Nov. 2020

Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 37 No. S

Performance Analysis of Slowed Rotor Compound Helicopter

SHAH Suman, HAN Dong , YANG Kelong

College of Aerospace Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, P. R. China

(Received 20 July 2020; revised 5 September 2020; accepted 18 September 2020)

Abstract: The performance of slowed-rotor compound aircraft, particularly at high-speed flight condition, is

examined. The forward flight performance calculation model of the composite helicopter is established, and the

appropriate wing and propeller parameters are determined. The predicted performance of isolated propeller, wing and

rotor combination is examined. Three kinds of tip speed and a range of load share setting are investigated. Propeller

bearing 80% of the thrust with wing sharing lift is found to be the best condition to have better performance and the

maximum L/D for maximum forward speed. Detailed rotor, propeller, and wing performance are examined for sea

level, 1 000 m, and 2 000 m cruise altitude. Rotor, propeller, and wing power are found to be largely from profile

drag, except at low speed where the wing is near stall. Increased elevation offloads lift from the rotor to the wing,

dropping the total power required and increasing the maximum speed limit over 400 km/h.
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0 Introduction

Since time immemorial, humankind has been
dreaming of flying with unconstrained {reedom to-
gether with full motion control. The helicopter, as it
is currently known, is by far the flying vehicle that
more closely satisfies that demand due to its inher-
ent flying characteristics—its ability to take-off and
land vertically, and to hover for extended periods,
as well as its handling properties under low airspeed
conditions. This idea is patent in the following cita-
tion from Igor Sikorsky, “The helicopter approach-
es closer than any other (vehicle) to the fulfillment
of mankind’ s ancient dreams of the flying horse and
the magic carpet.”

Compared with fixed-wing aircraft, helicopters
display the characteristics of vertical lifting, low-alti-
tude hovering and high maneuverability at low
speeds, which makes the helicopters play an irre-
placeable role in various fields of military and civil-
ian use, such as search and rescue, and military ap-

plications. However, its speed, range, and ceiling

*Corresponding author, E-mail address: donghan@nuaa.edu.cn.

Article ID: 1005-1120(2020) S-0009-09

are not as good as fixed-wing aircraft. The maxi-
mum forward speed of conventional helicopters can
only reach about 300 km/h, which is far from meet-
ing its performance requirements. The pursuit of
high speed, longrange, and a high ceiling has be-
come an inevitable trend in the future development
of helicopters.

A compound helicopter complements the sup-
plementary lifting and/or thrusting device, which al-
lows the main rotor to relieve both lift and propul-
sion requirements in forwarding flight. Additional
thrust and auxiliary control surfaces also acquaint
with redundant controls which along with the de-
creased loading, allow trimming of the rotor to im-
prove performance and enlarge the mission envelope
while upholding tolerable hover performance. How-
ever, these beneflits must be balanced against the
added weight, mechanical difficulty, and aerody-
namic interference of the additional components.
Currently, much work has been engrossed on tilt-ro-
tor aircraft; both military and civilian tilt rotors. But

other configurations may provide analogous benefits
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to tilt rotors in terms of range and speed. A down-
side is that the rotor must be slowed at high speed to
lighten compressibility and drag divergence effects
on the advancing side.

There are numerous examples of helicopter
that contained some thrust and/or lift compounding
as shown in Ref.[ 1], which provides valuable infor-
mation about the competences and restrictions of
compound configurations. Also, the operational ben-
efits of a compound configuration versus other high-
speed concepts are discussed. There have also been
numerous design studies exploring the performance
of compound helicopters™*®. However, these gener-
ally focused on restricted flight conditions or used
simplified analysis models, but none estimated the
blade loads.

