Tre Harris Science Review oF DoshisHa UNIVERSITY, VoL. 60, No. 2 July 2019

High-Performance Aerofoil at Re = 100
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The aerodynamic characteristics of aerofoils have been massively investigated at Reynolds numbers Re’s higer than 106, On the

other hand, our knowledge is not enough at low Re, in spite of the recent miniaturisation of fluid machineries. Besides, the aerofoil is

used as the elemental device for drones or flying/swimming robots, and often governs their basic performances. In this study, the

authors examine three kinds of high-performance aerofoils proposed for very-low Re on the basis of our previous findings (Hirata et
al., 2011) at Re = 1.0x10? using two- and three-dimensional computations. The three aerofoils are an iNACA0015 (the NACA0015
placed back to front), a FPBi (a flat plate blended with the iNACAO0015 as its upper half) and a FPBN (a flat plate blended with the

NACAO0015 as its upper half). The authors compare them with such basic airfoils as a NACA0015 and a FP (a flat plate).

the FPBi shows the best performance among five kinds of aerofoils.
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Fig. 1. Models: two-dimensional airfoils.
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. . n
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U a 7 &
—
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Fig. 2. Model together with a coordinate system. The z-axis is
perpendicular
to the x-y plane or the £-77 plane.
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(a) Over-all view: computational domain with a diameter A

Fig. 3.

Co, Cr,

0.5

04 r

0.3

0.1

0

(b) Close-up view: details around an airfoil with
minimum grid sizes Aémin, and Ayymin on airfoil’s surface

Computational grid on the x-y plane (for NACA0015).

- am EEanm u
e L ] * @ @ [ ]
L@
® Cp
0.00001 0.0001 0.001 0.01 0.1
Agmin/c

Fig. 4. Influence of the minimum grid size Aémin/cin the

direction parallel to an airfoil surface
(for INACAO0015 at Re = 1.0x10? and & = 4 deg. with
Anmin/c = 0.002 and H/c =28.0).
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Table 1. Reynolds number Re(Vwr) based on wing-tip velocity Vwr of the animal’s flying in air (at 20 °C) at Re < 10*.
Flap amplitude Wing span Flap frequency Wing chord (mean) Re (Vwr)
(up-to-down) 24r [mm] s [mm] Jfr[He] ¢ [mm]

Fly 0.5-0.7 2-5 600 0.6-0.8 50-200
Mosquito 1.0-1.5 4-6 200 12 100-400
Honeybee 2.0-3.0 8-12 200 24 500-1000
Butterfly 10-20 30-60 30 10-20 1000-3000

Hummingbird 10-15 40-60 50 10-20 3000-5000

Table 2. Reynolds number Re(VwT) based on wing-tip velocity Vwr ofthe animals swimming in water (at 10 °C) at Re < 10,

Flap amplitude (front-to-back) Wing span | Flap frequency Wing chord Re (Vwr)
2A4r [mm] s [mm ] Jfr [He] (mean) ¢ [mm]
Notonecta triguttata 3.04.0 12-15 2 1 20-60
(Matsumo-mushi)
Clione pallas 5.0-10 6-12 2 2 70-110
Diving beetle 5.0-7.0 15-20 3 2 120-160
(Gengorou)
Table 3. Reynolds number Re of the plant-seed gliding in air (at 20 °C) at Re= 10?— 10°.
Wing chord (mean) ¢ [mm] Vwr, Uss[mm/s] Re
Maple leaf 10 0.2 (tip rotating speed) 100-200
Alsomitra 7 1.5 (flight speed) 600-800
10° T I T T T Y
MAV (Re)  Sparrow (Re)  Eagle (Re)
10" - Butterfly (Re(Vywy))
Manned small
) aerial vehicle (Re)
»é’ . Honeybee (Re(Vyy))! Crow (Re)
g 10°r =1
e Pigeon (Re) Albatross (Re)
5]
10°% - Q Dragonfly (Re(Viy)) =1
O Mosquito (Re(Vwy))
Fly (Re(Vwr))
10% | | 1 |
10! 10? 10° 10* 10° 10° 107
Reynolds number Re or Re(Vwr)
Fig. 5. Relation between Reynolds number Re or Re(Vwrt) and chord length ¢ for various flying objects in air.
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(a) Ata =4 deg.
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RelativeHelicity

0.002

0.002

(a) Ata =4 deg.

RelativeHelicity

0.002

0.002

(b) At o =18 deg.

Fig. 7. 3D computation visualised using iso-Q surfaces with a
normalised Q value (= QUx?/c?) of 0.1 (for NACA0015 at Re =
1.0x102). The colour on the iso-Q surfaces represents relative
helicity Her shown as a legend on the upper left hand of each
figure.
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(b) At o =18 deg.

Fig. 8. 3D computation visualised using iso-Q surfaces with a
normalised O value (= QUx%c?) of 0.1 (for NACA0015 at
Re=1.0x10%). The colour on the iso-Q surfaces represents

relative helicity Her shown as a legend on the upper left

hand of each figure.
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Fig. 11. Lift-to-drag ratio C./Cp versus corrected attack angle
a'at Re=1.0x10? in a range of ' from -25 to +25 deg.

Table 4. Maximum C/Cp.
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(a) a=4deg. (b) a =18 deg.
Fig. 12.  Pressure distribution, vorticity distribution and
streamlines

(for NACAO0015 at Re = 1.0x10?).

L Relative
Airfoil o' (o) [deg.] C/Cp .
improvement [%]

iNACAO0015 18.0 (18.0) 1.42 14
FPBi 17.5 (18.0) 1.66 34
FPBN 19.6 (18.0) 1.58 27
NACA0015 22.0(22.0) 1.24 0
FP 16.0 (16.0) 1.59 26

(a) a=4deg. (b) a =18 deg.
Fig. 13.  Pressure distribution, vorticity distribution and
streamlines

(for FPBi at Re = 1.0x10?).
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Fig. 15. Surface-pressure profiles on airfoil surfaces (for FPBi

Fig. 14. Surface-pressure profiles on airfoil surfaces (for
at Re = 1.0x10%).

iNACAO0015 at Re = 1.0x10).
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Fig. 16. Surface-pressure profiles on airfoil surfaces (for FPBN
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