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Abstract

This study presents the measurement method of various physical properties obtained from static load tests
using stereo digital image correlation (stereo-DIC) and the results of numerical analysis reflecting these
properties. When predicting the performance of helicopter rotors, it is extremely important to consider
the aeroelastic deformation of the blades in order to accurately evaluate the aerodynamic performance,
understand the vibration characteristics and confirm the structural properties. In recent years, a coupled
computational fluid dynamics/computational structural dynamics (CFD/CSD) simulations have been in-
vestigated, which can take aeroelasticity into account in numerical simulations. However, the discrepancy
between the design values and the structural properties of the actual structure makes it difficult to compare
and verify the analytical results with the experimental results. In this study, the elastic axis, bending stiff-
ness and torsional stiffness, which significantly affect the deformation behavior of the blades, were measured
by static load tests. As a result, the analysis reflecting the measured values showed better agreement with

the blade deformation obtained from wind tunnel tests, indicating the effectiveness of the proposed method.
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| Cordwise length: 50 mm | | 25% position | 0 100 mm

4—{ Spanwise length: 655 mm }—»

3: UH-60A X4 >ua—& 71— FEH

x® 1: MEAMRE

Spanwise [mm] Cordwise [mm] Load [kegf]
130 -70, 0, 70 0.3756, 0.8756
210 -70, 0, 70 0.3756, 0.8756
285 -70, 0, 70 0.3756, 0.8756
360 270,0,70  0.3756, 0.8756
440 70, 0,70  0.3756, 0.8756
995 -70, 0, 70 0.3756
655 -70, 0, 70 0.3756
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figure figure Calibralion processing shape calculation
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40 ! | ! « Blade (REF)

2 ofF I ——— N LT S RO DR RS is - 25% position
£ T RN A . * Elastic Axis:130mm,0.8756kgf]
:-40 - - | * Elastic Axis:210mm,0.8756kgf]
%0 i \ ; Elastic Axis:285mm,0.8756kgf]
R00 600 400 200 0 * Elastic Axis:360mm,0.8756kgt]

X [mm]

¢ Elastic Axis:440mm,0.8756kgf]
Elastic Axis:595mm,0.3756kgf]
* Elastic Axis:655mm,0.3756kgt]
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&, FEtHEEEHCTHZELTWS. 2o 11 2
5, BAMKEHCBVWTEHIhZRL RS
&, FHUAST X BBV TERMICRV— R
LTW3 ZeDERTE 3.

Ap(x) = PRUN — PREF
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2T, 3HITKRD A, HEE, dTmiE, Qv
b W% EH L7z CFD/CSD @it 2175 . A0
2T, JAXA TRHFIN TV 3 EEREF CFD v —
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¥, 7L— T, NSRS, Bi8T
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WE TN 2 BT, REHMEEEZHW&MFCB
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i L7 ZHRITBWT S RE WM Z W Ttz
fToTWw3. FHHSMIITERITREE L, KIREH
FEIFEBRICHEIL L, —hRiR e BEmEE DT H 271
R 0.4 723 X512, n—X[EEENZ 940 rpm,
—HE Voo = 30.1 m/s & L7z, R LZEIREEAGD
WEER 4 1R,

F7z, EIRER e OREEEX 2 720, EETEHH
INRAEHNEHEMEE LTREL, 7L — FiEA
TS5 e THIEMN 2 FEBRT 2 MY AT
WAL, MY ABITIICBWTIE, v—) Y rB8LU
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ZKBIACEIRIEICEE LTV 5.
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ZeRRERU L AIRIAFEE

Ze S KRS AL FCMTI[9)

BE iR BIE mSLAU
REPETR R 2 RFEEAOED

BRI 2 DTS/LU-SGS
HBEFL  k—wSST (SST-2003)
Bxer v — Reg;

| Outer Grid

Inner Grid

| Rlade Grid | 5
Fuselage Grd |
12: FHREA&F
# 3 TR
Outer grid 1.63 x 109
Inner grid  1.06 x 107
Blade grid 1.36 x 108
Fuselage grid  7.60 x 10°
¥ 4: FHRSEMN
Freestream V,, [m/s] 30.1
Rotor Speed [RPM] 940
Advance ratio [-] 0.4
4.64 x 1073
Thrust coefficient Cr [-]
7.22 x 1073
Rolling moment coefficient Cyy, [-] 0
Pitching moment coefficient Cyy, [-] 0
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u—2IEHS 525501 Cx, Cy, B—V V7 E—
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(¢ = 180°~360°) DRXUGHEICHKR T 2 B E2IC &
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DEXZROEPoT-EZD.

