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Stability/Control

Configuration engine out Mechanical
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Soft landing when
engine out
(based on DL)
Hover (T/L); Cruise

Mechanical
Complexity Stability/Control
(accident ratio)

Configuration

Conventional 5;5

Helicopter baseline 3 4
Compound 5; 5- ) 3
Helicopter (Cruise speed high)
. 3;4
ULSIREiEET (Cruise speed higher) ! 2
. . 13
Tilt Wing (Cruise speed higher) 1+ 2
Fixed Wing > 5 5

Back to airport
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STEP1: Useful Load (PL+Fuel) => Gross Weight
v

STEP2: Gross Weight => Main Rotor Radius

V

STEP3: CT/sigma & mu => Main Rotor Blade Number & Chord

/

STEP4: Hovering Power Estimation STEPS5: Flight Power Estimation

T~

STEP6: Engine Selection Max of step4 &5
2
STEP7: Fuel Consumption Estimation

No

Convergence?

Yes
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STEP1: Gross WeightD{f &

« PLOWMELS=3IyiarERMDS

— 250lbs/crew; 300-350lbs/pax

LKA

- BRESHEMES

- MHES
Aircraft ~ Wg(lbs)  We (lbs) 60000
H-3 4117.647 3333.333
H-1B 7647.059 5333.333 50000
S-76 14705.88 7666.667
AH-64 15882.35 8666.667
UH-1 16176.47 10000 g 10000
UH-60A | 21176.47 12333.33 z
SH-3H | 24117.65 16000 2 30000
CH-46A | 26764.71 17666.67 z
CH-47A | 29090.91 18000 g
H-67A 30000 21000 * 20000
CH-54 3757576 24000
CH-69D | 39393.94 25333.33 10000
CH-55E 75000 50666.67

0

Aircraftdata

¢ Aircraftdata

= 0.6549
R2=0.9912 o

-

/0
7~
/

0 10000 20000 30000 40000 50000 60000 70000 80000

Gross Weight (lbs)

L2 EBLDEERDT—ANENIE, LYIERGHEATREIZLS,
* EEVIR TREBMREEZZA TLKFELH D,

aircraft
S-76
UH-1
AH-64
UH-60
SH-3H
CH-34
CH-53D
CH-53E

27

STEP2:Radius of Main Rotor

We

8235294
15882.35
15588.24
21764.7
25882.35
41176.47
47058.82
79411.76

GW

2

R”

R GW
7-DL

DL =

DL

6

5777778

8

8.888889
79
10.33333
11.33333
16.55556

18

16

e DL_lo(Ibb/sq ft)

Bt T
Dt_up(ib/sqft)

@ aircraft
Py

14

[N
N

— 3 RTI\

— BHER

" fofth feq )
(Dttoftb/sqg ft))

(DL_up(Ib/sq ft))

//
/ /
—

[N
o

/

©

Disk Loading [Ibf/sq ft]

e
s

v

y=-9.7379E-10x? + 2.3564E-04x + 4.2580E+00

y = -8.8288E-10x2 + 2.3030E-04x + 2.1029E+00

20000

40000
Wg|[lbs]

60000 80000

GWHBLDLEHERE L, RERET D,
K DLZEBEALT, SAETEDLIITT S, >1IEKREDDDLEFERETT Do
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STEP3:Blade Number and Chord ’54*4
Length of Main Rotor

Aircraft  mu CT/sigma
CH-54B 0.2 0.091
UH-1 0.257895 0.092
CH-63E | 0.339474 0.09
SH-3H 0.3 0.083077
UH-60A  0.394737 0.09
S-76 " 0.444737 0.08
AH-64 0.394737  0.0625
CH-53D | 0.428947 0.056667

bRc be
o= DRe_ be

aR* 7R
. Vo

vV, OR

m,g my,g

"RV prR (QR)’

Blade number of main rotor:
Light: 2~3

Intermediate: 3~4

Medium: 4~5

Heavy: 5~

K_BLC. CT/sigma_limitZ A%
K_BL>1: chord;f

Blade loading (CT/sigma)

0.14
0.13
0.12
0.11

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

y=-1.4973E-01%?-3.6529E-02x + 1.2974E-01

N~ Rf=9.9969E-01

ov \

TN

. N

et CT/sigma_Limit \

£

<+ —Aircraft

—L 21835 (CT/sigma_Limit)

0.1 0.2 03 0.4 0.5 0.6 0.7

Advance ratio

nvs Cr/oD R FIFERER R

29

STEP4: Power Requirement for Hovér

B,

T
2 pA

over

30
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STEPS: R EE TTH#O)Z\E/\UjﬁA

* Fuselage Sizing and Shape Design
— EFPA(H)
- CD

© R RAZRBNFEECIOTAHEL TULKA EIMDOEAKIEREZHE?

Profile Power
Py =Py 1+ K 17} K, =43 CDO— R DBH
0,Fligh 0,Hover ( /uu ); U uf)\,—,(,\ﬁ ]E,)u,d)?’g-%%
])O,Haver = l CDOGpA I/t; [Ej—é‘z‘gb\&é
8 WX AICEHA—2DIERGE.

