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Abstract; It is important to quickly predict the hover performance of main and tail rotors with sufficient

precision for helicopter design. To investigate the effects of swirl velocities on the hover performance of main

and tail rotors, and give a better prediction for the hover performance, a flight performance model was derived

and a swirl velocity model was coupled into it. The test data of the UH-60A helicopter were used for valida-

tion. When the blade loading coefficient of the main rotor was higher than 0. 05, the effects of the swirl veloci-

ties on the main rotor power became significant. The swirl velocities increased the profile torque of the main

rotor. The increased torque required the tail rotor to produce more thrust with more power consumption. At a

higher blade loading coefficient of the main rotor of 0. 12, the swirl'velocities increased the main rotor power,

tail rotor power and total power by 3.80%, 5.24% and 5. 08% , respectively. The profile power increase of

the main rotor caused by the profile swirl velocity was less than thatof the induced swirl velocity, but the pow-

er increase was higher at high rotor blade loadings. Considering the swirl velocities in the main rotor can im-

prove the prediction precision of the hover performance. especially at high blade loadings.
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Fast predict the hover performance-of main
and tail rotors with sufficient precision is impor-
tant for helicopter design. Many methods have
been used to predict the hover performance,
such as momentum theory (MT), computational
fluid dynamics (CFD) and blade element theory
(BET). The MT provides a preliminary evalua-
tion of hover performance. The CFD can better
predict the rotor performance with a high num-
ber of computing resources. The BET is a prac-
tical approach for the rotor design and perform-
ance prediction, which can balance the prediction
precision and computing time. However, the
performance prediction method based on the

BET is usually simplified, which results in a
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higher difference between the prediction and the
flight test data™™. For example, the BET usu-
ally considers the axial induced inflow while o-
mits the swirl velocities over the rotor disk. The
swirl velocities are usually considered in per-
formance prediction of propellers and propro-
tors, which usually operates at high blade load-

5] To better predict the hover per-

ing state
formance by the BET, it is necessary to explore
the effect of the swirl velocities on the perform-
ance of the main and tail rotors, especially at
high blade loadings.

Johnson'™ derived an approximate relation
between the swirl velocities and the main rotor

power at low thrust. The derivation was based
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on the conservation of energy and angular mo-
mentum. The analysis indicated that the rotor
induced torque and profile torque could induce an
induced swirl velocity and a profile swirl veloci-
ty. The induced swirl velocity and profile swirl
velocity constituted the swirl velocities. The
power increase of the main rotor was less than
1. 0% at low thrust caused by the swirl veloci-
ties. Lucas'” considered the induced swirl veloc-
ity in a coaxial rotor model based on the BET.
The swirl velocity contributed to a 2.1% in-
crease of the total power at a low take-off weight
of 7942.5kg. Stahlhut and Leishman™' consid-
ered the induced swirl velocity in a proprotor
athigh-speed flight. The operation state of the
proprotor was similar to a propeller (i. e. the
proprotor operated in an axial inflow state). At
high advance ratios, the induced swirl velocity
was critical to better predict performance. Mo~

1 analyzed the rotor perform-

darres and Peters™
ance in hover and axial flight by a compact MT
with induced swirl velocity. The analysis was
based on an actuator-disk model. The figure of
merit () reduction caused by the induced swirl
velocity was less than 0. 6% when the thrust co-
efficient was lower than 0. 05. In reviewing the
literatures, most studies mainly investigate the
effects of the induced swirl velocity on the main
rotor performance at low thrust.

In this work, a prediction model of the
flight performance for a helicopter is derived.
The prediction model is validated by the flight
test data of a UH-60A helicopter. A swirl veloc-
ities model is also derived and coupled into the
prediction model of the flight performance,
which considers the profile swirl velocity on the
hover. The effects of the swirl velocities on the
hover performance of the main and tail rotors are
investigated, especially at high blade loadings.
The potential of considering the swirl velocities
for improving prediction precision of the rotor

performance by the BET is also investigated.

1 Flight performance modeling

In this section, a flight performance model

for hover and forward is derived. And a swirl
velocity model (derived in section 3) will be cou-
pled into the flight performance model.