Refs.[ 2-3] used CAMRAD 11 software to ana-
lyze the aerodynamic characteristics of the high-
speed helicopter. The parameters, such as the lift-
to-drag ratio and other performance changes, were
used to determine the optimum torque, tip speed,
and other parameters such as growth in the efficien-
cy of the wing. Ref.[4] pointed out that the rotor
plused the combination of the wings could signifi-
cantly increase the lift-to-drag ratio of the rotor sys-
tem and the low-speed rotor could reduce the power
required by the helicopter. Refs.[5-6] used a multi-
fidelity approach with the NASA design and analy-
sis of rotorcraft code (NDARC) and CAMRAD 11
to design and study the performance of different
compound helicopter configurations. Ref.[ 7] investi-
gated the use of redundant controls on a compound-
ed UH-60A-like helicopter to improve performance
at a high airspeed condition. Ref.[8] investigated
the decrease in fixed frame vibratory loads when
supporting thrust, lift, and terminated controls
were applied.

This paper is to investigate the limiting perfor-
mance and loads of a single main rotor compound
configuration using the UH-60A helicopter as the re-
search object, validate the compound form with
wing and propeller, determine the influence of lift
and thrust distribution on the total power and lift-to-
drag ratio of the helicopter, and then explore the ad-

vantages of adding the wing and propeller to im-

prove the flight performance of the helicopter.

1 Modeling

The modeling method in Ref.[ 9] based on the
blade element theory establishes the rotor model.
The blade adopts the rigid beam model with the flap-
ping hinge extension. The Mach number and the an-
gle of attack of the position of the blade element,
and the airfoil parameter table of the wing type are
obtained. The aerodynamics of its profile and the ro-
tor induced velocity are calculated using the Pitt-Pe-
ters dynamic inflow model"’. The flapping motion
affects the aerodynamic and moment calculations.
According to the balance of the moment of inertia
force, gravity and aerodynamic force on the swing
hinge, the swing response is obtained by iterative
convergence, and then the force and torque on the
rotor are calculated. At any point, the flapping re-
sponse is calculated using Wayne Johnson’s empiri-
cal method . The fuselage is treated as a rigid
body with specified aerodynamic force and moment.
For simplicity, the thrust of tail rotor is determined

by the main rotor torque( Qux)

_ Qu

ZTR

Trr (1)

where /i 1s the distance between the tail rotor hub
and the center of gravity of the helicopter in the -
axis direction of the body axis system. The power
required and collective pitch of tail rotor are deter-
mined by blade element theory with uniform inflow.
The addition of a propeller has been taken into ac-
count in the force summation by adding a horizontal
force in the opposite direction and it is proportional
to the aircraft airframe drag. The momentum theory
is used to solve the propeller induction speed, as-
suming that the airflow is an incompressible ideal
gas, and the tension generated by the blade is even-
ly distributed. The schematic diagram of the flow
through the propeller blade is shown in Fig.1. V, is
the forward speed of the helicopter. Due to the slip-
stream, the axial velocity component is increased to
V., and the circumferential velocity component is
reduced to V, due to the rotation of the airflow in-

[12]

duced by the rotation of the propeller-'*".
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Fig.1 Air flow through propeller

The aerodynamic and torque calculations for
the wing'™ , here to simplify the model, assume
that the yaw aileron deflection angle is 0, only con-
sider the lift-drag generated by the wing, and the
forward airflow speed from the far side. The flow
velocity and the induced velocity of the rotor on the
wing are superimposed and decomposed along the
body axis. Look-up table airfoil aerodynamics is
used to calculate the lift coefficient C,(a, Ma ) and
drag coefficient C,(a, Ma) of the blade element ac-
cording to the local resultant air flow and angle of at-
tack, where Ma is Mach number and a the angle of
attack.

For the given pitch control and rotor shaft alti-
tude angle, the periodic response of the rotor in
steady forward flight can be obtained for a pre-
scribed forward speed. The hub force and the mo-
ment of main rotor are balanced by the force and mo-
ment acting on fuselage, tail rotor, propeller and
wing. The force and moment on the fuselage are de-
termined by the flight state and altitude angle. The

thrust and power of the tail rotor are derived from

Pitch angle

|

Convergence

the rotor torque and flight state. These force and

moment components constitute the equilibrium

equations of the helicopter

W —Tuy—Tw=0 (2)

D4+ Huw+Dy— Tyl:— Ty =20 (3)
Yue + Tox + Targr =0 (4)

