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ABSTRACT

Recent rotorcraft community has suggested various forms of compound helicopters capable of carrying out a high-speed
maneuver. These aircraft have disparate aerodynamic characteristics and propulsion system due to their unique way of
generating lift and thrust. In view of the unique features, each concept is adapted with a specific mission profile. To
provide an appropriate concept for a specific mission, this study developed a comprehensive conceptual design tool for
the three concepts, winged helicopter, tip-jet gyroplane, and fan-in-body concept. This design tool enables sizing of the
compound helicopters with comparable analysis fidelity, while considering their distinctive propulsion system at the
conceptual design phase. With the developed tool, the design optimizations were conducted for six different mission
profiles covering various flight range, hover and loiter time. Subsequently, systematic comparisons and analyses were
carried out to deduce the most appropriate configuration for each mission.

NOMENCLATURE AND ABBREVIATIONS

A = Disk area (ft?) K = Loss coefficient

AR = Aspect ratio L = Lift Force (Ib)

ag = Rotor coning angle (rad) LS = Lift sharing factor (Ib)

a,, by = Coefficient of cosy for B loc = Non-dimension length from root chord and
aerodynamic center

BEMT = Blade element momentum theory leg = Non-dimension length from root chord and
center of gravity

BET = Blade element theory lruse = Fuselage length (ft)

b = Span (ft) ly = Length between main wing and tail wing (ft)

Cp = Drag coefficient (3-D) L, = Non-dimension length from root chord to
neutral point

Cao = Drag coefficient (2-D) M = Mach number

C, = Lift coefficient (3-D) Mgyq = Drag divergence Mach number

Cr, = Slope of lift curve (3-D) MT = Momentum theory

Crwe = Slope of lift curve without the wing-body N = Number

interference(3-D)

G, = Slope of lift curve (2-D) P = Power (HP)

Cr = Thrust coefficient Povail = Available power (HP)

c = Chord (ft) P, = Coriolis power (HP)

c = Mean chord length (ft) P; = Induced power (HP)

D = Drag force (Ib) Prax = Maximum power (HP)

d = Diameter (ft) P; = Total Pressure (Ib/ft?)

e = Span efficiency factor Py = Induced power (HP)

F = Force (Ib) PR = Pressure ratio

E, = Prandtl’s function Q = Torque (Ib-ft)

FIB = Fan-in-body Goo = Dynamic pressure (Ib/ft?)

f = Friction coefficient R = Radius (ft)

fe = Equivalent flat plate area (ft?) Rgas = Gas constant (Ib-ft/(slug- °R))

H = Horizontal force (Ib) Ryip = Rip radius (ft)

HT = Horizontal tail Re = Reynold’s number

h = Height (ft) S = Wing area (ft?)

SR = Slow down ratio of the main rotor € = Surface roughness (ft)

T = Thrust (Ib) 4 = Transmission loss ratio

TR = Thrust ratio (Tyrop/Ttotat) m = Mass flow (Ib/s)
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TOGW = Take-off gross weight (Ib)

Toxit = Static temperature at the compressor exit
(°R)

t = Thickness (ft)

|4 = Volume (ft%)

VT = Vertical tail

Vo = Free stream velocity (ft/s)

Viet = Jet Velocity (ft/s)

Viip = Velocity at the rotor tip (ft/s)

v; = Induced velocity (ft/s)

w = Component weight (Ib)

w; = Slip stream velocity (ft/s)

Woress = Weight penalty due to pressurization

a = Angle of attack (rad)

Qeff = Effective angle of attack (rad)

QAtire = Shaft tilt angle (rad)

B = Flapping angle at particular azimuth angle

y = Ratio of specific heats

Yiock = Lock number

1) = Tip clearance (ft)

Subscript

b = Blade

eng = Engine

fuse = Fuselage

N = Nozzle

prop = Auxiliary propeller

r = Rotor

1. INTRODUCTION

Helicopters are classified as runway independent aircraft
and are capable of adapting to various environment.
However, it is limited by the dynamic stall, lift imbalance,
and vibrations generated at the rotor during high-speed
maneuver. Such limitations have restricted these aircraft
to have 150~180 knot maximum flight speed, and cruising
speed of 130~150knots [1]. High speed flight is desirable
especially for reconnaissance mission that requires
flexible and agile combat capabilities. As such, VTOL and
high-speed maneuver capable helicopters are required. To
this end, combination of fixed-wing aircraft's high-speed
maneuver and rotorcraft's VTOL capability have led to the
invention of the compound helicopter. Various concepts
for compound helicopter have been suggested which
possess different aerodynamic characteristics and
propulsion system according to the configurations.

To begin with, Eurocopter has been developing the
winged helicopter concept known as the X3. Winged
helicopter differs from the conventional helicopter by
having a wing and an auxiliary thrust device aside from the
main rotor. This configuration enables a high speed
maneuver by providing the additional lift and thrust by the
mechanism such as the wing and the auxilary thrust
device. Another form of compound helicopter is DARPA
have led the tip-jet gyroplane concept as part of the
Heliplane Program. Tip-jet Gyroplane is a compound
helicopter with tip-driven rotor, the auxiliary propeller and
the wing. Equipped with the tip-driven rotor, it is
unnecessary to have the transmission installed. Since it
flies in a form of a gyroplane, a greater portion of engine
power can be used for the high-speed maneuver.
Additionaly, Boeing has been conducting the fan-in-body
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Ot = Twist angle (rad)

0; = Incidence angle (rad)

6o = Collective pitch angle (rad)

K = Induced power factor

Ktype = Rotor weight factor

A = Sweepback angle of c/4 line(deg)

A = Taper ratio

Ac = Climbing velocity ratio

Ai = Induced velocity ratio

Atotal = Inflow velocity ratio

u = Advance ratio

p = Density (slug/ft3)

Po = Air density (slug/ft3)

o = Solidity

0g4 = Expansion ratio

v = Flap natural frequency (per rev)
= Wake skew angle

Y = Blade azimuth angle

Z—Z = Rate of change of tail downwash

TPP = Tip path plane

t = Horizontal tail wing

w = Main Wing

xmsn = Transmission

v = Vertical (Z-direction)

concept as part of the VTOL X-plane program. Fan-in-
body concept is considered a compound helicopter that
combines ducted fan and wing. This concept uses the
ducted fan to perform hover and axial flight, and flies like a
fixed-wing aircraft during forward flight. Without the rotor
restricting the aircraft, it is capable to perform a high
speed maneuver.