The flight performance model includes a main
rotor model, a tail rotor model and a fuselage mod-
el. To reduce the effect of elastic deformation of
main rotor blade on the induced velocities, the blade
is modeled as a rigid beam with a hinge offset and a
hinge spring. Peters,et al. """ dynamic inflow model
is utilized to predict the induced velocity over the
main rotor disk. The lift coefficient C; and drag coef-
ficient Cy of blade airfoil segments are interpolated
from nonlinear lookup tables, which can consider the
compressibility effects of the blade airfoil segments.
As shown in Fig. 1, the lift L and drag D on an air-
foil segment are

JdL ~ S pU*eCdr

(D

ldD = %pUchddr

Where, pis the air density, ¢ is the chord length

of the airfoil segment, r is the radial location of

the airfoil segment of the main rotor blade, and
U is the resultant velocity given by

U= JU+U? (2)

Where, U, is the out-of-plane velocity normal to

the main rotor disk, and U, is the in-plane veloc-
ity parallel to the main rotor disk.

Resolving the lift and drag perpendicular
and parallel to the main rotor disk plane gives:

dF, =— (dLsin¢ + dDcos ¢)
JdFy =0 (3
lsz = dLcos ¢ — dDsin ¢
Where, ¢ is the inflow angle which is the differ-
ence between the pitch angle 0 and angle of at-
tack (AoA) a.

Transforming the dF,. dF, and dF. to the
main rotor shaft coordinate frame (denoted by a
superscript “s”), the components of the aerody-
namic forces are

JdFj = dF.sinfBcos¢ — dF,sing
dF; =— dF.sinfsing — dF,cos¢ (4)
1dF§ = dF.cosf
Where, B is the flapping angle of the blade, and
¢ is the azimuth angle of blade.
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Fig. 1

By integrating these forces along the radial

Airfoil
segment

Forces on airfoil segment of blade in coordinate frame of main rotor

pitch moment M, ,, of the main rotor are

direction of the blade first, and then the azimuth N, [~ [R
Qu = — rdF,d¢g
direction, the thrust T,,, drag H,, and side Zmto Je
force Y, of the main rotor can be obtained by M, = JZ\T—I’JZKJerF:sim/;dg[; (6)
2x (R wJo Js
= g e
2ncdo Jo M, .. =— > )J J rdF_cos¢dg
o Je
N’ 2x R .
H,. = Z;Jo L (dF,sing + dF,cos¢)dg The tail rotor thrust is obtained by integra-
N, [ (R . ting the forces and of the airfoils along the radial
Yo = ZTJO J(‘ (= dF.cosg+ dF,sing)dg direction of the blade first and then the azimuth
(5) direction. The fuselage is considered as a rigid
Where, N, is the number of the main rotor body with aerodynamic forces and moments.

blades, e is the flapping hinge offset, and R is

the main rotor radius.

The torque Q,., roll moment M, .+ and

>F, =0
DIF, =0
DIFi=0
M, =
>IM, =0
DIM. =0

Where, Dy is the fuselage drag. 0 is the fuselage
pitch angle. T is the tail rotor thrust. ¢ is the
fuselage roll angle. W is the take-off weight. A
is the vertical distance from the gravity center of

the helicopter to the main rotor hub, and A, is

(a) Longitudinal forces and moments

& Center of mass

These forces and moments acting on a helicopter

are shown in Fig. 2 at a forward speed V', which

constitutes the helicopter equilibrium equations™! .

Df + Hmr - Tmrﬁf —
Ymr + Tlr + Tmr ¢f =
W — Tmr =0

D)
M,zymr _’_le +W(h¢f 7ycg)+ Tlrhlr - O
My + M, +W (hl; — 2,)— Dih = 0

er - Ttrltr

& Center of mass

(b) Lateral forces and moments

Fig. 2 Forces and moments acting on a helicopter

the vertical distance from the gravity center of

the helicopter to the tail rotor hub. M, and M,

are the roll and pitch moment of fuselage. xa.,
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and y, are the longitudinal and lateral distances
from the gravity center of the helicopter to the
main rotor hub. [/, is the longitudinal distance
from the tail rotor hub to the main rotor hub.
More details of the flight performance modeling
can refer to Refs. [12-14].

2 Validation

The flight data of a UH-60A helicopter''* !
are utilized to validate the flight performance
model. The parameters of the helicopter are given
in Table 1 and Table 28718,
quation from Ref. [15] is utilized in this work:

D _ 35.83+0.016 X (1.666)
q

The fuselage drag e-

(8)

Where, ¢ is the dynamic pressure.

Fig. 3 shows the comparison of the main and
tail rotors power between the predictions and the
flight test data. The predictions by the present
model are generally in good agreement with the
flight test data at the take-off weight coefficients
(C,) of 0.0074 and 0. 008 3.