Mo+ W (hs — 20)— hD=0  (5)
Mox + W (h¢e — ye) T Trrhe — Qr =0 (6)
Qur — Tl =0 (7)

where Tyg, h, Hur, Mg, Qur and M g are the
rotor thrust, drag force, side force, pitching mo-
ment, rotor torque and rolling moment. D is the fu-
selage drag. Ty, and Dy are the wing thrust and the
wing drag. W is the weight of helicopter. xcq, yee,
and & are the longitudinal, lateral, and vertical dis-
tance from center of mass to rotor hub center. Oy,
and ¢y are the pitch angle and the roll angle of fuse-
lage. Trg,lrx and hrg are the tail rotor thrust, the
longitudinal and the vertical distance between the
center of gravity and the hub of tail rotor. T and Qp
are the propeller thrust and the propeller torque. Af-
ter several iterations of the periodic rotor responses
and solutions of the equilibrium equations, the con-
verged or trimmed pitch controls and rotor attitude
can be obtained. The flowchart of the performance

prediction method is shown in Fig.2.

Power required

Newton-raphson

Tail rotor Tail rotor forces method
model and moments
Distribution quilibrium
Initilization Fuse(lla%e Fuselage forces plan equation
mode
Rigid blade and moments
Main rotor Airfoil Flatgfimg Main rotor forces
model aerodynamics [~ Static and moments
response
Induced
Propeller forces velocity model Propeller i Th;;ust
and moments model istribution
Wing forces Wing ~ Lift
and moments model distribution

Fig.2 Trim initialization flowchart
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2 Validation

The flight test data of the UH-60A helicopter
is utilized to validate the model used in the paper.
The parameters of the main and tail rotor are listed
in Table 1"/, For the performance analysis, only
the aerodynamic drag force is considered in fuselage
model. The fuselage drag equation utilized in the

present analysis is '*’

%(ftz):35.83+0.016 X (1.66a?) (8)

where D is the fuselage drag, ¢ the dynamic pres-
sure and a, the aircraft pitch angle. The distance of
the tail rotor to the rotor shaft is 9.93 m. The verti-
cal distance from the center of mass of the helicopter
to the rotor hub is 1.78 m. The comparison of the
prediction of the rotor power with the flight test data
for the take-off weight coefficient (Cy) 0.006 5,
0.007 4, 0.008 3, and 0.009 1 are shown in Fig. 3.
It is obvious that the predictions of the present meth-
od are generally in good arrangement with the flight
test for the weight considered. This proves that the
present method is reasonable for helicopter perfor-
mance analysis. This model has been used for dy-
namic blade twist on rotor performance'”’. The

weight coefficient expression is
w

Cyw=—7= 9

Y omRM )

In order to verify whether the propeller aerody-

Table 1 Parameter of the main and tail rotor* "

Parameter Rotor Tail Rotor  Propeller
Radius/m 8.18 1.68 1.65
0y/(rades™) 27.0 124 188
Blade chord
0.527 0.247 0.2
length/m
Blade twist/(°) Nonlinear —18 —18
o SC1095/  NACA-
Blade airfoil CLARKY-Y
SC1094R8 0012
Number of blades 4 4 8
Flap hinge offset/m 0.381 — —
Blade mass per unit
13.9 — —
length/(kgem™")
Longitudinal shaft 5

tilt/ (%)

3000

2500

Power / kW
—_ [\
W [
[ (=1
f=] (=)

1000

500

0 50 100 150 200 250 300
Speed / (km * h™)

Cy=0.006 5 Prediction o C,=0.0065 Test
—Cy=0.007 4 Prediction o Cy=0.007 4 Test
- - C,=0.008 3 Prediction - Cy=0.008 3 Test
---Cy=0.009 1 Prediction + Cy=0.009 1 Test

Fig.3 Comparison of calculated data and test data

namic model can be used to calculate the propeller
thrust and power, the numerical model is used to
calculate thrust coefficient, power coefficient and ef-
ficiency of the propeller in Ref.[12], and compared
with the wind tunnel test results "', As the propeller
airfoil is Clark-Y type, there is a airfoil parameter ta-
ble, and the empirical formula fitted by profile soft-
ware is used to simulate the curve of the propeller
thrust coefficient(Cy) and the power coefficient(Cy)
to the forward ratio (V/nD) , where V is the for
ward speed, n the rotational speed of propeller, and
D the diameter of propeller, as shown in Fig.4. The

parameters for propeller are shown in Table 1.