FEREDIX 5D E0R D O FRERNE, Hl#EEC X
LB THD. ERTIE, ME—XV ¥R ERS
XORCFHTRAANZIToTWS. 512, FLH
B Cp fEICxf LT, A2 e IEtlE 2 CEML
TWw3. ZhlX, E—XOEBMNKDLD, —@ED
72D OB EICHI DD 2720 TH B, F7z, HER
Fou—Xotyasidar sy 78y FARED D
&, B=VYTE—XV M Mx, EvFUITE—XY
b My Z2¥812F 3% & 518 LIRETEHIlxh
TW3. gtlloiEe—20ay ba— L 2EELT
FHILTW2 b DD, AEREE O T 25 D
WEDIEBOENELTVWE EEZLNS. HKEN
T, ZNLHRBRFORZIGERT 2 E—X > NEE)
DAHEEMEEZ THICERBTETVRVED, 2O

PRITRT 7L — FEIRC O EEZ 5 ATV oA
N N
HEMED & 5.

7% 10 . .

* Wind Tunnel Testing
6 H™ CFD/CSD: previous material properties
A CFD/CSD: corrected material properties;

5t

4+
z3r
U>< (J °
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$ % o® ° .‘ N ® o : ° °
Ir o ° % ° 00 i
0F ..
° L4 °
1 ° ° [
2 L L L
1 2 3 4 5 6 7 8 9 10
Crll x10°7

X 13: EFTHZENHRE Cx A
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* Wind Tunnel Testing
6 H™ CFD/CSD: previous material properties
A CFD/CSD: corrected material properties|
i °
4+
[ ]
=3 ° ° °
J [ °
2 ° ° . Y
i+ e ° 3 ® 2% ®
0® .. P ° ..‘ o o °
A1k
2 L
1 2 3 4 5 6 7 8 9 10
C. 1 %107
NV . 7. =
X 14: 757722 HERE Cy FaME
5% 10
* Wind Tunnel Testing
4 {™ CFD/CSD: previous material properties
A CFD/CSD: corrected material properties|
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* Wind Tunnel Testing
4 {{™ CFD/CSD: previous material properties
A CFD/CSD: corrected material properties| Y
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1 2 3 4 5 6 7 8 9 10
C. 1 x1073
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* Wind Tunnel Testing
gl ¥ CFD/CSD: previous material properties ....
A CFD/CSD: corrected material properties
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X 18, 1912, v—X 7L — FREHKIIBIZ 77 v
TROHMASERT. 2T, H0A @ 3 R%
Jik0° e LTERL, 77 v 7RIEE—XKFEHD
LOEMEZEMEL LTIHMEIL TV, $, 79 v
TElZe—ZPE R EHCTEITEL TV 3.

X 18, 19 1RF & 512, RS ZE Lk
® CFD/CSD @ MHTIC & 2 ZH RO FHIHEIX 55
FER e EMERNCEM LA RA e R L TED,
WHIBM (v = 180°~360°) ICBIT 27 T v TRDH
MEmAHAERS A TWS. o, %EHL
BOWTEy FAMNEML, Ziuctto THAHEMT
2 ERTZeEZLNS. — /T, HAEMHTIC
WEBRECH OGNS X5 RDMORE S22 fMEI N
TVWRWY., ZORHDOXE, Bl Bsb, HEEIC
BOWTEANAZ 2 EINGEREITY, 1 5MAI
D% 1 HOHETEMBEEZEIF L T\ Z 2ICRRES
2D THY, WESLFEDO DT REEHERSFIC
KX zbDrEZILN5.

#£5, 6121F, Bii7 7 v TRORIES L O EE
AL FARID, FEVEEOLEE, IRIEICELT
WHEBRMEE O—BEIPRET LD OO, FHHED
FERODLAMALEL TV Z e DPHERTES. 75y
TROFEENRD U ER e LT, REBICBWL
TEHX N THIME BT 25, fEROHEEME D K
EDolleMEZLNS. —J, RO, Ff
HI RN DIRAN L DMIMEEZ RAR & U CTHEEE D %
EHHAL TV EL TV eHZEINS. L
Jedio T, BRDEOMIME 2T T 2212k,
77y TRORBTHNEEOBEIHFEINS.