Induced Power LV LEELGHKZFALGL

By =W 12pAV) e ompoun Nelcopter Ol
N d’ -

(V' > 40kt, high speed approximation)
Parasite Drag of Fuselage
D,=0.5pC, A4V}
EFPA(H)=C,A,

3
P =0.5p-EFPA(H)-V;

2% : Forward Flight Performance_ﬁ#

(ref: Leishman, Principles of Helicopter Aerodynamics)

P=F+F+F,+P,
e : induced, profile, parasite and climb
o T cos(typp —0,) =W =T
T'sin(@pp = Opp) = Dy cOS O
. ) T'sin(0typp —0pp) = D

N ‘F‘,?‘ Gy =0,y + DIW
—
i | L D D TV, sina,, =TV, otypp =WV, (0, + DIW)

=WV,0,,+DV, =WV, +DV, =P.+P,

2

P=xTv,~x
¥ ‘g ol e W 2pAV,
R e S ———— 3
— y T Cﬂy:%(1+Klj~);K:4.5N5
AC,  [0.007(AM ;) +0.052(AM ,,)*; for M190 2 M,
0;for M1,90> M,

vi |1 I u 4
Vyover 4\ Viorer 2 Viorer compressibility effect at advancing side. Gessow & Crim (1956)

valid for disk AoA is zero (a = 0) with radial and reverse flow

Cp = GCSDO (1+4,u+§,u“)

F+F+P,
TR — o) ITR
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* ref. Leishman, J.G., Principles of Helicopter Aerodynamics, 2" ed., pp. 307,

Figure 6.25

50

45

40—

Utility helicopters

AA

EFPA(H)=02501,/Wg

_—*

35

ol A&

30 /
25

Airframe equivalent flat plate area, f - ft2

15 1 Clean helicopters —
10 | EFPA(H)=01247Wg
[ ]
5 -+
0 — T — T T Tt
0 10000 20000 30000 40000

Helicopter gross weight, Wg - b

33
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.
STEPG6: Engine Selection
Engine Dry Weight (Ibs) vs normal SHP SFC (Ibs/Hp.Hr) vs normal SHP
800 o
700 4 ' . .
06

600 = * — I
.. 500 ;; 0% *
Eﬂ 200 & % 04
& 300 - y = -3.2018E-05x2 + 3.2002E-01x + 6.5867E+01 g 03
e l [ ! ! y=-1.0761E-05x +5.9695E-01
2 200 o @ DryWeight (Ibs) — 0.2 |

100 %Azt (Dry Weight (Ibs) — o1 * sFc—— i (sFQ) |

| | | |
’ 0 500 1000 1500 2000 2500 3000 3500 0 o 500 1000 1500 2000 2500 3000 3500
Engine Normal SHP Engine Normal SHP
ERMICEBREOIUSUA SRR, SFC~0.6 Ibs/Hp.hr
N, — <> ~
DEICSLCTEMEDTI O UEHE
HEHED,
34

This document is provided by JAXA.

17



18

STEP7: Fuel Consumption

FHIM 22T TEBR FE AR RI B JAXA-SP-15-009

Mission Profile (S Y3V ETHDERERITE—F

BFfE, I E/NT—)

— Ground check

— Hovering
— Cruising
— Loitering

Mission ProfilelZf > T, B ELGTMRFZETHE T 5,

SFC~0.6 lbs/Hp.hr

ARECTHMNIE, AVR—R T EDEETRBRAH

SHEFELT, FYIEHGZEEESZET B,

Transmission Weight

Transmissit Rating (SH Weight (LB

AA 400
BB 1000
cC 1500
DD 2000
EE 2500
FF 3000
GG 4000
HH 5000
i 6000

200
600
900
1150
1400
1800
2500
3500
4100

4500

4000

3500

3000

2500

2000

1500

1000

500

0

Transmission Weight (LBS) vs SHP (HP)

|y = 3.0721E-05%2 + 5.0966E-01x + 1.5876E+01 — P
/‘,/’ ® Weight (LBS)
— ZIAR (Weight (LBS))
0 1000 2000 3000 4000 5000 6000

7000
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EERBIANRETHRFEHI(EC145S HE

&PAYLOAD /WSCREW = 100.0, WSPAX =100.0, NPAX =9, NCREW =2,
WEQUIP = 0.0/
&MISSION / TM_GROUNDOP = 5.0, TM_HOVER = 0.0, TM_LOITER = 0.0,

4% (EC 145)

H B8 : Eurocopter EC 145 technical data,
EC 145 specs

T
FH1LF-3248 (BT

TM_CRUISE = 180.0, V_LOITER_KT = 70.0, V_CRUISE_KT = 133.0 /

&DESIGN /NBLD =4, V_TIP = 210.0,FM = 0.60, KAPPA = 1.15, CDO = 1.25E-02,

C_EFPA_H = 0.250, RATIO_WE_WG = 0.50 /

ERET#5 R (JAXA_HeliDesign)

TS J/ar Hx
REE: REIN . =E: 24 (BAE)
2£&K:13.03m (42t 9in) WHE BEOA I REEREOEGEEF100kgTHE
—am/, EI$ERZE: 12.4 m (40.7 ft) EHDHADLAKEL
E85ZR: 11.0 m (36 ft) Reielio

£5:3.45m (11 ft4in)
ElEZE EHE: 95 m2 (1018 ft2)
B E: 1,792 kg (3,951 Ib)

2{EEE: 3,573 kg
EHE AR 1,786 kg
WERKEH:856 HP

éﬁ%i% 3,585 kg (7’903 Ib) 1200 Helicopter Design: EC145 validation

BEATN: 1,793 kg (3,953 Ib) e

BABEES 2. 3,585 kg (7,903 Ib) 1000 I ,,:?:,,kg //

IOV FalRAD TYLIIL 1E2 T s00 Pbrof HE

S=RwTF X2 K550 kW (738 shp) P~ e |/

ﬁﬁggﬁi &£ 600 I‘IDIaI_HP’

BR SRS EE: 268 km/h (145 kt, 167 mph) 3 \\J/ /

HEATIEEE: 246 km/h (133 kt, 153 mph) g 400

fi % BE B 680 km (370 nm, 426 mi) \\ /

FERAEERE: 855 km (461 nmi, 530 mi) 200 — ’\

FRREE: 5,240 m (17,200 ft) . 4.)&

L5 3:8.1 m/s (1,600 ft/min) 0 50 100 150
V [kt]

37

LKA

= 4, NCREW = 2, WEQUIP = 100.0

eI

136.1, NPAX

FEREIAY
RETEH

&PAYLOAD / WSCREW = 113.4, WSPAX =
/

Required Power [HP]

