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quarter chord at the 30% span station has been captured by the com-
putations. The large variations in the computational results at the
30% span station near the trailing edge are due to surface variations
associated with the trailing-edge control surface. The control surface
was not instrumented with pressure ports so there are no pressure
measurements available for this region. The comparison with the
outboard span stations is poor, especially at the 60% station. Im-
proved grid resolution is needed for the outboard span stations to
capture the vortical flow phenomena in that region.!'¢

A refined grid was generated and steady calculations performed
and presented in Ref. 17. These results provided only a marginal
improvement in the analysis test correlation in the vortical flow
regions especially at 60% span. Some unsteady calculations have
also been performed for the RSM on the OTT. These results are
presented in Refs. 17 and 18.

Summary

A large database of steady, unsteady, and flutter wind-tunnel data
has been obtained for three configurations based on an HSCT design:
the RSM on a balance, the RSM on a PAPA, and the RSM on the
OTT. The database covers an extensive Mach-number range from
subsonic to low supersonic with a special emphasis on transonic
conditions. The RSM was highly instrumented and the acquired
database represents one of the largest aerodynamic and aeroelastic
databases available. Examples of steady and unsteady pressure data
were shown. The flutter behavior of the RSM on the PAPA mount
was examined. Preliminary CFD analyses were performed and com-
pared with experimental data. All of the RSM wind-tunnel data are
available for public distribution.
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Nomenclature
AR = aspect ratio
ARe = effective aspect ratio
b = number of wings
Cp = coefficient of drag of a wing,
as indicated by Eq. (7)
Cpp = profile drag, as indicated by Eq. (4)
Cy = coefficient of drag of an airfoil,
Ca(Cy=0) + 8;(a — ) + 82 (a0 — p)?
C.,Cy = coefficients of lift of a wing
and an airfoil, respectively
Cru, Cyy = lift slope of a wing and an airfoil, respectively
Cr,Cy = thrustand torque coefficients, respectively
c = chord length
R = diameter of a rotary wing
R = ratio between profile drag proportional

to (o — ap)? and induced drag and induced
drag, as indicated by Eq. (12)
Re = Reynolds number

r = spanwise position of a rotary wing
U = forward speed

WIS = wing loading

w = sinking speed

o = geometrical angle of attack
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o; = induced angle of attack, [C} (a)/TAR](1 + 7)
Q) = geometrical angle of attack of zero lift

y = flight-path angle

Ag = coefficients of (o« — ap)* of Cp, (k = 1,2)

Sk = coefficients of (o — a)* of Cy, (k=1,2)

0 = collective pitch

0, = collective pitch at the wing tip

o = air density

o = factor correcting the induced drag to allow for the
change from elliptical span loading resulting from
the use of a wing of rectangular planform

oy = solidity, bc/wr R

T = factor correcting the induced angle of attack to
allow for the change from elliptical span loading
resulting from the use of a wing of rectangular
planform

Subscript

min = minimum value

Introduction

UNADA et al. measured the characteristics of wings at an

ultralow Reynolds number (Re =4 x 10°) (Refs. 1 and 2) and
discussed the effect of three-dimensionality on the characteristics.
Here, we improved the calculation model more exactly and represent
the equations for the effect of three-dimensionality on the charac-
teristics. Finally, we apply these corrected equations to a fixed wing
in gliding flight and to a rotary wing in hovering flight.

Analysis

Sunada et al. expressed the drag coefficient C, of a wing with an
airfoil shape that is constant along the wing span, as follows:

Cp(@) = Ca(@) + [CF () /T AR](1 + o) )
Cp(a) = Ca(@) + [CF () /m ARe] )

Equations (1) and (2) are shown as Eq. (7) in Ref. 1 and Eq. (4)
in Ref. 2, respectively. The first terms in the right-hand side in
Egs. (1) and (2) are profile drag, which can be estimated from the
characteristics of an airfoil. The second terms are induced drag.
Considering blade-element analysis, in the first terms in Eqgs. (1)
and (2), the effective angle of attack (o — «;), not the geometrical
angle of attack «, should be used, when evaluating the value of
C, more precisely. Moreover, ARe in Eq. (2) is different from that
widely used.? The equation for Cp, widely used is

Cp=Cpp+ (C; /TAR)(1+0) = Cpmin + C; /[T ARe  (3)
where

CDp = Cpmin + kci (4)
and
ARe = AR 5)
T 1+o+ kAR
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The AR, in Eq. (5) includes the term of kC i in Eq. (4); on the other
hand, that in Eq. (1) does not. Then, the definition of AR, in Eq. (2)
is different from that widely used.