0.14
0.12f

-=- C,; Prediction
0.04F + Cr Test
-=- C, Prediction

0.021 C, Test
0002705 06 07 08 09 10 L1 12
VinD
Fig.4 Comparison of calculated data and test data for pro-
peller
3 Results

3.1 With propeller

The helicopter weight coefficient is 0.006 5,
the propeller installation angle varying from 63° at

root and 23° at tip. The total power P is the sum of
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the rotor required power Pyy, the tail rotor required
power P and the propeller required power Pp,
namely
P=Puyx+ P+ P» (10)
The total power is also increased due to the in-
crease of the propeller power. The propeller power
increases slightly at the medium and low speeds,
but the change is small. At high speed, the power
required by the propeller is increased depending on
the percentage engagement of the propeller. If pro-
peller thrust used is decreases, the required main ro-
tor power is increased significantly. So, from a wise
trade-off of 80% propeller thrust is worthy, as
shown in Fig.5. There is no significant change in the
rotor power because of propeller radius(R;) , but to-
tal power increases with the increase of the propeller
radius, because the required power of propeller in-
creases. At medium and low speeds, the addition of
the propeller device dramatically increases the total
power of the helicopter. At this time, the propeller
is not conducive to improve the flight performance
of the helicopter. At high speed (speed exceeding
180 km/h) , the total power decreases to some ex-
tent, but the change is not apparent. From Fig.6,
when the propeller radius is less than 1.65 m, the to-
tal power is closer to the baseline value at lower
speed. As the radius further decreases, the total
power may decrease. However, if the propeller
speed 1s too low, it may cause the propeller to fail
to provide enough thrust as the effective area of the

disc decreases. The minimum value is obtained at

2000

1500

1000

500

Rotor/tail power required / kW

055700 150 200 250 300 350

Speed / (km * h'')
—=— Baseline —o- 40% propeller, 60% rotor
~o-50% propeller, 50% rotor — 60% propeller, 40% rotor
-+ 70% propeller, 30% rotor 80% propeller, 20% rotor
- 90% propeller, 10% rotor -+ 100% propeller, 0% rotor

Fig.5 Rotor power vs speed at 90% 0y

1.5 m. When the rotational speed increases, the to-
tal power increases. Thus, for a trade-off of 1.65 m
is an excellent optimal value for propeller radius. It

can be further observed from Fig.7 that at at propel-

ler rotational speed 2,=~200 rad/s, the maximum
L/D ratio is close to baseline curve, so there is no
performance improvement at speeds of more than
188 rad/s, but further decrease of rotational speed
of propeller may also lead to failure of propeller to

provide enough thrust for forward flight.

3000
-e— Baseline
- R,=15m
- R,=1.6m
-+ R,=1.65m
2000 < R,=17m
<+ R,=1.8m

1500,

2500 -

1000

Total power required / kW

0055700 150 200 250 300 330 400

Speed / (km « h™)

Fig.6 Total power vs speed at 90% 2y for 80% propeller
and 20% rotor thrust at 188 rad/s
555
50
451
401
< 350 ,
3 30 - Baseline
25 —— Q,=175 rad/s
2.0 - Q,= 180 rad/s
15 - Q,= 188 rad/s
1’ ; — Q,= 185 rad/s
05 - ©,=200 rad/s
0350100 150 200 250 300 350 400
Speed / (km « h™)
Fig.7 L/D vs speed at 90% 2 for 80% propeller and 20%

rotor thrust

3.2 With wing

In the flight performance calculation model,
the lift resistance provided by the wing is deter-
mined by the given wing installation angle. Fig. 8
shows the total power variation with forward flight
speed at five installation angles (¢y) when the heli-
copter weight coefficient is 0.006 5, and the flight
altitude is O m.