&MISSION /TM_GROUNDOP = 5.0, TM_HOVER = 20.0, TM_LOITER = 10.0,
TM_CRUISE = 120.0, V_LOITER_ KT = 70.0, V_CRUISE_KT = 150.0 /
&DESIGN /NBLD = 4 V_TIP = 200.0, FM = 0.60, KAPPA = 1.15, CDO= 1.25E-02,
C_EFPA_H = 0.125 (Clean); 0.250 (Utility) /
1200 2000
Doctor Helicopter Design: Clean fuselage Doctor Helicopter Design: Utility fusela;e
Wg=4140 kg , 1800 Wg=5204 kg /
1000
1600
e Pind_HP| / e Pind_HR /
Pprof_H 1400 e Pprof_HP / /
1200

800 \
\\ e Ppara_HP
600

\\\/*
400
N

=== Ppara_HP / /

1000

Ptotal_HP 4
S/

Required Power [HP]
o]
o
o

/
y N /
| 600 /
200 - \/% #00 /—
\&_ 200 / —
0 0 —_
0 50 100 150 200 0 50 100 150 200
V [kt] V [kt]
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TERANYIT 2D

RITRBAYITE2—17#FEIC DT

ST
[CKDIREEFER

EE] E 10000
. . ¢ Aircraft data
Table 1: Empty weight vs Gross weight 5000 P
EEES We (kg SAMEES Wg (kg
SA 365N 1900 4000 - J 4
AS 3508 1051 1950 2 .
AGUSTA A109 1497 2599 = 6000 %
BELL 206L-3 1008 1882 < . /
BELL 412 2869 5398 G 7
BELL AH-1S 2993 4536 2 4000 Vet =0.5582%
BELL 222B 2236 3742 z ,/‘ y=u
MBB BO 105 CB 1276 2500 =3 A
MBB / KAWASAKI BK 117 1700 3200 £ /
SIKORSKY S-76A 2516 4672 2000
BHT429 1950 3175
BK117-C2 1800 3585
AS365N3+ 241 4250 0 ‘ |
ECI55B1 2638 4920 0 10000 20000
S-76C+ 3089 5307
412EP 3131 5398 Gross Weight [lbs]
AW139 3685 6800
39
Gross Weight vs Disk Loading
Table 2: Gross weight vs disk loading o
*
RARHEEE We (k) Disk Loading (kg/sq m)
SA 365N 4000 35.7840278 g .
AS 3508 1950 2172647747 *
AGUSTA A109 2599 27.34834361 = P R S
BELL 206L-3 1882 18.83265448 g . .
BELL 412 5398 34.96608199 5 .
BELL AH-1S 4536 32.06846208 =
BELL 222B 3742 29.07997056 ‘é" 4 :
MBB BO 105 CB 2500 32.87455861 5
MBB / KAWASAKI BK117 3200 33.67245077 §
SIKORSKY S-76A 4672 33.02995037 = 5 ) B
BHT429 3175 3353120556 2 + Aircraftdata
BK117-C2 3585 37.7236675
AS365N3+ 4250 37.95687023
ECI55B1 4920 39.45791484 o ' i
S-76C+ 5307 3757523026 0 10000 20000
412EP 5398 34.96608199 Gross Weight [|bS]
AW139 6800 45.46328977

NFETITHESTEERBRRKEYIX10~20% EN>TUVD, K DLEFHRET/ NS A—4(CE

AL.SRAETESHLSICLL=,

40
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HxA

XEOHEFREROBSRE

£# Cdp=0.4

Utility helicopter
40 EFPA(H)=0.250*SQRT(Wg)

35 ! *

EFPA [sq ft]

Clean helicopter
EFPA(H)=0.125*SQRT(Wg)

0 10000 20000
Gross Weight [Ibs]

WADRIERFZEEIC—REREHRKO0. 4&L T EFPA H)é#ﬁ%%ib'ccﬁto
(XX, Clean &UtilityDREIZADTUL =, EFRDCDp [F#FET LIZELS1=6
DT—RIEHBETESER, -

7

AT DS F RO 1L E
FAUM- A D SR T — 4 (HEEE)

BHT429 BK117-C2 AS365N3+ ECI55B1 S-76C+ AWI139
AVEEEE Wp (ke 1225 1785 2009 282 218 3115
TEEE We (kg 1950 1800 241 2638 3089 3685
BAMESEE W (k) 3175 3585 4250 4920 5307 6800
We /Wg 0.614173228 0.50209205 0.527294118 0.536178862 .582061428 0.541911765
WHLEE V (ki) 142.0086393 132.8293737 150.6479482 150.1079914 154.9676026 165.2267819
F#ZR(m) 5.49 5.5 597 63 6.705 6.9
T (m) 297 312 321 348 3.05 3.17
A1 (m) 4.04 3.96 407 3.64 442 5.17
AR Ar (sqm) 11.9988 12.3552 13.0647 12.6672 13.481 16.3889
O—45%% b 4 4 4 5 4 5
RRERERCREA ED) 8 10 13 14 14 17
—ANAVDRAREEHER (ke 73.125 109.1 85.53846154 93 97.28571429 111.2941176
IREHERUE (kg) 640 694 897 980 856 1223
Wit L (km) 669 680 790 791 781 798
HitiE i TM  (min) 152.6235741 165.8536585 169.8924731 170.7194245 163.2752613 156.4705882

WRELFIE:
1) BAREARICE DUV &2 AN
2) RARBEEESEWAERBOENE—ET DLIIZC_EFPA_HEFRE (K_BL=1)
3) A—2—FR DERBED TN E—ET HLSITK_DLEFAE
) W, B EUR DTERED TN E— BT H&IIZC_EFPA_HEB AL, TR DDLBLE LUEFPADRIE R TE
=>C_EFPADIEC LDBEBRMNSEMN THIET, (BHEIREICOVTIE. BEIU DU/ —LD )
42
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AS365N3 T FREL