To design various compound helicopter concepts, novel
analysis and design method are required. Roche[2] carried
out and compared winged helicopter with conventional
helicopter. Vu[3] developed the conceptual design tool and
carried out optimizations for the tip-jet gyroplane. Lee[4]
proposed a new aerodynamic analysis method for
conceptual design of a lift fan aircraft. However, these
studies were only limited to analyze a specific concept of a
compound helicopter. Because of their unique feature,
each concept is suited with a specific mission profile. For
comprehensive analysis to be carried out, it is important to
design the compound helicopters at the same fidelity and
analyse their characteristic by comparing with their
performance. Therefore, this study developed a
comprehensive conceptual design tool for the three
concepts, winged helicopter, tip-jet gyroplane, and fan-in-
body concept as shown in Table 1. This design tool allows
sizing of the three compound helicopter with comparable
analysis fidelity level, considering their distinctive
propulsion system at the conceptual design phase. Rotor
aerodynamic analysis was based on the blade element
momentum theory (BEMT) and the blade element theory
(BET). Propeller analysis was carried out using the
momentum theory(MT). In addition, wing aerodynamic
analysis was based on the Oswald’s factor to consider the
3D effects of the wing. Since the proposed three concepts
have distinct variation in flight performance, mission
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analysis for each concept is configured accordingly.

In this study, design optimizations of compound
helicopters performing six various mission profiles were
carried out. Through the optimization, appropriate
concepts were suggested for various flight range, hover
and loiter time.

Table 1: Types of Compound Helicopters

Winged
helicopter

Tip-jet

gyroplane Fan-in-body

KK &

2. CONCEPTUAL DESIGN METHOD
2.1. Overall Design Flow

Compound helicopter design framework was further
developed based on the preliminary design methodology
study [5]. Mission analyses for various concepts are
incorporated accordingly, and the overall framework
design flowchart is shown in Fig 1. Through 1) ~ 7)
procedures, compound helicopter design was conducted.
1) Inputs (variables and design parameters) are used to
calculate geometries (disk area, solidity, etc.) of the
helicopter. 2) Using the initial TOGW and the lift sharing
factor, wing sizing capable of carrying out the mission is
carried out. Then, the wing position that satisfies the static
margin of the design parameter is determined using the
equation (Al). 3) Engine sizing is carried out based on the
rubber engine methodology introduced in the SSP
program [6]. 4) Empty weight, using the weight estimation
formula at the appendix, is calculated. 5) Fuel weight
required to carry out the mission is calculated within the
mission analysis module. 6) Using the calculated empty
weight and the fuel weight, the payload is obtained. An
iterative calculation is performed, correcting the TOGW
until the calculated empty weight is within 3% error with
the targeted payload. 7) Until the termination condition is
met, design variables are manipulated to obtain an
optimized result. Since the proposed three concepts have
distinct variation in flight performance, mission analysis for
each concept is configured accordingly, and detailed
explanations are described in section 2.2~2.4.

Initial
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2.2. Mission Analysis : Winged Helicopter

Winged helicopter differs from the conventional helicopter
by having a wing and an auxiliary thrust device aside from
the main rotor. The flight performance of the winged
helicopter is shown in Table 2. While hovering, torque
generated by the main rotor is counteracted by the
auxiliary propeller as depicted in Figure 2. During forward
flight, the main rotor and the wing produce lift, and the
main rotor and the propeller generate thrust.

Table 2: Flight Performance of Winged Helicopter

Flight condition Force generation

Winged Hover, Axial Rotor, Prop

helicopter Cruise Rotor, Wing, Prop

Figure 1: Acting Forces at Hovering (Winged)

2.2.1. Hovering, Axial Flight Analysis

Through steps 1) ~ 4), hover and axial flight analysis
module calculates the required power as shown in the Fig
3 flowchart. 1) Using the equation (1) on BEMT, the rotor
analysis is performed using the input gross weight and the
geometry parameters [7]. 2) Utilizing the equation (2),
additional vertical drag of the fuselage and the wing
generated by the rotor wake is calculated [8]. 3) Using the
equation (3), auxiliary propeller analysis, based on the MT,
is performed to cancel the torque generated by the rotor
[7]. 4) Assuming a fixed transmission loss, the required
power is calculated for both hover and axial flight mission.

m Gross Weight Fuel Weight
/ Input 2)Wing N 3)Engine 4)5\;;‘;:1); P)Mission _Z» 6)Payloald
Deita Sizing Sizing B . Analysis Calculation
) Change APayload 7)Objective
Geometry Gross Weight o T Function
Change Output
Design Variables No Data
Input data : Design variables, Design parameters, Constraints ﬁ
Output data : Optimum design
Figure 2: Overall Design Flow Chart
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Input Data
1. Gross weight
2. Geometry, properties
- Rotor : Ny, R, ¢, 64,,, RPM
-Wing:b,c, A, A
- Prop : Ny, R, ¢, RPM
- Transmission : {r, {prop

2

O'Cl /‘15 z O-Cl UCl AC
A A) = « _Zc “gr— (—=_Z¢
torat(72 Ac) \/ (16Fp 2) *8E, " " \16E, 2