P=Pyz+ P (11)

In Eq.(11), the wing drag is balanced by the

rotor thrust, so the required power Py of the wing
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2000f o e
1800 —= #y=10°
gy = 13°
ey =15°

Total power required / kW
=
(=
(=]

S0 100 150 200 250 300
Speed / (km * h™)
Fig.8 Total power vs speed at 90% Q2

is included in the rotor power. At low speeds, the
addition of the wing increases the total power of the
helicopter, and the smaller the installation angle is,
the greater the total power will increase. When the
speed increases to 100—200 km/h, the total power
is reduced. With a mounting angle of 15° and 20°,
the total power is smaller than the total base power.
As the forward speed continues to increase, the to-
tal power continues to increase, exceeding the total
reference power. Because of the addition of wing,
the maximum flight speed decreases as the drag in-
creases, and it is the minimum when the mounting
angle 1s 20° and the maximum when the mounting
angle is 10°.

It can be seen that in the medium speed range
between 80 km/h and 260 km/h, the wing increas-
es the lift-to-drag ratio of the helicopter. When the
wing takes a larger aspect ratio (AR), the helicop-
ter’ s maximum L/D is relatively less, as shown in
Fig.9. At the lower speeds, the addition of the wing
is not conducive to improve the flight performance
of the helicopter. There is a significant increase in L/

D up to 40% and a decrease in required power down
by 10%—15%.

L/D
w

—=— Baseline
-~ AR=4
-~ AR=35
-+ AR=6

50 100 150 200 250 300
Speed / (km « h™)

Fig.9 L/D vs speed at 90% 2y, ¢yw=—13°

3.3 With propeller and wing

In the above sections, the changes of helicopter
power and lift-to-drag ratio when propeller and wing
separately installed ate studied. This section deter-
mines the wing and propeller compounded helicop-
ter by comparing the increase and decrease of power
and liftto-drag ratio and their impact on flight per-
formance. The previous papers have proved that the
take-off weight and the flying height have a signifi-
cant influence on the change of the total required
power and the helicopter lift-to-drag ratio. As can be
seen that the addition of wing and propeller increas-
es the total power of the helicopter at low speeds
(<C 130 km/h). At this time, conversion to a com-
pound helicopter is not conducive to improve the
flight performance of the helicopter. As the speed
further increases, there is a vast reduction in total
Cy =0.0065. At speeds
180 km/h and 210 km/h where L/D is maximum,

the reduction in power is 20% and 26 % respective-

power for between

ly, as shown in Fig.10. When the speed further in-
creases, the reduction continues to 35% at the

speed of 280 km/h at 90% Q.

30
20
10

- 100% 2,
- 95% O,
——90% 9,

Total power reduction / %

50 100 150 200 250 300
Speed / (km * h™)

Fig.10 Power reduction vs speed at Cy = 0.006 5

Compared with the change of total power, the
increase of liftto-drag ratio corresponds to the
changing trend. The increase in L/D is continuous
above the speed of 130 km/h where the trend fur-
ther seeks height with decreasing rotor speed. In-
crease in L/D ratio is a maximum of 51% for 90%
0y at the highest forward speed of 280 km/h. In the
region of the maximum L/D, the change is ob-

served by 30% in Fig.11.
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sob = 100% 2,
- 95% @,
- 90% 9,

40}

L/D change / %
[
S

Treal g i i .

Y50 101 150 200 250 300
Speed / (km « h™)

Fig.11 L/D change vs speed at Cy, = 0.006 5

At low speed, the total power trend is above
the baseline for all the heights as parasitic drag and
profile drag are higher. However, as the speed in-
creases, the required power decreases and comes to
the minimum value at speed of 160—210 km/h.
The trend increases again with the speed but is still
lower than baseline, 1. e. without propeller and
wing. The curve is almost the same for H—=0 m and
H =1 000 m as there is not significant decrease in
air density. However, at H=2 000 m there is a seri-
ous decrease in air density because of which parasit-
ic drag and profile drag decrease and lead to a de-
crease in power required by helicopter to fly and
could trim to a maximum speed of 400 km/h, as ob-
served in Fig.12. The reduction in power required at
H=2 000 m can be observed by 23% at the speed
of 320 km/h.