HxA

2200 N i hs] T AR E [L165kt
2000 Helicopter Design: AS365N3+ validation %O)H#~ ffﬁ’\]l500hp0)ﬂ\§/{
Wg=4250 kg
1800 —
o 1600 T Pind HP 7 BEHIVOUIT2ED
Z 1400 — Pprofl H ’ Turboméca Arriel 2C
5 1200 T Pparg HP turboshaftL oY
s 1000 =<  Hota i 7 Take off Power=838*2=1676
S 800 NG / [hp]
g NS L~ .
€ 600 N 7 Max continuous =
400 \.___‘___ — 779%2=1558 [hp ]
_ I -
200 — (FHtEELIZIF—F)
0 =1
50 100 150 200
Vkt]
43
R B TR S R E)
AR EL E)
mC_EFPA_H i it et Nt
03 1,‘40 EFPA)=02501ITg /A
0.25 L e
0.2 ézo "{
?)‘ 15 Clean helicopters —
0.15 %10 E : ; EFPA(H)=012471g
£ [ ]
0.1 - A
0.05 - ’ 1000:ellooptergrzls):\o:elght,Wg-Iioooo e
RKAEBRBEMICIRAEDZESERA /NS
WIEIZAZE->TLNVS,
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et/ 85 A—4K_DLOD R E AT SPA
(AS-365N3MDFRFEFIIZFHLNT)
(C_EFPA_H=0.225, K_BL=1.0)

4 Rm

W Error(Rm)
10
8 &
*
6 ®* o
£
E
I3 s n
[]
2 []
L
0 T
0.8 1 12 14
K_DL

50
- 40
30
F 20

F -10
-20

F-30

-40
16

Error(Rm) [%]

A—52—%%%

We kgl

*Wg

m Erorr(Wg)
4600 -
4400
e ¢
4200 - -
4000
3800 -
L
3600 -
3400 =
-
3200 - n
3000 - - -
08 1 12 14 16
K_DL

Error(Wg) [%]

2REE

00
R V=150kt
B0 V=0kt

BN —

B CRATIERE (PLEFRITRE S ALEEA L) THAHEHBD T, Disk LoadingZ LF S5 (DFY
A—3FFZ/NST D) & A—FEENNSKTEDD . 2REENLEFL. BBV BT

%

LICKBEEBEERSNTLVEL,

*?liﬁﬁo)ﬁ,tﬂm\& TESLEFTREGO—SEBZORANEELL 1212, ThITHSBEFEDOXE

st/ S A—AK BLO) RREE R AT S
(AS-365N3MDFREEHIZFHLNT)
(C_EFPA_H=0.225, K_DL=1.47)

4Rm
mError(Rm)
10
s -
_ 6 e ce TS
E
£
< 4 -
2
0
0.75 0.9 1.05 12
K_BL

Error(Rm) [%]

We kgl

*Wg
u Error(Wg)
4600
*
4400 |
° L
4200 C e .
*
4000 -
3800 | 5
3600 -
=} . F
3400
3200 ®
3000 : -
075 09 1.05 12 135
K_BL

Error(Wg) [%]

O—2—3%

2REE

BN —

B CRATIHERE (PLERITR I EKAVEEARL) THAHEHD T . Blade LoadingZ LFEE S (DFY
I—FRZENEKT B, IL—FDFEHZENEREBEKRET D) & O—FHLEANSKTESN, £
BENFELL. REART—NEDT S,
* CNEHETHH/ANREMICELTHERELTEY, TL—FDKERFERS TG,
COMRER/IHICIE, HEORVEEDRAZLITLTERET 2LENHS.

“4u
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/85 A—SC_EFPAD) R E R A
(AS-365N3DFREEHNIZHLNT)
(K DL=1.47, K_BL=1.0)

*wg

1400 BBt AR C_EFPA_H=0.225
Wil v=1500 .
m Error(Rm) m Error(We) -
il v-okt -
10 10 4600 40 1200 A~
* -7
4400 -
-
s 8 30 1600 —= L —
4200 /
6 L= —pind 1P
" o . = 4000 ¢ 20 ¥ E =T —1 "
_ . . . * g — . = - ——Pprof HP
£ L] 4 £ £ 3800 c 600 - ——Ppara_HP
E = g 3 s .’ N
4 - s 3600 . 10 3 - —Ptotal_Hp
2 5 9 & 00
wi n L
= 400 [ e ——-
5 . . o | | Locaa-a-
3200 w0 -
0 - 2 3000 -10 o
0125 015 0175 02 0225 025 0125 015 0175 02 0225 025 ols 015 0175 02 0225 025
C_EFPA_H C_EFPA_H CEFPA_H
—A—31F 2HE=E V \J—
O—42—3 % HEE BN

B CRATIHERE (PLERITRFEEKAVEEARL) THAHAXB DT . RIFERZRDESE S (DFYRE
AORTHEKRFZEEZ/NSKT B ERERE/NSKT D) & A—FFENNKGY . 2 HEEEN R
EITHAOL. REAT—HAEEITEDT S,

* AYITAD ULty EEB R T HE, ZHEREBETELMEALH I, BERITIERERE
Df=HIZ, TEZETREDZEHIEREFBOSEIDELH S,

“+/

Vasa

AN R AN DR S EERET 70—

STEP1: Useful Load (PL+Fuel) => Gross Weight
v

STEP2: Gross Weight => Main Rotor Radius

V

STEP3: CT/sigma & mu => Main Rotor Blade Number & Chord

STEP4: Hovering Power Estimation
Incl Downloading on Wings

STEPS: Flight Power Estimation
Incl wings and propellers

Max of step4 &5

STEP6: Engine Selection
v
STEP7: Fuel Consumption Estimation

No

Convergence?

Yes

48
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Compound HelicopterDiZ & 4XA

BNTEEEELETORSDERE
BHNBE,,  FERATECEEAMET S
BADENE, (BEDAIL0.0)
BANEE ZINTRITH, @KTRE
FEAERIZENT, A A—2DEENL
bf_ﬂglj\é_l(}tléé'ﬁ?:o Autogyro:lizl'— ~
Y)5%, BIEREDEILEH/NTA—A,
AEDHEITETTORSIZFES,
PADZEBIIIKEZFRITFT 5, AIEREITHL
R RLLaE RS o TER
« FRICEDLIGIEMENDEMN?

