0 Mach = 0.130
Re = D.210+10°
2.5 Alfa = 7.088
cL = 0.5900
2.0 cD = 0.03000
C CcM = 0.1296
P L/D = 19.67
-1.5 Nerit = 9.00
-1.0
-0.5
0.0
0.5
1.0

Fig. 12 Retreating blade design point at /R= 0.3, long laminar

separation bubble on lower surface.

MSES
v3.o

Fig. 13 Advancing blade design point at /R = 0.3, shock in-
duced separation removed.

vses AFDD S0k
v3.0 Mach = 0.130
Re = 0.210x10°
Alfa = 7.111
CL - 0.5300
D - 0.02171
CM = 0.1141
L/D = 27.18

Fig. 14 Retreating blade design point ar /R = 0.3, minimized
laminar separation bubble on lower surface.

11-10

31ST EUROPEANROTORCRAFTFORUM



1.6 1mses AFDD 50k

Va0 Mach = 0.680
Re 1.1u5~10°
1.4 Rifa - -2.221

cL
1.2 CD

0.1400
0.00601
-0.1218

Lift coefficient, C,

Reynolds number, Re (million)
o

0.2 0.3 0.4 0.5 0.6
Mach number, M

Fig. 15 Design space for/R= 0.6. ) ) ) )
Fig. 17 Design results for advancing blade /R = 0.6 after opti-

mizer, before smoothing.

1.6 1uses AFDD S0k
V3.0 Mach = 0.690
Re = 1.1u45x10°
1.4 Alfa - -2.163
CL = 0.1600
1.2 CD = 0.00704
M CM = -0.1265
L/D = 22.72

o
=
5]
S
&

[
«Q
a
a

Fig. 18 AFDD 50K60 natural laminar flow, starting and final
design.

Fig. 16 Design results for advancing blade /R = 0.6 before
optimizer.
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0.950
1.6 s AFDD SO0kE0

V3.0 Mach = 0.690
Re = 1.145x10°

1.4 Alfa = -2.432 o831
CL = 0.1400

1.2 CD = 0.00618

M M = -0.1286 P
L/D = 22.67

L Néri€ 279,00 " S

- N L

0.6

0.4

0.356
0.2
0.0 0.238

Fig. 19 Design results for advancing blade /R = 0.6 after opti- Fig. 21 AFDD 50k60 contours of Mach number, advancing
mizer, after smoothing. blade design point.

™25
1.6 ymses vrie \\

v3.0 Mach = 0.690

Re = 1.1u5x10°
1.4 Alfa = -0.518 0.984
cL = 0.1600
) cD = 0.00996
M CM = -0.0144 u
- 16.07

o

"
«
o
S1

Fig. 20 Boeing VR12 airfoil results for advancing blade design  Fig. 22 VR12 contours of Mach number, advancing blade de-
point. sign point.
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-4, 0 ruses vrle

-2.0 7mses AFDD S0k v3.0 Mach = 0.150
V3.0 Mach = 0.150 -3.5 0.
Re = 0.243x10° 7.
15 Alfa = 6.712 -3.0 L.
: CL = 0.9900 0.
C cD = 0.02072 -2.5
: CM = -0.0718 Co
-1.0 L/D = 47.77 -2.0
Nerit = 9.00
-1.5
-0.5
-1.0
0.0 -0.5
w 0.0
0.5 0.5
1.0
1.0

) ] ) Fig. 25 Boeing VR12 airfoil results for retreating blade design
Fig. 23 Design results for retreating blader /R = 0.6 before op-

e point.
timizer.
11 T T T
5.0 s AFDD S0k i i
v3.0 Mach . 150 1 -
Re . 2u3~10°
s Alfa = 6.651 B 1
: cL .0000 09 1
C cD .01780 B |
P M 0.0711 o8l |
-1.0 L/D =56.13 :
Nerit B 1
o 07 -
-0.5 g - 1
2 06 -1
L | a
0.0 & o5} -
o | 4
0.5 - 04 ? t‘
03l / -
1.0 - T a
02T P~ —F— AFDD 50k60 starting airfoil
N @@@ — A - AFDD 50k602n2;llz:|?l::\rm .
01k =S ee= VR12 _
0 | 1 1 L
0.005 0.01 0.015 0.02

Drag coefficient, C;

Fig. 24 AFDD 50k60 airfoil results for retreating blade design ) o
point. Fig. 26 Drag polar of the AFDD 50k60 airfoil before and after

optimizer compared to VR12.
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0.03 T T T T T T
1.6 quses AFDD SOk : AFDD 50K80 —— |
v3.0 Mach = 0.840 : : |
Re = 1.43u~10° ; ; |
1.4 Alfa = -0.436 0.025 R
CL - -0.0600 : |
1.2 D - 0.00714 ‘ |
M M - 0.0081 ‘ |
L/D = -8.40 0.02 e
L A R - 9.00 i “
0.8 3 o015 | R —
0.6 : ‘
0.01 - e
0.4 : /
0e 0.005 - S —— // o
0.0 ‘ ] ] ] ‘ ‘
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Mach Number

Fig. 29 AFDD 50k80airfoil 70%natural laminar flow capability

at zero lift.
Fig. 27 AFDD 50k80 airfoil before optimizer, advancing blade
design point.
0-5\\\\]\\\\]\\\\]\\\\l\/'\./f\]\\/\\
4.0 7hses AFDD SO0k B oo AT |
50 Mach = 0.250 4 .,
3.5 04} 2
-3.0
762.5
03}
2o o
-1.5 _g i
S |
10 § 0.2 .
-0.5 ; = <§-’
‘: H
0.0 01f vy
0.5 ‘ / ——F— AFDD 50k80 starting airfoil
B — A= = AFDD 50k80 final airfoil 1
—: <= SSC-A09
1.0
o -
B =Y i
ol 4 )
0.004  0.005 0.006 0.007 0.008  0.009 0.01

Drag coefficient, C;

Fig. 30 Drag polar of the AFDD 50k80 airfoil before and after
optimizer compared to SSC-A09.

Fig. 28 AFDD 50k80 airfoil before optimizer, retreating blade
design point.
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1.125

- AFDD 50k80
V3.0 Mach = 0.8uD
Re = 1.u3ux10® 0.98u
1.4 Alfa = -0.373
cL = -0.0600
1.2 cD = 0.00611 o au
M CM = 0.0078
/D = -9.81
R e GriE 2 9.00 0 T
0.703

0.g00

Fig. 33 AFDD 50k80 airfoil, contours of Mach number, advanc-
ing blade design point.

Fig. 31 AFDD 50K80, advancing blade design point.

1.300
1.6 ruegs SIKORSKY $SC-ADS  AIRFOIL
v3.0 Mach = 0.840
Re = 1.434x10° N7
1.4 Alfa - -1.038
CL = -0.0600
12 cD = 0.00754 oars
M M = -0.0206
L/D = -7.9
I RS R Néri€ =°9.00 ~ -
0.812
0.8
0.6 0.650
0.4 0LuRE
0.2
0.325
0.0

0.163

dntour’s of agh 0.000
Increng t = [D.apy

Fig. 34 Sikorsky SSC-AQ9 airfoil, contours of Mach number,
advancing blade design point.

Fig. 32 Sikorsky SSC-AQ09 airfoil, advancing blade design point.
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