N
C
W Cr = Y[ O ~ doa IR0
n=1

D Wing Initial
1 Analysis Fuselage angle o
— — 2 utput Data
(2) T=Gew+ DV 4 DV - EpOfevWi i LS 1. Required power
2) 2. Fuselage angle
Rotor 3. Lift sharing factor
3) Analysis
Vs — T —
i,prop Twx Diotal VAuxiliary
i Propeller
3additional Analysis
Vertical drag
Input Data Calaulkiiog 5)Fuselage JRequired
1. Gross weight i D, Angle C ll:)ov;le{'
2. Geometry, properties Calculation alculation
_Rotor: Ny, R, ¢, 8, RPM Total drag
-Wing: b, c, A, A Calculation
- Prop : Ny, R, ¢, RPM l Output
- Transmission : {y, {pyop 4 b Data
D Rotor Output Data
Analysis 1. Required power Change
Fuselage angle
W
2additional B o
Vertical drag Q- )ﬁ;’g"e'ﬁ?r’ Figure 4: Cruise Analysis Flow Chart (Winged)
Calculation pelle
Analysis .
% Center of Gravity
A Required
Power \ \ine
Calculation| —oceeeeeeeo—e s ef.
) Qarpp [ I ] _Fuselag® R
v
Output — g A T ¢ i .
Data ~~ Wing Ref. line

-
m —::‘:‘:“bfﬁ}s’e ”””””””” Flight Path Plane

Figure 5: Acting Force at Cruise (Winged)
Figure 3: Hovering, Axial Flight Analysis Flow Chart

. C CZ
(Winged) — la — L
(4) CLa i+ Cla ’ CD CdO + TARe
ARe

2.2.2. Cruise Analysis (Winged) L
G)LS=1——-

Cruise analysis for the winged helicopter is depicted in Fig GW

4, calculating the required power, fuselage angle and the

lift sharing factor through 1) ~ 6) processes. 1) The wing (6) Appp = ptan(@rpp) + Cr

analysis is performed with the input gross weight and PP = H PP 2+ Bpp
geometry shape parameters. Using the Oswald factor in

equation (4), the wing analysis considers for the three- 3 2Cr A Opy
dimensional effects of the wing [9]. The lift sharing factor is (7) 6 = m [F 274 1+ .UZ)]
then derived from the calculated lift as shown in equation ' la

(5). 2) Using the BET, analysis of the main rotor producing (8) B = ay + a; cos() + by sin(yh)

lift equivalent to the derived lift sharing factor is carried out.

With linear twist assumption of the rotor and the uniform 1 0, o Oew i
inflow model, the collective pitch angle and the flapping o = 5 Viock [I A+u )"‘5(6 +5u )_g]
motion are derived from equation (6) and (7) [10]. 3)

Utilizing the equation (9), additional vertical drag of the 8 o9,

fuselage and the wing generated by the rotor wake is a = _”(3 b0 + 264, 2)‘1)

calculated with the slip steam velocity and the wake skew _ ﬁ

angle [2]. 4) With equation (10), auxiliary propeller, 2

producing thrust equivalent to k.., portion of total drag, is dpa,

analyzed using the MT. 5) The fuselage angle that by = ———<

balances all the forces acting on the aircraft in Fig. 5 is 3(1 +#7>

iteratively calculated. 6) Assuming a fixed transmission 1
loss, the required power is calculated for the cruise  (9) D, = =p,f, w? cos(x)
mission. 207

(10) F, = kprop (Dfuse + Dy, + Hg cos(arpp))

prop
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2.3.Mission Analysis : Tip-Jet Gyroplane

Tip-jet gyroplane is a compound helicopter with tip-driven
rotor, the auxiliary propeller and the wing. During hover,
axial flight, the main rotor is rotated by the variable nozzle
expelling jet at the rotor blade tip. During forward flight, tip-
jet gyroplane flies in a form of a gyroplane [3]. For this
configuration, the tip-path-plane angle and the rotating
speed of the rotor are adjusted by tilting the rotor shaft
axis. During the transition flight, all combination of the tip-
jet system, the wing, and the auxiliary propeller are used
to generate the lift and the thrust.

Table 3: Flight Performance of Tip-Jet Gyroplane

Flight condition Force generation

Hover, Axial Tip-driven rotor
Tip-jet Cruise Autogyro, Wing, Prop
gyroplane ] Tip-driven rotor
Conversion
Wing, Prop
2.3.1. Hovering, Axial Flight Analysis
y H
" Ha ® ®
@ ® ®
@)

Figure 6: Internal Duct System

The inner duct system for the tip-jet is depicted in Fig. 6.
The compressed gas from the auxiliary compressor flows

from point @~@ and is expelled from the nozzle creating

a reaction force to drive the main rotor. To analyze the
hover and axial flight, the analysis flow chart is depicted
on Fig. 7. By using 1) ~ 3) steps, this analysis module
obtains the following outputs: the rotational speed of the
rotor, the nozzle contraction ratio, and the required power.
1) Analysis of the main rotor is performed using the BEMT,
like the winged helicopter main rotor analysis, calculating
the rotation speed and the required power. 2) The slip
stream velocity is used to calculate the additional vertical
drag of the fuselage and the wing caused by the rotor
wake. 3) The contraction ratio of the nozzle that satisfies
the required power and the rotation speed is calculated by
the duct flow analysis. To account for the duct pressure
loss, adiabatic condition is assumed. In addition, using the
Fanno line theory equation (11), one-dimensional analysis
was carried out [11]. Also, the pressure loss of the bent
duct was considered using equation (12), and the loss
factor K used in this study was based on the reference
[12]. Equation (13) and (14) were used to calculate the

* % x
e — * *
ERF—"
European Rotorcraft Forum

reaction force. The required power at the nozzle exit and
the nozzle contraction ratio, which satisfies the required
power calculated from the rotor aerodynamic analysis,
were derived.

(11

d

-1

M M(1 +VTM2) yM? (4f) N%r
dr ~ 1— M2 2 RyasT
(12) P, = Pyy — Kqoo

(13) FN = ml/jet + AN(PN - oo)

(14) Pavail = PFN - Pco = NbFN(-QRr) - me(-QRr)z

Input Data Output Data
1. Gross weight 1. Required power
2. Geometry, properties 2. Rotor RPM

-Rotor : Ny, R, ¢, 0y, Oy 3. Contraction ratio
-Wing:b,c, A, A
-Duct:d, t, e

- Compressor : Teyi¢, PR

D Rotor Initial nozzle
Analysis Contraction ratio
] Wi
2Additional B
Change Vertical drag DZCI Ilan.OW
Required trust | Calculation nalysis
Change
Contraction ratio

Output
Data

«»

Figure 7: Hovering, Axial Flight Analysis Flow Chart
(Tip-Jet)

2.3.2.