AR TEHONTHEIGD 7 T v TEN 7 7 v TEN
/Ry u—Z¥ERDPORIAE (75 TH) I
H3 % &, arctan[(z/R)/R] LiEMITE, FEEHE &
FRFEATIC & 2 FREOREITRA 1.12° KINE - TH
b, 79y 7EMNERBIFICFHITETWS. —/T,
HET T, 7L — RN ENCK 2 bATH
ERINTOVRVWEYD, LEREZSLIERBTE S
ATREMED D 5.
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0.03

¢ Wind Tunnel Testing
CFD/CSD: previous structural properties
— CFD/CSD: measured structural properties|

0.02
% \—/\
2l ]
g
[

-0.02F

-0.03 . ! !
0 90 180 270 360

Azimuth Angle v [deg]

18: B 7 7 v 7 & (Cr = 4.64 x 1073)

%5 W75 v FRIE (Cr = 4.64 x 1072)

mean [r/R]  Amplitude [r/R]
WTT —7.08 x 103 2.77 x 1072
previous value  6.17 x 1073 1.63 x 1072
corrected value  3.10 x 1073 1.03 x 1072

0.03

¢ Wind Tunnel Testing
CFD/CSD: previous material properties
— CFD/CSD: measured material properties

0.02

Flap [z/R]

-0.02

-0.03

0 90 180 270 360
Azimuth Angle v [deg]

K19: #7578 (Cp =7.22 x 1073)

*6: Rt/ 7 v TRHE (Cr =7.22 x 1073)

mean [r/R]  Amplitude [r/R]
WTT 2.63x 1073 3.01 x 102
previous value 1.32 x 1072 2.09 x 1072
corrected value 8.37 x 1073 1.42 x 1072
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4.4 Hiff U

& 20, 2112, 7L — FEEIIBIT 2L D EDOFL
otz ny. FERICEWT, B U RIZES
ETIEEAED LAEAL Y FFOAAZRLTWVS
DXL, EHEAENTIEAT Y EFEEEFHILTY
3. ZTHUE, HEETICEWT, EHORENEES
NTVWRWDTHZ eiffRaNE. 3HTRLZE
512, KT — FIFHEZLED 30 ~ 40 % fFiristk
EAELTBD, 7L—FIEL =R oF0 (A
FEfD) 8BB4 25 % EFICH B L TIUE, r—
XA KL D NAICT T v TEF LTV S EEMITIE
ALY Y, EARERL T 2@t
Db, AEREEESNTHS. £, 1111
T LT, AU D REITEITFERNE & FEYIEE O TesEH
NSV eh s, FEHIVIEME L REHEEEZ VWi
ZORLVEBEDAED/NELRoTWVS.

1 . . . A A0 AR
¢ Wind Tunnel Testing

0.8 H——CFD/CSD: previous material properties
——CFD/CSD: measured material properties

0.6

Torsion [deg]

0 90 180 270 360
Azimuth Angle 1 [deg]

X 20: Bt LI (Cr = 4.64 x 1073)

1 . . 2 AE0AQR
¢ Wind Tunnel Testing

0.8 H——CFD/CSD: previous material properties
—CFD/CSD: measured material properties

Torsion [deg]

1 1 1
0 90 180 270 360
Azimuth Angle ¢ [deg]

X 21: Bt L (Cr = 7.22 x 1073)
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5 HEE

AFTIX, AT VAT XU (stereo-DIC) %
HuwegiERBIc X DitflilahZzn -2 7L —Fo
ZHTF—REDLIZ, 7TL— FOMSEWEHEOREIE T
SFERRE L. 7, BREFEZHVTHIILZ
PR, AR, 4T D M2 CFD/CSD it
WEA U, MEYMHEZEER RS X CRFERER TR
L7 BRSSP ENEREE OB EIT o7z, ZDOfER,
RO 2 IF72.

[ fEEYIEEEEIC LD, BifT 7 v TEPBAME
MERL, EBEX D7 7y TR OEAEELR
EU7% Zhick b, EREMHFIGEVTRAEGSE
HWTER LI IThozeEZILNS.

. —7 T, PHEOEHNIRGCB T 2 QLRI
WFHEE R ZME RIS E T, TR ROR 51355k
fErWirinolz. ZOEEZ, EEMAENTICEWT
BEHOHERERBLTVWEWI ERERTH S
LRI ND.

1. X574 2FEM LD, BRELOHEBRD
R SR ., FHERRICIEE—X Y b
HERBT INEND L L HRBINT.

6 @
ABFSEIE, JSPS BHfE (22H01396, 23K22667) D
B %32 CiTbii.
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