49

rionT A
(ref: M.H. Sadraey, Aircraft Design)

s O—AMLDEIUIAY1DELE
— EEICKk-TEILT B, CFOEFIALTRELS?

Lift vs Drag of the Wing :(L/D
Lyw = %pAMW VfZCLW =nm.g 8 & ( )MW

n.m.g Dy = 77wmgg/(L/D)MW
Ay =Wspan*Wchord = —=-5>—

1P V/zCLW (L/D)yyy =(CL/Cp )y = < C?
Profile Power Cpo+ L
T-AR-e

Py =L 0Ch0dV}
T e =1.78(1—0.045AR"*)— 0.64, for straight win
ght wing

Induced Power
c? Oswald span efficiency factor
— L
Co =R AR=6: e =087
Py =3 pCpidyy V] AR=8: =081
Total Power of the Wing c C,
Puw = Bosmw + B aw e 1+ C/g
AR

RETRATL/DARKELD I (CL>EER) ZRDD ?

50
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rRoESHE

ref: M.H. Sadraey, Aircraft Design

0.6
! AR -n
w w ( jmax pmal P (COS(AO‘ZS)J g [ ]

S, : the wing planform area

MAC : the wing mean aerodynamic chord, = ZJ.;/Z c(y)’dylS
(éj : the maximum thickness - to - chord ratio

p,... - the density of construction material (Table 10.6), 2711kg/m’ for aluminum
AR :the aspect ratio

n,, : the ultimate load factor

A, s : the quarter chord sweep angle

A : the taper ratio

g : the gravitational constant, 9.81 m/s’
K, :the wing density factor (Table 10.8), 0.0025 - 0.003 for engine installed on wing

51

TORJIZDNT KA
(ref: M.H. Sadraey, Aircraft Design)

RERICBTBTARSORE, E75~85%ERET B
EROEANEMEITAATIORSOENTHET HERET S

2P~77p
= =d c, :assumed 2 blades
7o P'Up qu.=CL,;V1‘
V. (d, : propeller diameter; ¢, : averaged chord); real chord_p = ¢ ,*2/Nbld_p
P:LTVC AR,=d,/c,; d’=4R,S,
m, 2P-n, AR,
5 5 dp = 27{/ (for two bladed propeller)
Ve = 0'7Vnp (Vnp = V'tipisratic +V; P VaVCLI’ ¢
—1 2 2P - AR
L,=5pV.S,Ch, d,=K,, # (for multiple bladed propeller)
L=T PVLCLY.
Py 2T- 4R,
2 _ d =K
%,0 Vm’SpCLP - V. . ’ "\ oV, avaLp

Knp =1 (ny, =2)
K, =072 (n,, 26)

BHOTORSTHNE D BHAR,=7715; C,=0.2704,

52
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JORSHEERE A
(Transmission and Gearbox+propeller)
(ref: M.H. Sadraey, Aircraft Design)

Installed Engine Weight
including propeller(s) for GA aircraft and
firewall, engine mount, cowl, nacelle, pylon, inlet and starting system

(fixed wing aircraft data, may not applicable to rotorcraft)
WE_l'ns =K, N (WE )0.9

N, :number of engine

K. :=3 for metric units (i.e. N) and 2.6 for British units (i.e.1b)
W

Engine weight from manufacturer

53

Importance of reducing drag

54
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LKA

OV INIUR-AN)OTIOWZERETF

5£&E5E7$%%ﬁ1‘%§ﬁﬁiﬁ.%ﬁﬁ%( &b
sl

55

Ref) F.D. Harris: NASA/CR-2008-215370 )ﬁ#
Rotor Performance at High Advance Ratio; Theory versus Test

Fig. 2-4. The MeDeamell Adrcraft Coap., He Divdibea’s XV-1 Coavertiplans.
Al

ke speed, b ooty opevmber] o ne aetrumon ratle st halyw 1 Fig. 57, The ABLS6'% rotor reached an advance rate sUghily sver 8,52 2t a Sght

spred of 204 kenet,

Fig. 2.5 T Fairey Romdves wat tecorsofally developed, bur Britid Govermmest:  Fig. 2-5. The DARPA lnded Giroen Brotivers Heliplane 15 expecied so veach 400
and civil Nusdting evoded in the laie 1950 This was five lnged commpound belicophe  saph with the robes opriating o an sdvasce ratio near 2.
ever o Irs maoinmnm advance ratls was below 1.

56
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Performance Fundamentals

Fig. 2-10. The simple elements of autogyros and compound helicopters. Tail rotor
not shown for clarity. Rendition provided by Gerardo Nunez from author’s sketch.

Formulations

Pree =Pry P

P;mp = TmV+Pmmd+Pmmﬁle
- =XWV+PWM+PmDﬁk
ZFZ =CF=]'_,“.Mg +L—W

> B =0=T,q, + Xy — Do 1. (3pV7)

Tp =X uor + Do +£, (2PV?)

X _ Pm B merimilzai _Pluur[xuﬁle
i v
Pm - Prmuinmxad - Pmmpmﬁle . 2
Tm=—{ = +D,, +£,(1pV?)

57
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Suppose now that the rotor i1s autorotating, which means that Py, = 0. The
propeller thrust — in this special case — then becomes

Pocorncnced + Proorprome 2
© T =[fj+nm o (2V7)

prop induced +P;mppmﬁh

v

vy T v

P_.. =T [—]+ me Y
prop induced prop.