The conversion flight refers to the mode flying with a tip
driven rotor, wing, and propeller. In this study, it was
mainly used in the transient flight analysis of the tip-jet
gyroplane. The conversion flight analysis flowchart is
shown in Fig. 8. By utilizing 1) ~ 4) processes, it calculates
the required power, the rotor rotational speed, the nozzle
contraction ratio and the lift sharing factor. 1) The wing
analysis is performed with the input gross weight and
geometry shape parameters. 2) Aerodynamic analysis of
the main rotor producing lift equivalent to the derived lift
sharing factor is carried out. Since the rotor wakes would
generate additional drag force on the fuselage and the
wing, these vertical forces are calculated in the same
manner as the winged helicopter. 3) The aerodynamic
analysis of the auxiliary propeller thrusting the total drag
force of the aircraft is carried out. 4) Assuming a fixed
transmission loss, the required power is calculated for the
conversion mission.

Conversion Flight Analysis (Tip-Jet)

Page 5 of 14

Presented at 44th European Rotorcraft Forum, Delft, The Netherlands, 19-20 September, 2018
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2018 by author(s).



Paper 105

Input Data Output Data
1. Gross weight 1. Required power
2. Geometry, properties 2. Rotor RPM

- Rotor : Ny, R, c, 6, O 3. Contraction ratio

-Wing:b,c,A A 4. Lift sharing factor
. - Prop : Ny, R, ¢, RPM
&) Wing -Duct:d, t, e
Analysis - Compressor : Teyir, PR
- Fuselage : afyse
Ls
2 Hover
Analysis
3Auxiliar MRequir
Total drag |Ptotal y equired
Calculation Propeller Power
Analysis Calculation
Output
Data

<>

Figure 8: Conversion Flight Analysis Flow Chart (Tip-Jet)

2.3.3.

The tip-jet gyroplane cruise analysis flowchart is shown in
Fig. 9, and it calculates the required power, rotor rotational
speed, shatft tilt angle, and the lift sharing factor by using 1)
~ 3) steps. 1) The wing analysis, like the winged helicopter,
is performed with the input gross weight and geometry
shape parameters. 2) Aerodynamic analysis of the main
rotor producing lift equivalent to the derived lift sharing
factor is carried out. In addition, utilizing the equation (15),
the rotor rotational speed and shaft tilt angle while
satisfying the autogyro condition are calculated [13]. For
this analysis, a linear twist assumption and uniform inflow
model was applied similar to the winged helicopter. 3) As
depicted in Fig. 10, the aerodynamic analysis of the
auxiliary propeller thrusting the total drag force of the
aircraft is carried out. 4) Assuming a fixed transmission
loss, the required power is calculated for the cruise
mission.

(15)Preq=P0+Pi_DrVoo=O

Crusie Analysis

Input Data Output Data
1. Gross weight 1. Required power
2. Geometry, properties 2. Rotor RPM

- Rotor : Nj, R, c, 6, O,
-Wing: b, c,A, A

- Prop : Np, R, ¢, RPM

- Fuselage : afyse

3. Shaft tilt angle
4. Lift sharing factor

Wing
Analysis
IN
Rotor Initial
Analysis Shaft tilt angle
Auxiliary Required
g:ltcal.:lgtrﬁaia Propeller |—| Power
Analysis Calculation
Change
Shaft tilt angle. O
utput
Data

<>

Figure 9: Cruise Analysis Flow Chart (Tip-Jet)
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% Center of Gravity

Figure 10: Acting Forces at Cruise (Tip-Jet)

2.4.Mission Analysis : Fan-in-body

Fan-in-body is considered a compound helicopter that
combines ducted fan and wing. The flight performance is
shown in Table 4. The fan-in-body concept uses the fan to
perform hover and axial flight, and during forward flight,
the wing produces lift to perform like a fixed-wing aircraft.

Table 4: Flight Performance of Fan-in-body

Flight condition Force generation

Hover, Axial Fan, Prop
Fan-in- Cruise Wing, Pro
body [°B p
Conversion Fan, Wing, Prop
2.4.1. Hovering and Axial Flight Analysis (FIB)

As depicted in Fig. 11, fan-in-body concept not only
produces lift from the fan but also from the duct itself. This
additional drag is accounted during hover and axial flight
analysis to compute the required power. Flowchart of
hover and axial flight analyses are represented in Fig. 12.
By using 1) ~ 3) steps, this analysis module obtains the
following output: required power. 1) Thrust due to the duct
is computed using the input parameters such as the initial
gross weight and various duct design variables. 2) Using
the equation (16), total thrust generated by the duct and
the fan is computed [14]. 3) The total power required to
perform the hover and axial flight considering the shroud
effect and the power loss by the transmission is calculated.
With the equation (17), additional power required due to
the vane was assumed to be a fixed 6% of the required
power [15].

Ttotal Afan
16) Tryr = , =—
(16) fan 204 d Aguct
T2 1 Cdoo-fan
(17) Pry, = 1.06 [K tota AV3 ]
fan fan '—4,0140(1 8 pAViip
t Tfan f Tauct

Propeller

hfuse ‘

Figure 11: Fan-In-Body Configuration
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Input Data
1. Gross weight
2. Geometry, properties
-Fan: Ny, R, c, RPM
- Duct : Ry

Output Data

%uct F— 1. Required power
Calculation
l Tfan
2 8 i
) Ean )Required
Analysis PRl
Calculation
Output
Data

<>

Figure 12: Hovering, Axial Flight Analysis Flow Chart (FIB)

2.4.2. Conversion Flight Analysis

Conversion flight analyzes the fan, wing, and the propeller
which is used to compute the transient performance of the
fan-in-body concept. The flowchart is depicted in Fig. 13,
and this module computes the power required and the
fuselage angle essential to analyze the mission during the
conversion flight analysis through 1) ~ 4) steps. 1) The
wing analysis is performed with the input gross weight and
geometry shape parameters. 2) An aerodynamic analysis
of the fan producing lift equivalent to the derived lift
sharing factor is carried out. With the equation (18) and
(19), Additional drag and power loss due to the duct during
forward flight are modeled [16][17]. 3) Summing up all the
power required and power losses due to various
components such as the transmission and the duct,
overall power required for the conversion flight analysis is
computed.