3000

Total power required / kW
e S
(=] W (=] W
(=3 (=3 (=3 (=3
S O (=) S

0055100 150 200 250 300 350 400

Speed / (km * h™)
-=- H=0m No prop+wing -=- H=0m With prop+wing
-~ H=1000 m With proptwing -e- H=1 000 m With prop+wing
- H=2 000 m With prop+wing - H=2 000 m With prop+twing

Fig.12 Total power vs speed at 90% 2y at Cy = 0.006 5

The impact of helicopter take-off weight on per-
formance improvement when adding wing and pro-
peller is shown in Fig.13. Take 90% of the rotor

speed and the degree of reduction when the weight

coefficients are 0.006 5, 0.007 4 and 0.008 3. At
low speeds, the addition of wing and propeller in-
creases the total helicopter power. Under the lower
weight coefficient, the required power reduction is
the largest. When the weight coefficients are 0.006 5,
0.007 4 and 0.008 3, the maximum power saving
speeds are 280, 280, 310 km/h respectively, which
are reduced by 35%, 35% and 39% , respectively,
as shown in Fig.13.

20

= C,=0.006 5
= C,=0.007 4
—C,=0.008 3

Total power reduction / %
I
S

4050100 150 200 250 300 350
Speed / (km * h™)
Fig.13  Total power reduction vs speed at 90 % 2y

4 Conclusions

The UH-60A helicopter is taken as the re-
search object. By constructing the rotor model, fuse-
lage model and tail rotor model, the flight dynamics
model of the helicopter is established, and its cor-
rectness is verified. On this basis, the aerodynamic
model of the propeller is introduced, and a forward
flight trim model of the compound helicopter is con-
structed by the dynamic model of the wing to calcu-
late the forward flight performance of the helicopter.
The following conclusions are obtained:

(1) The thrust provided by the propeller is
mainly used to balance the drag of the fuselage. The
helicopter has better performance when 80% of
thrust is shared by the propeller. I./D has a higher
value at a lower radius, but there is a limitation for
the minimum radius. The propeller can increase the
maximum forward speed of the helicopter.

(2) The total power of the helicopter is re-
duced as the installation angle of the wing increases
but the maximum speed of flight decreases. The L/
D ratio decreases when the wing takes a larger as-
pect ratio but is higher than the reference helicopter.

The larger the wing area is, the better the perfor-
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mance of the rotor will be improved, but the drag is
also increased accordingly.

(3) Use of a wing only decreases the maxi-
mum speed of a helicopter so a propeller is required
to increase the thrust.

(4) The wing and propeller can be further un-
loaded to improve the flight performance of the high-
speed forward flight, and it has a better effect on re-
ducing the total power, increasing the helicopter’ s
lift-to-drag ratio and improving the helicopter’ s
maximum forward speed.

(5) Increase in L/D is maximum when the
speed of the main rotor is decreased. At 90% (2x,
the L/D increment (more than 50% ) and the total
power reduction (more than 30%) are maximum.
Further reduction in rotor speed may cause rotor in-
efficient.

(6) Higher altitude results in shift of maximum
flying speed to 400 km/h with reduction in required
power by 23% at 2 000 m above sea level.

(7) Decrease in weight coefficient reduces the
required power by helicopter at slower rotor condi-
tion (90% 2) but larger weight coefficient can fly
at the speed of 310 km/h at sea level.
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(P R MUK RAE L 2B, B AT 210016, )

B EMATEZ2RILAX TR EIR ALK THRERE, 23T AKX AIFAAT ek ag it F A4
B LR T SEGME e R A, FEAE WE IR ASGEAREETT RN, LT 3HRAY
bR R E A BT oA ERAN, AR RN A F I ALE S Ae Sy, A gk Kk E AT kOB AR AR AT g
ARk, HETAESEF®H.1000m 2000 m FHE KA &L Bk R I EG L, BT AKE
KATKRAEAMEBEREN,AE BARPNEZG DI IR R AR, TS50 w5 eI #4583
HE BT BOERSE HERKXCATREMLTT 400 km/h,
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