{ 2) "2pA,, 2

L R— {M} {(1+%lz)m+§l"lﬂ{;+ v1+2” }}

PueatP
1) P, :[[M}rnm +1,(1pV? )}\HP

an

8 A
where the propeller advance ratio (1) equals V/V,

L2
P otorinncea = K ﬁ
‘Totar

(12) where K, =1075Cosh(6.76p*) for n<0.5
and K, =1-20332u+92439p" —51.746p° for 05<p<1.0

The rotor disc area (Aws:) equals 7R’ and R is the radius of a rotor blade The rotor

profile power is frequently estimated for simple rectangular blade geometry [10] as
Pm;mﬁle = QQmpmﬁ]. + VHmpmﬁle
13) _[p(bca)vfcd

} (1+4.650° +4.150" —p°) for p<1.0
8 Totor

It 1s important to remember that a rotor cannot autorotate if rotor lift is zero.
When the rotor lift is zero, the engine must supply power (QQ;oter profae) to the rotor and
the propeller must provide a thrust equal to the rotor H-force (Hiotor profie) plus any other
aircraft drag. In fact, there is a threshold level for rotor lift (which depends on advance
ratio) that must be reached before autorotation begins. This minimum threshold lift is

crudely given by
(14)  Rotor shaft power = QQ o — Liger (05 +255) V=0

where (as + ais) 1s the rotor’s tip path plane angle of attack as shown in Fig. 2-10.
Equation (14) says that the decelerating torque created by blade element drag (which
tends to reduce rotor speed) must be offset by an accelerating torque created by blade

element lift. From Eq. (14) it follows that in autorotation

(15 L = 2o

=— """ forautorotation (Note: crude, neglects induced dra;
e o vy s e ?

This approximation to the rotor lift required for autorotation can be put in standard rotor

coefficient form by dividing both sides of Eq (21) by pA,,, VZ, which yields

C omtorprofie .
(16) Rotor C_ = Omapofle o autorotation
(o +ag)u

The mimmum rotor profile torque coefficient (Corotor prosiie) 15, from Appendix 11.1, on the

order of

- cC, 3, pt 2 7
17) Minimum C =4+’ - 543 = | [+ —p°
an D & grotor profile 8 { 2“ 16[ (Hﬂ 64“}

and therefore the minimum rotor blade loading coefficient (Cr/c5) for autorotation is

P
(18) ].\!'[I.I:I.I.tlll.l\l:ll&=L 1+i|.,l.2 —i 5+3In g +l'.1G for autorotation
o S8logtag)p| 2 16 n)| 64
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The term M mn Egs. (9) and (10) is frequently referred to as the

rotor effective drag (Dg). In the general case, this effective drag follows from Eq. (3) and
is written as

(19) De=le=ox -

P otor induced T Prosorprofie
A"

This effective drag can be estimated from rather simple classical theory using empirical
corrections. The semi—empirical relationship 1s

@1) D,=K, %+M(&](1+4_65p2 +a150° —f)

2pA_ V* v 8
The approximation can be put in the airplane form of drag divided by dynamic pressure
(1/2 pV7), which 1s a rotor parasite drag area. Thus,

. ' (beR)C,( . 4op
@ Do KLl (beR)C, (1+4.65p +;L15].,L 1

q m\2Rq a | w

The rotor’s effective drag can also be put in standard rotor coefficient form by dividing
both sides of Eq. (21) by pA,, V/

Cl (oC,\1+4.650> +4.151" —p®
23) Cp =K L+ —2
@ G =K ( 8 J[ B

it
It 15 quite common to divide Eq. (23) through by rotor solidity (o) and apply this
result universally to any rotor of differing solidity. The result of this step is

2 C_DE:E[&T’{&J 1+4.6507 +4.150° —p°
o 2;12 o 8 I

8 p—————— A T e o e To---- am------ 1
Nominal RPM =98.6 H | H ® PCA-2 Test Data H
1 1 1 i 1 1
ACAMRADIT
1 1 1 i ] 1
L i S To-mo- - [ i L i 1
I I | I I I I
1 1 1 1 1 1
1 1 i | 1 1 1
| 1 1 ' !
L e e i il o [ 5 S [
1 i 1 1 1
Rotor i i i i
Lie & [ IR 7 e R AR G A !
1 1 i 1 1
to 1 1 | 1 I 1
Drag | ______ R/ Aol Loommoo dooooo- Lol Ty ;
i 1 1 1 i [ 1 1
Ratio 1 1 1 i 1 1 1 1
1D i i i | i i i i
) S —— [P — . [ [H R [ — [ R P [ [EEE - 1
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Figure N.
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Prediction of the PCA-2 rotor lift to drag ratio by CAMRAD II is shown with Fig.

7-76. Keep in mind that because the rotor is in autorotation, the drag here is the drag
auxiliary propulsion (e.g. a propeller) must overcome. The under prediction by about 10
percent of the maxinmm lift to drag ratio 1s quite likely due to the under prediction of
rotor lift illustrated with Fig. 7-73.

The third performance parameter presented m this summary of PCA-2 data versus
CAMRAD II 1s shown with Figure N. The rotor lift to drag ratio is, of course, a
fundamental measure of autogyro rotor performance. Wheatley was unable to extract this
parameter from the production PCA-2 flight tests, but the wind tunnel testing of the
1solated rotor left no doubt that the rotor did not compare favorably to a fixed wing of
equal span. CAMRAD II calculations are rather pessimistic as Figure N shows. However,
the major difference is attributable to under predicting rotor Lift as illustrated with Fig. M.
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Fig. 7-18. H-34 rotor effective drag coefficient and L/Dg, test versus CAMRAD II.

where K, =1075Cosh(6.764*) for n<0.5

K, =1-293321+92439u" - 51.746)° for 0.5<pu<1.0
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Rotor power with tip speed A

5 600000
. \K\
\ 500000
7 \’\ \\\
6 \\ 400000 Protor_induced(W)
. ==é=Pprofile(W)
T
300000 —¥=Protor_total(W)
4
mu*10 /
3 200000
e
2 =#=Ki(0.5<mus1)
100000
1
0 0
150 160 170 180 190 200 150 160 170 180 190 200
Vtip [m/s] Vtip [m/s]

* Conditions:
— Gross weight = 3578.5 kg (BK117-C2?)
— Flight speed =200 kt
* When mu is greater than 0.5, reduction of tip speed causes the

induced power to increase more and the total rotor power
increases.
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Rotor and Wing Power change witl‘#‘*‘
wing lift ratio
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Conditions:
Gross weight = 4950 kg
Flight speed = 255 kt

With the rotor tip
speed kept at 210 m/s,
increase the lift share
to wing at a certain
ratio do improve the
performance.
Eta_wing=0.6 is optimal
in this case

Near 15% power save
with a wing can be
achieved.
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Rotor and WingPower change witf‘ﬁ'ﬁ"“1
wing lift ratio

1000000 === Protor_induced(W) ° With the rOtor tip
T N~ ey 25% Speed_ red}Jces with
oo | e el _—=—"the wing lift share,
g o | —f= performance can be
iZZZZZ'L-—RL._,____‘ further improved.