oapAw;

(18) Dpgn = — (Voo —wiVcos a tana )

cosa

(19) Pran = Pran1 + 1.13Ppgpp + -+ + 1.13Prgu

Input Data
1. Gross weight
2. Geometry, properties
-Wing: b, c,A, 1
-Fan: Ny, R, c, RPM
- Duct : Ry,
- Prop : Ny, R, ¢, RPM
- Fuselage : afyse
D Wing
Analysis
Y Output Data
lLS 1. Required power
2 2. Lift sharing factor
) Hover
Analysis
3)Auxiliar MRequired
Total drag y a
Caleulkiem Propeller Power_
Analysis Calculation
Output
Data

<>

Figure 13: Conversion Flight Analysis Flow Chart (FIB)

*x

— *
SR

RF—">"

European Rotorcraft Forum

2.4.3. Cruise Analysis (FIB)

Since the fan-in-body concept closes the fan and performs
forward maneuver in the form of fixed-wing aircraft, similar
fixed-wing cruise analysis is performed. Flowchart of the
mission analysis is illustrated in Fig. 14. Through 1) ~ 3)
procedures this analysis module obtains the following
outputs: the propeller aerodynamic performance and the
fuselage angle. 1) The wing analysis is performed with the
input gross weight and geometry shape parameters. 2) An
aerodynamic analysis is performed on the auxiliary
propeller bearing the total drag force of the aircraft, and
the fuselage angle is computed by iterative calculation.
For this analysis, k., is set to 1. 3) The total required
power by the wing, fuselage, and the propeller, accounting
for the transmission loss, is calculated.

Input Data
1. Gross weight
2. Geometry, properties
-Wing: b, c, A, A
- Prop : Ny, R, ¢, RPM

Output Data
1. Required power
2. Fuselage angle

1)Wing Initial
Analysis Fuselage angle
2)Auxiliary
Propeller
Analysis
3Required
Power
Calculation
Output
Data

<>

Figure 14: Cruise Analysis Flow Chart (FIB)

3. DESIGN OPTIMIZATION REULTS

Various concepts of compound helicopters have been
suggested. Each concept has different aerodynamic
characteristics and propulsion system according to the
configurations. In view of their unique feature, each
concept is adapted with a specific mission profile. In order
to suggest the appropriate concept for a specific mission,
the design optimizations were conducted for six mission
profiles covering various flight range, hover and loiter time.
The standard mission profile consists of outbound cruise,
hover, loiter, and inbound cruise respectively as shown Fig.
15. The standard mission range is 200 nm, which is the
maximum straight-line distance in South Korea. Based on
the standard mission, remaining five mission profiles are
shown in Table 5.
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Conversion(pescent)

« Velocity : 80 knots
200fpm

* Altitude : 3000 ft

Inbound Cruise
« Velocity : 180 knots
« Altitude : 3000 ft

7

Outbound Cruise

« Velocity : 180 knots

« Altitude : 3000 ft
Conversion(climb)
« Velocity : 80 knots

Landing
« 200 fpm

350fpm Loiter .
+ Altitude : 3000 ft Hover + Velocity : 80 knots Taxing
* Altitude : 500 ft  « Altitude : 500 ft

Takeoff
« 350 fpm

Taxing

Figure 15: Standard Mission Profile (Case 1)

Table 5: Specification of Mission Profiles

Mission Hover / Total

Range Loitertime  Endurance
[nm] [min] [min]

Case 1

(Standard) 200 15/15 217
Case 2 300 15/15 284
Case 3 400 15/15 350
Case 4 200 30/30 247
Case 5 200 45/ 45 277
Case 6 200 60/ 60 307

3.1.Design Assumptions

Detailed requirements for design were replaced by several
assumptions at the conceptual design phase. The applied
assumptions are as follows.

1) Winged helicopter

1-1) It has an articulated rotor, and shaft axis is located
at the C.G point of the aircraft.

1-2) Based on the actual helicopter characteristics,
fuselage’s width and height are assumed to be
0.3R,,,, and the length from the landing gear to hub
is 0.6R,,,- [18].

1-3) It drives the rotor and propeller utilizing two
identical engines. The complicated transmission
mechanism to connect the engine to the rotor and
the propeller, were estimated by adding an extra of
10% to the weight of the transmission per engine.

1-4) It reduces the speed of the rotor when performing a
high speed flight above a specific speed. This study
assumes that the reference speed for decelerated
rotor is 100 knots. Also, the weight of the
transmission capable of slowing down the rotor is
estimated based on the reduced rotational speed of
rotor.

2) Tip-jet gyroplane

2-1) It has a rigid rotor, and shaft axis is located at the
C.G point of the aircraft.

2-2) Based on the actual helicopter characteristics,
fuselage’s width and height are assumed to be
0.3R,,,, and the length from the landing gear to hub
is 0.6R,,,- [18].

2-3) It obtains the required power by the cold cycle
utilizing the auxiliary compressor and turboshaft
engine [19].

2-4) The weight of the auxiliary compressor is estimated
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to be 20% of the total weight of the main engine
[20].

2-5) The material of the inner duct is stainless steel.

2-6) A circular duct is used from the compressor to the
hub, and an elliptical duct is equipped within the
rotor.

2-6) Pressure loss coefficient of the bent portions of the
duct are between 0.4 to 0.5 [12]

3) Fan-in-body

3-1) The distance between the ducted fans is 0.5R¢q,
[21].

3-2) To have the space of ducted fan, the fuselage’s
width is assumed to be 1.1ds,, and length is
3.5dsqn [16]. Based on the characteristics of
Phantom swift, fuselage height is 0.3wy,.

3-3) In forward flight, fuselage generates the lift sized
10% of the lift occurred at the wing [22].