According to these reasons, the following equation, instead of
Egs. (1) and (2), will be used for discussing the effect of three-
dimensionality on the wing characteristics:

Cp(a) = Cale — ;) + [C} (@) /T AR](1 + o)
=[Cu(Cr = 0) + 81 (0 — g — &) + 8r (e — g — )]

+[Cl@) /7 AR](1 + o) (©)
The Cp can also be expressed as follows [see Eq. (2) in Ref. 1]:
Cp(@) = Cp(Cr =0) + Aj(a — o) + Mol — )’ (7)
Equating Egs. (6) and (7), the following equations are obtained:
Ca(Ce=0) =Cp(CL,=0) ®)
T 1= (14+1)(Cra/7AR)
Ay — (140)(C}, /T AR)

2 = IS4 D(Cra/mART (10)

©

8

Equations (8-10) are modified from Egs. (8-10) in Ref. 1, respec-
tively.

Equation (10) shows that in Eq. (7) the term A, (a — a)?, which
is proportional to (o — )2, is

A —ag)? =81 —(1+71) Ca 2(a—oe)2
2 0 — 02 JTAR 0

1 C—i“ — )? 11
+( +a)ﬂAR(a o) (1)

The term 8,[1 — (1 4+ 7)Cro /T ART? (a0 — @t)? is caused by profile
drag, and the term (1 +0)(Cia/7tAR)(oz — ap)? is induced drag.
The ratio R between these two terms is

Re=b|1— (141t 2 (1+ )Ci"
= — ) —— 0)—=—
2 TAR TAR

2
_ 82 . TAR
o |:71AR(1 +o):| (1 tr ClLa ) (12

Table 1 shows the values of Cp(Cp =0)=C4(C¢=0), Cro, Cpq,
Ay, Ay, 81, 62, and R for wings of various airfoil shapes at various
Reynolds numbers. The wing characteristics in this table are referred
from Refs. 1, 6, and 7. The relation between C, and Cy, is

_ CLu
1= (14 1)(Cro/TAR)

Cea 13)

Table 1 Characteristics for wings with various airfoil shapes at various Reynolds numbers

Cra Ay A ~
Airfoil shape Cp(CL=0) Coo 81 82 R
Rectangle with 5%
thickness ratio
(Re=4x10%) (Ref. 1) 6.4 %1072 5.4 2x 1072 5.0 2.6
NACA0006 7.5 2.8x 1072 7.0
(Re=14 x 10%) (Ref. 1) 44 %1072 43 —1.5%x1072 2.8 22
5.5 —-1.9x1072 32
(Re =6 x 10°) (Ref. 6) 5.0%x 1073 45 —22x107° 1.1 0.11
5.9 -29x%x107° 0.18
NACA0009
(Re=4 x 10*) (Ref. 7) 1.6 x 1072 43 3.6x107° 1.7 0.95
5.5 46x107° 1.4
(Re=3x10%) (Ref. 7) 6.8x 1073 43 —23x1078 0.97 0.13
5.5 —-3x1078 0.18
(Re =6 x 10°) (Ref. 6) 5.5x 1073 4.6 -1.0x107° 1.1 0.09

6.1 —-13x107° 0.16
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In the calculation of R, the wing with a rectangular planform of
AR =17.25 and without twist are used . The values of 7 and o are
0.19 and 0.06, respectively.*

The Cy, of the rectangular airfoil with 5% thickness ratio is 7.5,
which is larger than that expected by potential flow theory 2. One
possible reason for this discrepancy is that at an ultralow Reynolds
number there is inaccuracy in Eq. (13), which is based on potential
flow.

Based on the values of R in Table 1, the drag coefficient of a wing
can be approximated as follows:

Cp(a)
Ci(Ci=0)+(1+0)Cr()>/TAR Re > 10°
Cy(Ce=0)
Cr(@)
N +81|:a—a0—(1+r)ﬂAR:|

Cr(a)
TAR

2
+82[a—a0—(1+r) } for 10° < Re < 10°

+(140)Cp(e)?/T AR
(14)

Equation (14) is an improvement of Eq. (5) in Ref. 2. Note that these
approximations are not valid for airfoils with drag buckets such as
laminar-flow airfoils.