1 —— . .
\\\ | * Eta_wing=0.8is
S optimal in this case.

"o e e s w1 * Upto25% power
— save with a wing can
—_— be achieved.
Conditions:
Gross weight = 4950 kg
Vo™ Flight speed = 255 kt
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Estimated Power
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» Taxiing Speed: 0, 5, 10, 15, 20, 30, 40kt (ICAO
Standard: 20kt, Operational Speed: 40kt)

* Height: ground level is 1m from the skids (rotor
centeris 4.1m from the ground, the distance
between the rotor center and the skids is 3.1m)

» Shaft Angle: 0.0deg

e Trim Condition: Maximum T/O Weight=3,550kg
* Rotor Speed: 383.36 rpm

e Collective Pitch Angle: 12.0deg
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Importance of Drag Reduction 44
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(Compound Helicopter)
Rotor / Wing Interaction (especially during low

and transient speed flight)

High advance ratio rotor aerodynamics and
dynamics (low rotating speed at high speed)

Rotor hub drag reduction

Human interface (controls) for new type aircraft
Light weight structure and engine

Efficiency of Proprotor? (Tilt rotorf & D LLES)
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c - ref) Nita & Scholz, Deutscher Luft- und Raumfahrtkongress 2012-D-281424, Estimating the Oswald Factor
phi25_deg=0.0 !! 25%chordline sweep angle
delta_taper=-0.357+0.45*exp(-0.037*phi25_deg) !! eq.(37) is corrected,
taper_w=1.0 !! square planform, no taper
taper=taper_w-delta_taper
f_taper=0.0524*taper**4-0.15*taper**3+0.1659*taper**2-0.0706*taper+0.0119 !!eq.(36), Horner
e_theo=1.0/(1.0+f_taper*AR_mw)

[ Corrections for Fuselage, Zero-Lift Drag and Mach Number Influence
KeF = 1.0-2.0*(Dia_Fuse/Span_w)**2 !l dFuse: Fuselage width

Mach_comp=0.3

if(Mach_cruise.LE.Mach_comp) then

KeM = 1.0

elseif(Mach_cruise.GT.Mach_comp) then

KeM =-0.001521*(Mach_cruise/Mach_comp-1.0)**10.82 + 1.0 !! eq.(41)
endif

e=KeM/(1.0/(e_theo*KeF)+0.38*CDO_MW*PI*AR_mw) !! Kroo's expression
Cla_w=2.0*PI/(1.0+2.0*PI/(PI*AR_mw)) !l assume 2D Cla=2*PI
Alp_w=CL_MW/CLa_w !! AoA of Wing at cruising speed

L_D_MW=CL_MW/(CDO_MW-+CL_MW*CL_MW/(PI*AR_MW*e)) !! L/D of wing
CDI_mw=CL_MW*CL_MW/(PI*AR_MW*e)
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I estimate aircraft pitch attitude

TPP = atan((X_rotor-D_rotor)/ (Thrust_hover*Eta_r))

Pitch_Fuse=Pitch2TPP*TPP

Il estimated increase of EFPA_H

EFPA_H_m=EFPA_H*cos(Pitch_Fuse)
+EFPA_H*Len2Dia*sin(abs(Pitch_Fuse))

P_parasite=0.5*Ruo™EFPA_H_ m™*Vf**3

*Len2Dia: EEHMmEE. K EEFMmETE (REH/ \TA—4)
*Pitch2TPP:A— AW EE LA Z B LD E| S (O—F/N\TH
RET—ILDHEHZLH>TE . ELRERR)
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(for multiple bladed propeller)
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KE=2.0 !l intalled engine weight factor, 3.0?7?
should be input?

W_prop=W_engine*(P_total-P_h_total*1.2) /
P_total*KE

* E%«‘)@E@E%Wl;lim N T RED N
T—DI2BEETHDIVOUEEATNDERTE,

* ATy ‘)/E%@KEF’EE& UftitEEHT=-
TJARSEEOLEEMEE LTRSS,

106

This document is provided by JAXA.



54

FHIM 22T TEBR FE AR RI B JAXA-SP-15-009

R ER 2) Hybri

50
s Utility ‘A A
& EFPA(H) = 0.2501,/Ws
& 40 A
e A
535 A
@
30 A
5 /
z 25
g
F L
S 20
H
815 Clean helicopters —
£ 10 EFPA(H)=01247\[Wg
£ (]
s A

0

0 10000 20000 30000 40000

Helicopter gross weight, Wg - Ib

N EERET R

*Pusher Propeller x 1,
*Anti-torquel X E &) (X5t LEXRD
T—ILO—RERBRERTE) . TD5
DHENPMRITEELTLVEL,

JREERIEERA)DRERDOLD
FYBEILITEVERTE,
(C_EFPA(H)=0.125 => 0.1)

RC_Design.input.txt {51

!1 Design parameters input for RC_Conceptual Design
I by tan@chofu.jaxa.jp at 2014/02/27