3-3) It drives the rotor and propeller utilizing two
identical engines. The complicated transmission
mechanism to connect the engine to the rotor and
the propeller, were estimated by adding an extra of
10% to the weight of the transmission per engine.

3-4) The material of the duct is carbon-fiber composite
[14].

3-5) Additional power required due to the vane was
assumed to be a fixed 6% of the required power
[15].

3.2.Problem Definition

TOGW is one of the vital parameter when comparing the
performance of the aircraft with the same mission profile.
Therefore, single objective optimization problem to
minimize TOGW was carried out with two performance
constraints and five geometrical constraints. Performance
constraints consist of 1,,,, and M.;,. To perform the given
mission profile safely, maximum cruise speed is restricted
to be larger than 110% of the cruise speed. In addition, to
prevent the drag divergence from occurring, tip Mach
number is limited to be under 0.85. Furthermore, rotor’'s
aspect ratio is constraint to account for the structural
instability of the rotor. Based on the Eurocopter X2 rotor,
maximum aspect ratio of the rotor was set to 16. The
constraint for the wing maximum angle of attack was to be
16°, which is the stall angle of the NACA2412 airfoil. For
the realistic design of the auxiliary propeller, it was sized
with the ground clearance consideration, 0.3 R,.. The
maximum wing span was set to be 1.34 I, to account
for the overall dimension of the aircraft, and based on the
developed compound helicopters’ dimensions, the wing
was positioned between 0.3 t0 0.5 [rq.

Objective (1):
Min. Take-Off Gross Weight (Ib), TOGW
Constraints (7):

11 Vcruise = Vmax
AR < ARjimit
by < bymit

lymin <Ly <1

Miipr < Mgq
aeff,w < Astall
Rprop < Rlimit

wmax
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Design variables consist of parameters concerning the
rotor/fan, wing, propeller, duct etc. The baseline
characteristics of each concept were used to define the
design space, and the baselines used were the X3, the
Rotodyne, and the Emperor [2][22][23]. Design parameters
and spaces were described in Table Al and A2.

Table 6: Design Variables for Compound Helicopters

Concept Type Variables
) Rotor R,¢,Viip, SR
h\é\llilgc?stir Wing LS, AR, 4 Bincia
(14) Prop R,c,RPM,TR

HT tail b, AR
Rotor R,c, 0,04,
Tip-jet Wing LS, AR, 4, 0incia
gyroplane Prop R,c,RPM
(16) HT tail b, AR
Etcs. Dy, Texit, PR
Fan Np, R, ¢,V
Fan-in-body Wing WL, AR, A, Oincia
(15) Prop R,c,RPM
HT tail b, AR

3.3.Optimization Results (Standard : Casel)

Since most of the analysis equation in this study are made
up of algebraic equations, the calculation time is
approximately 5 to 10 seconds per case. Using this
advantage of short computational time, the optimal design
was performed by utlizing the non-gradient based
method, Evolutionary optimization method. Despite
designing the compound helicopters performing the same
mission, different optimal design results were derived for
each concept as shown in Table 9 and A3.

3D modeling of design results was shown in Fig. 16. Tip-
jet gyroplane had a rotor radius smaller than the winged
helicopter. However, chord of the tip-jet gyroplane,
required to account for the internal duct in the rotor, was
designed larger than rotor of the winged helicopter. Also,
propellers of all concepts were designed to be the largest
size satisfying the geometry constraint; ground clearance.
For fan-in-body concept, it had the largest wing among all
three concepts for the way to generate the sufficient lift
during forward flight. Each concept had different TOGW as

Winged helicopter

*
—_— *

-
S
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Table 7: Results of Depsign Optimization (Standard)

Winged Tip-jet

helicopter  gyroplane Fan-in-body

Take-off gross 2844 2770 2846
weight [Ib]

Empty
weight [Ib] 1504 1379 1686
Fuel

weight [Ib] 739 788 558

Maximum 662 647 831

@ Cruise @ Cruise @ Transient

power [HP] 200 knots 200 knots 24 knots

Tip-jet gyroplane

well as different geometry. These different design results
derived from each concept can be summarized into two
main reasons. Firstly, different components in each aircraft
results a difference empty weight. Fig. 17 represents the
weight fraction for each concept. Winged helicopter
structure had the lowest empty weight portion among all
three concepts, being 32%, whereas its propulsion group
being the highest portion, 54%, of the empty weight. The
Winged helicopter rotor is an articulated rotor, and the
aspect ratio was designed within the boundary of the
aforementioned constraint given. With this, rotor weight
was predicted to be 22% lighter than tip-jet gyroplane
using a rigid rotor and an aspect ratio of 11. Furthermore,
since the wing of the winged helicopter is also designed to
be the smallest of all three concepts, the ratio of the
winged helicopter structure group was calculated to be the
smallest. However, largest transmission was sized for the
winged helicopter to equip with two types of transmissions
for the rotor and propeller, and the total transmission
weight turn out to be 250 Ib. Tip-jet gyroplane requires a
rigid rotor, internal ducts, and auxiliary compressors for
the tip-jet system, but do not require a transmission to
drive the rotor. Therefore, the empty weight of tip-jet
gyroplane was about 38% for structural group and 44% for
propulsion group. Finally, when comparing the maximum
required power, fan-in-body concept required the highest
831HP which is required for the additional drag during
transient flight. Therefore, the fan-in-body concept had the

heaviest engine designed at 564Ib.