Fixed Wing in Gliding Flight

Equation (14) reveals two conditions for optimal gliding. (Note
that parasite drag on the body is ignored in this discussion and that
only the wing is considered.) The first condition is for the minimum
gliding flight-path angle yp,;, (maximum flight range from a given
height) and is given by (9/9C.)(Cp/CL) =0. The other condition
is for the minimum sinking speed w,;, (maximum flight duration
from a given height) and is given by (3/0C.)(Cp/C}>) =0.

1) For minimum gliding flight-path angle yp,, the optimal C,
and Cp, are, respectively, given by

[Ca(Cy =0)/8,]

CL=Ch - 2 (15)
=0 | (o) She
TAR TARS,
Cp = 2C4(C, = 0) + 811 — (1 + 1)(Cra/TAR)]
[Ca(C, = 0)/63] o)

La

c
{|:1—(1+‘L’)”AR

2) For minimum sinking speed wp,;, the optimal C; and Cp, are,
respectively, given by

2 C%
1 N
] ) ks, }
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104 10° 10° 10

Optimal angle of attack and optimal collective pitch (deg.)

Reynolds number

Fig. 1 Optimal angle of attack of a fixed wing in a gliding flight and
optimal collective pitch at the tip of rotary wings in a hovering flight.

For each condition forward speed U =./{2[(W/S)/pC.1},
gliding flight-path angle y~Cp/C,, and sinking speed
w=U(Cp/CL) are obtained by using the preceding C, and Cp.
The §, and 8, can be both set to 0 in Egs. (15-18) at a high Reynolds
number Re > 10°. Equations (15—18) show improvements of Table
2 in Ref. 2.

Figure 1 shows the calculated Y, and wpy, as a function of
Reynolds number for the wing with the airfoil shape of NACA0009,
the rectangular planform of AR =7.25, and no twist. The angles of
attack for both y,;,, and wy,, increase with decreasing Reynolds
number.

Rotary Wings in Hovering Flight

Here, thrust and torque acting on rotary wings in hovering
flight are estimated by blade-element theory and simple momentum
theory.’ Note that in this estimation induced velocity is a constant at
any spanwise position of the wings. The collective pitch 8 at span-
wise position r is assumed to be € =6, /r/R. The Cr /o, and Cy /o,
are expressed as

CT C? (o 0] 91
—=——|1+16 —. /1432 19
Oy 64 + CZocUx * Ciozas ( )
2
Co Cr [Cr Coo  2Cr & Cr\ &
Rt Y D L A Y [ I YY)
Os [ef} 2 * [ 8 * 3 [ef} Cla * <G.v ) nga:| ( )

CLa
A

C, = O.SCLaI:l -1+ r)ﬂ

Cy(C,=0)|] &
(=] 2

(1+0)(C},/mARS))
-+ r)(cLa/nARnZ}

-1
a e & - Cu | 17)
Ao ks TS, TOTAR (
2
_ _ CLa CoCo=0)][8, (+0)(Cl,/mARS)
Cp = 4C,(C, _0)+51[1—(1+r)ﬂAR] 1+\/1+12[7(Sl “E+ =+ O)(Co /AR
-1
1 Gl & - Cu | 18
o Ry vy o o U g (18)
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Figure 1 shows the estimated 6, for maximum Cr/C for a ro-
tary wing whose airfoil shape is NACA0009 (Table 1) at o, =0.11,
0.075, and 0.047. The 6, for maximum Cr/C, decreases with in-
creasing Reynolds number. Moreover, the collective pitch for max-
imum Cr/C slightly increases with increasing solidity oy.

Conclusion

Effects of characteristics of an airfoil on those of a fixed wing
under various Reynolds numbers were reanalyzed by the improved
calculation model. At a low Reynolds number (10° < Re < 10°)
a component in profile drag proportional to the second-power of
angle of attack cannot be ignored in comparison with induced drag.
Then, a difference between AR and AR, increases. Note that this
difference between AR and AR, for a wing with elliptical planform
is not small at a low Reynolds number, and this result is not valid for
airfoils with drag buckets such as laminar-flow airfoils. In addition,
the calculation results indicate that a geometrical angle of attack for
an optimal flight is larger with the decrease of Reynolds number.

In addition, effects of characteristics of an airfoil on those of rotary
wings under various Reynolds numbers were analyzed. Similarly

1:  ENGINEERING NOTES

with a geometrical angle of attack of a fixed wing for an optimal
flight, collective pitch of a rotary wing for an optimal hovering flight
is increased with the decrease of Reynolds number.
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