&Config
Itype_RC=2,
Nrotor=1,
IFwing=1,
IFprop=1,

&END

&Payload
WsCrew =113.4, 11 250 LBS
WsPax =136.1, ! 300 LBS

NPax =4,
NCrew =2,
‘WEquip = 100.0 !! Weight of equipment [kg]
&END
&Mission
Tm_GroundOp = 5.0, !l 5 min on ground, assume 10% of engine power
Tm_Hover =20.0, !! 20 min hovering
Tm_Loiter =0.0, !! 0 min loitering
Tm_Cruise= 60.0, !! 60 minutes of cruising
V_Loiter_KT = 70.0, !! not used yet, assume 70% of hover power used for loiter
V_Cruise_KT = 250.0, !! 250 kt for max cruising speed
S05=340.0, 1I'speed of sound, if design at altitude, change value
Ruo=1.225, Il air density, if design at altitude, change value
&END

&Design
NBLD = 4, !l number of blades, design parameter
V_tip = 210.0, !! [m/s], design tip speed
K_DL=1.25, !l disk loading factor, >1, larger disk loading, smaller R
K_BL=1.25, !l blade loading factor, >1, larger blade loading, smaller chord
FM = 0.6, !! Figure of Merit in hover
CDO0 =0.0125, !! CDO to determine profile power
C_EFPA_H=0.1, 11 0.125 to 0.25 for clean to utility helicopter fuselage EFPA
Len2Dia= 4.0, !! Vertical FPA / Horizontal FPA, design parameter

Pitch2TPP=0.5, !! Fuselage attitude / rotor TPP, assumed relationship, depends on hub
and tail design
Ratio_We_Wg =0.55, 110.55 for conventional helicopter

&END

&Wing_add
Eta_w = 0.5, !! Lift ratio shared by Wing (0: rotor only) at design speed
Eta_Vtip = 0.85, !! rotor speed reduction ratio at design speed (1: no rpm reduction)
WSpan_R = 0.7, !! ratio of wing span vs Main rotor radius, Wspan=2*R*WSpan_R
CDO_MW =0.0125,
CL_MW = 0.3, !! CL target at design velocity
CD_dw=1.0,!! i ient on wing by

&END

&Propeller_add
N_prop=1,
Ratio_p= 0.7, !1 1.0 for full propeller propulsion, combined with rotor thrust
Eta_p =0.75, !l assumed propeller efficiency for initial propeller sizing
NBLD_p =6,
CL_p=0.4,!!10.2~0.4? for smaller propeller
CDO_p=0.0125
AR_p =7.0, !! real AR for one blade (7~15?)
30.0 !! tip speed for propeller
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RC_Design.output.txt{5l

P_parasite (W)= 1157907.

D_fuselage (N) = 9003.240

Mu = 0.7205042

Ki= 8.498995

P_profile (W)= 429924.3

P_induced_0 (W)= 84872.12

D_rotor (N) = 4002.772

P_induced (W)= 84872.59

Estimated rotor TPP (deg) = -0.1354046
Estimated fuselage pitch attitude (deg) = -6.7702308E-02
P_rotor (W)= 508669.7

Propeller added -- 1

Thrust shared by propeller (N) = 10170.33

One Propeller Thrust : T_prop_1 (N) = 10170.33
P_prop (W)= 1744009.

Vtip_p_static (m/s)= 190.6816

Knp = 0.7200000

Dia_p (m)= 1.391809

Chord_p (m) = 0.1988298

P_p_induced (W)= 188577.3

P_p_profile (W)= 43279.69

P_p_total_1 (W)= 1539864.

Eta_p_1= 0.8494301

P_p_total (W)= 1539864.

P_total (W)= 2048533. ;P_total_HP (HP)= 2747.127
W_engine (LBS)= 703.3721 ;(kg)= 319.0442
SFC[LBS/(HP*hr)] = 0.5673882

W_prop (kg) = 331.6818

Fuel_GRD (kg)= 5.891740

Fuel_Hover (kg) = 87.26321

Fuel_Loiter (kg) = 0.0000000E+00

Fuel_Cruise (kg) = 707.0088

W_Fuel (kg) = 800.1638

Desing converged!

Icycle = 31

Estimated Gross Weight [kg] = 4111.472

Empty Weight [kg] = 2042.775

Useful Weight [kg] = 1671.363

RM (ft)= 21.03644 ;RM(m)= 6.411908
Mu_cruise = 0.6124285

use CT/sigma_limit*K_BL= 6.4011954E-02

NBLD = 4

Chord (m) = 0.4545988

Sigma = 9.0271600E-02

Vf(m/s)= 128.6100

Wing is added -

Span_w (m)= 8.976670

Chord_w (m) = 0.9677095

Aspect ratio of wing, AR_MW = 9.276203

Inviscid Oswald efficiency factor, e_theo = 0.9318532
Oswald span efficiency factor, e = 0.7425885
Cla_w= 5.168770

Alp_w [deg] = 3.325498

L/D_mw=18.00844

CDi_w = 4.1588591E-03

POMW (W)= 108030.1 ;POMW_HP= 144.8708
PIMW (W)= 35942.57 ;PIMW_HP= 48.19977
D_wing (N)= 1119.452

P_wing (W)= 143972.7 ;P_wing_HP= 193.0705
Weight of Wing: W_mw (kg) = 65.65163

assumed FM = 0.6000000

Vi_hover (m/s)= 11.28783

P_hover (W)= 758526.1 ;P_hover_HP (HP)= 1017.200
EFPA_H(m2)= 0.8844957

Assumed fuselage drag coefficient, CDOF = 0.2500000
Estimated Diameter of Fuselage [m] = 2.122428
Design results -

FEEDA) EDLEER

HEEAJED LB
« PL[EILC:EC-135
— Wg=2910kg
PLEBRK74
Engine: 634HPx2=1268HP
AR E - 137kt(254km/hr)
— fnfEEERE : 635km
- 2EE=MRUL:AS365N3
— Wg=4300kg
— PL: Crew2+Pax12
— Engine: 838HPx2=1676HP
— FKEE :165kt(306km/hr)
— ffEEEBE : 827km

S B OB ZEREHBI

2 EE:4100kg

55

PL:871.2kg (Crew2, Pax4,

Equip=100kg)
UL: 1670kg

1R E 250kt (463km/hr)

A EE B - 463km
T :2750HP
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V_cruise_kt vs Wg (Constant Range = 500 km)
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