Fan-in-body

Figure 16: 3D Modeling of Design Optimization Results (Standard)
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Winged helicopter
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Figure 17: Weight Fractions of Compound Helicopters (Standard)
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Figure 18: Fuel Weight and Consumption Rates at Mission Segments (Standard)

The second factor is due to the difference in the way each
concept performs its mission, which results in a difference
in the fuel consumption rate and the total fuel weight. Fig.
18 represents the amount of fuel and the fuel consumption
for each mission segments. Through this, winged
helicopter had the highest fuel consumption during take-
off, hover, landing and cruise segments. When performing
hover and axial flight, winged helicopter requires additional
power to offset the anti-torque generated by the rotor,
which accounts for 15% of the total power. Therefore,
during hover and axial flight, the required power was
higher than the tip-jet gyroplane. However, when
performing the conversion mission, the winged helicopter
controls the yawing moment using rudder and thereby
power to counteract the anti-torque is almost negligible.
Therefore, it consumed less fuel during forward flight when
compared to the hover and axial flight. The tip-jet

gyroplane calculated a similar fuel consumption rate when
performing the missions except for the cruise mission.
While performing low speed flight at 80knots, the lift
generated by the wing is insufficient, producing about 15%
of the total lift. This led to the tip-jet requiring similar
required power for most of the mission segment except for
the cruise. The fan-in-body concept, on the other hand,
required significantly less fuel when cruising compared to
other concepts, with a difference of up to 35%. This is due
to the fact that the fan-in-body concept performs the
mission much more efficiently than the two other concepts,
because it closes the fan and flies in the form of a fixed
wing aircraft during forward flight. In hover and axial flight,
however, a fan was used to generate lift, and this required
power was 49% higher than other concepts. Upon
reaching the required speed for the wing to generate
100% lift, it travels in the form of a fixed-wing aircraft.
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Therefore, when performing the conversion mission, it
travels in the form of fixed wing. Hence, fan-in-body
required the least fuel consumption rate and fuel among
the three concepts.

The prominent difference in the design results of each
concept were mainly due to the listed two factors. In order
to compare the results of the compound helicopter design,
optimal design was additionally performed by varying the
mission radius or by varying the hover and loiter time and
will be described in section 3.4.

3.4.Optimization Results (Variation : Case2-6)

In order to derive the mission profile suitable for each of
the three types of compound helicopter concept, the
optimal design was performed by varying the mission
radius or hover and loiter time based on the standard
mission baseline. This results are shown in Table A3 ~ A5.
Fig. 19 shows the aircraft TOGW when the mission range
increases up to 400nm based on the standard mission.
Since the fan-in-body concept performs forward flight in
the form of a fixed-wing aircraft, the required power in
forward flight is significantly smaller than other concepts.
An increase in mission range means that the percentile of
the forward flight for the entire mission is increased.
Therefore, the TOGW difference between the fan-in-body
concept and other two concepts took up to 13% when the
mission range increases 200nm to 400nm. This shows
that the fan-in-body concept is more appropriate concept
when performing long-range missions. However, when
hover and loiter time were increased, the opposite results
were obtained as illustrated in Fig. 20. The fan-in-body
concept uses the ducted fans to perform hovering, the fan
requires 72% additional power than the other concepts.
Subsequently, the amount required fuel also increases as
the hover time was increased, the maximum TOGW
difference between the other concepts was up to 16%.
Therefore, winged helicopter and tip-jet gyroplane are
seemingly the desirable concepts when carrying out short-
range mission with prolonged hover and loiter mission.

6000

Case 1(Standard) = Case2 mCase 3
5000 4838
4000

3607 a4g5 344

3000 2844 p77g 2846

2000

1000

Winged Tip-jet FIB Winged Tip-jet

FIB Winged Tip-jet FIB

Figure 18: Result of Design Optimization (Mission Range)
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Figure 20: Result of Design Optimization
(Hovering & Loiter Time)

4. CONCLUSION

This study developed a comprehensive conceptual design
tool for the three concepts, winged helicopter, tip-jet
gyroplane, and fan-in-body concept. This design tool has
the comparable analysis fidelity, while considering their
distinctive propulsion system at the conceptual design
phase. Utilizing the developed tool, the design
optimizations were conducted for six different mission
profile covering various flight range, hover and loiter time.
As a result of the design optimizations, the following
conclusions were drawn:

1) Fan-in-body concept is more appropriate concept
when performing long-range missions. Since the fan-
in-body concept carries out the cruise mission in the
form of a fixed-wing aircraft, the required power in the
cruise mission is noticeably smaller than other
concepts. In addition, the TOGW difference between
the fan-in-body concept and other two concepts was
13% at 400nm.

2) On the other hand, since the fan-in-body concept uses
the ducted fans to perform hovering, the winged
helicopter and the tip-jet gyroplane are seemingly the
desirable concepts when carrying out short-range
mission with prolonged hover and loiter mission. Also,
the TOGW difference between the fan-in-body and
other concepts was calculated up to 16%.

In the aircraft design, not only aerodynamic analysis but
also noise and structural stability analysis are important
factors. In the future, if the multidisciplinary design
considering noise and structural stability are carried out
utilizing the concept design tool of this study, it will be
possible to compare various compound helicopters from a
more realistic point of view.
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APPENDIX
Main Wing Position Calculation

Using the equation (Al) and (A2), main wing position
satisfying the static margin was calculated with the given
center of gravity position [24]. Since the shaft axis of the
rotor is located at the center of gravity, it was ignored
when calculating the static margin.

IhSe Cie, (1 ae>

(A1) I, = Static Margin — l. g = lyc + ~ %

CwSw Clows

(42) Ly, = lfuse =l

Page 12 of 14

Presented at 44th European Rotorcraft Forum, Delft, The Netherlands, 19-20 September, 2018
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2018 by author(s).



Paper 105

Empty Weight Estimation

Based on the reference [6], [25], and [26], the components
weight estimation were carried out. In addition, the engine
weight estimation was conducted utilizing the published
engine data of EASA.

Structure group
1) Fuselage (Winged, Tip-jet)
W = 0.0265TOGW %943 R%-654 for Winged, Tip-jet

h 0.072
W = 0.052 %241 %080 (1.5TOGW) 1771, <_lf ““’)

use
fuse

+Wpress  for FIB

2) Main Rotor
W =Wy, + Wyyp, + Wi for articulated rotor

0.94 N, ¢, RL75

W= Ktype(Wb + Whup + Wspin)r Ktype = m
for rigid rotor

Whtage = 0.02606 NO-6592 RL3371 09959 Vg;gsz 05505

Whup = 0.00372 Nl?'zis%'%BVt?ﬁgviZﬁ}gM(szade)o'551

Wipin = 7.386 (0.05 R,)?
3) Fan

0.92
P.
W = 9.035 N; g, Ny C*30RPM 045057 ( xlen
Nfan

4) Main wing

ARW )0.6

=0. 0.758 70.04 1 T 0.49 <—
W = 0.036 ST (LS TOGW)**? (5

100 t\*?
X (mE )
Horizontal tail wing
W = 0.7176 Syr AR%3173
Vertical tail wing
W = 1.046 S, ARD:2332
5) Duct
W = pauct Nauct Vauce
6) Landing gear
W =0.038TOGW

Propulsion group

1) Propeller

0.92
P
W =9.035 NpropN1;0'486RPM5,9(};’,59dg'r105p7 max,prop
Nprop

2) Engine

W= Wdry eng + Waccessories + Wexhaust

_——
SRF—>"
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TOGW>—0.01035

Witry eng = 9-227 Neng prgg)%ss( o

0.5919
Wdry>

eng

Waccessories = 29731\]{%1?9858 <

Wexhaust = Neng (0.006 Pmax)

3) Transmission

P limit 0.858
W — 196 xmsn,limt )
( RPM
4) Auxilpiary compressor

W = 0.25W,p,

System & Etc. group
1) Flight control

W = 0.5045 ¢25°(TOGW)0-6%°
for FIB

for Winged, Tip-jet
W =0.0168 TOGW

2) Hydrauilic & Electrical system
W = 0.1905 R, (Ppgy)®6t6
W = 0.045TOGW for FIB

for Winged, Tip-jet

3) Anti-Icing
W = 0.008 TOGW
4) Instruments
W = 0.000385 (TOGW)1321

5) Equipment
W = 0.00074 (TOGW)1298

Design Parameters and Variables

Table Al: Design Parameters of Compound Helicopters

Value
Winged : NACA 0012

Design parameters

Rotor Airfoil Tip-jet : NACA 0018

/ FIB : NACA 0012

Fan Winged : 5

Ny, Tip-jet: 4

FIB:4

Winged : NACA 2412

Wi Airfoil Tip-jet : NACA 2412

ing FIB : NACA 23012

¢ 15

. Airfoil NACA 2412

H-_tall 1 0.4
wing

A [deg] 15

Airfoil NACA 2412

. b [ft] 1.99

V-tail AR 15
wing

A 0.4

A [deg] 20
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Engine GE-T700
PR 5
Etc. Texit [°R] 1000
tduct [%] 0.1
Design
Payload [Ib] 600
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Table A4: Optimization Result of Tip-Jet Gyroplane

Table A2: Design Variables of Compound Helicopters

Concept D.V Design space
R, 63<R.<17.0
Winged cr 0.39 < ¢, < 1.07
. Viipr 403 < Vypr < 940
helicopter SR 051 <SR<1.0
TD 02<TDh<1.0
R, 75 <R, <211
¢ 050 <c <138
Tip-jet 6 84<6,<16
gyroplane Dyyct 0.3 < Dgyet < 1.7
PR 27<PR<63
Toxit 540 < Toyir < 1260
N, 2<N, <4
Fan Rean 1.87 <R, <4.35
in Cran 033 <¢, <0.77
body Viip,fan 245 < Vyp fan < 982
WL 10 < WL < 47
Orw —-13 <0y, <=5
Bincia 2 < Bincig < 21
LS 024<LS<1.0
AR, 2.84 < AR,, < 8.8
Aw 027 <A, <10
Common Ryrop 2.76 < Rprop < 644
Cprop 0.5 < cprop = 1.5
RPMpyop 500 < RPMp,,,, < 1800
TD 02<Th<10
b, 3.57 < b, <289
AR, 2.84 < AR, < 7.7

Optimization Results

Table A3: Optimization Result of Winged Helicopter

Optimized values of 6 cases

D.v 1 2 3 4 5 6
R, 111 128 101 105 115
Cr 0.80 0.87 079 082 0.8
6o 16.0 16.0 158 16.0 15.8
Bt -82 96 -85 90 -63
LS 029 036 031 036 0.29
Bincia 328 376 312 424 3.68
AR, 737 880 649 880 8.14
Aw 046 042 039 054 0.46
Rprop 332 381 302 312 341
Cprop 054 050 056 092 0.54
RPMpyop 1754 1702 1598 1800 1702
b, 519 424 589 367 3.67
AR, 451 496 522 458 264
Dauct 052 050 047 046 047
PR 536 565 479 472 493
Tonit 742 785 1096 1173 1015

Table A.5: Optimization Result of Fan-In-Body

Optimized values of 6 cases

D.v 1 2 3 4 5 6
Np fan 2 2 2 2 2 2
Rean 247 257 275 228 250 268
Cran 028 030 0.32 0.27 030 0.32
Viip,fan 942 942 942 942 942 942
WL 453 428 46.6 428 453 46.8
Bincia 16 16 16 16 16 16
AR,, 7.6 6.8 7.5 6.8 7.2 6.9
Aw 0.72 0.72 071 0.67 0.72 0.72
Rprop 254 264 284 234 254 273
Cprop 0.5 05 062 0.76 0.5 0.5
RPMpop, | 1800 1800 1800 1800 1800 1800
b, 843 11.3 113 103 9.7 122
AR, 5. 6.9 7.6 7.5 6.3 7.7

D.V

Optimized values of 6 cases

1 2 3 4 5 6

R, 942 993 117 987 943 983
¢ 059 064 078 0.62 060 062
Viipyr 597 607 597 607 597 597
B -11. 80 91 -90 -86  -10
SR 10 10 1.0 10 1.0 1.0
LS 057 049 051 0.64 055 0.60
Omeia | 150 179 164 166 184 196
AR, | 658 662 662 3.83 617 6.17
A 041 041 033 044 038 046
Ryrop | 282 298 351 292 281 2091
Corop | 050 050 052 052 050 050
RPM,,,, | 1800 1780 1494 1784 1800 1800
D 0.80 0.79 080 0.78 0.77 0.73
by 357 357 357 357 357 357
AR, | 464 419 368 6.00 560 547
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