Main rotor power coefficent

— Prediction
- O Test

800 1 1 1 1 1
0 50 100 150 200 250 300
Avance ratio
(@) Main rotor power coefficient, C =0.0074
2 2500 - - Prediction 7
§ o Test f
% @
S Ff,
5 2000~ .
= \\ ’
=4 \ A
g R A o’
51500 F - >
R= e .
S ~O il
= "~ ~E1 & E a t
1000 1 1 1 1 1
0 50 100 150 200 250 300

Avance ratio
(b) Main rotor power coefficient, C_=0.0083

. 25
Table 1 Main rotor parameters i
3 20 — Prediction
Parameter Values and description 8 ’ O Test
L)
Main rotor radius/m 8.178 § L5
o)
Root cutout/m 1. 066 é 1.0k
Flap hinge offset/ 0. 3817 g
ap hinge offset/m g 05t
Number of blades 4 E
Main rotor speed/(rad/s) 2770 0 0.1 0.2 0.3 0.4
, . Avance ratio
Blade chord length/m Nonlinear (c) Tail rotor power coefficient, C =0.0074
Blade twist/(®) Nonlinear
Airfoil SC 1095/SC 1094 R8 . 30
=)
— o P - 1
Blade mass/(kg/m) 13.9 225 Prediction
3 o Test
% 20,
Table 2 Tail rotor parameters 3 15 \\ ° oo o
2 N o
Parameter Values and description = 1.0F s &
5 .. o,
. . 8 u . ’/
Tail rotor radius/m 1. 6764 Z05r R
<
Number of blades 4 & ! L L
0 0.1 0.2 0.3 0.4
Tail rotor speed/(rad/s) 124. 62 Avance ratio
) (d) Tail rotor power coefficient, C_=0.0083
Tail rotor blade chord/m 0.2469
Tail rotor blade twist/(%) 13 Fig. 3 Comparisons of the main and tail rotors power

Airfoil

SC 1095

between the predictions and flight test data
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3 Swirl velocities modeling in hover

The modeling of the swirl velocities can re-
fer to Ref.[19]. The rotor torque Q consists of
the induced component Q; and the profile compo-
nent Q,. The conservation of the angular mo-
mentum gives the relation between the rotor
torque and the swirl velocities u as

dQ = dQ + dQ, = pviurdA 9
Where, v; is the axial induced velocity, u is swirl
velocity, and dA is the area of an annulus of the
rotor disk.

The induced torque dQ; can be expressed as

dPi
0

Where, Q is rotor velocity. P; is rotor induced

dQ; = (10)

power. The relation between P; and the swirl
velocity u is derived from the conservation of en-

ergy as
dP, = ApvdA+ LpvatdA (1)

Where, Ap is a uniform pressure difference
across the rotor disk. Ap equals the rotor disk
loading

dT 1
AP gA Tl

Where, dT is the thrust of an annulus of the ro-

(2v)° (12)

|4

tor disk.
The BET gives the expression of the profile

torque Q,
Cd Cd
dQ, = N,rdDcos¢ = N,r *dLcos¢ = r -dT
(/l (/1
(13)
The dP;=0QdQ); becomes
1 5 C
ApvidA + g pvin dA = (pviurdA —r C—de)
(14

Substituting Eq. (12) into-Eq. (14), the above
equation becomes
1

(?u*0r>%u+v? +

Cin
Clﬂrvi;o (15)

At any given radial location, the swirl ve-
locities . can be obtained by solving Eq. (15),
which is-added in the tangential velocity in the
aerodynamics. The above velocities and forces of
an airfoil segment on the annulus over rotor disk
are shown in Fig. 4. The resultant velocity U is
given by

U= JU:4+U? = Qr—w?+v (16)

Since the swirl velocity model is derived by
the combined blade element momentum theory,
the ‘model is applicable to hover performance

prediction.

.
o
—

: o (U v
_— Vi
U ¢ Y I

U u

Fig.4 Velocities and forces of an airfoil segment on the annulus over rotor disk

4 Prediction method

Fig. 5 shows the prediction flowchart of the
hover performance with the swirl velocities.
First, the flight altitude, take-off weight, initial
values of fuselage attitude angles, pitch controls

of the main and tail rotors, and the induced ve-

locity model are given. The induced velocity
model includes the swirl velocities model and ax-
ial induced model. Then the steady forces and
moments of the fuselage, main and tail rotors
can be obtained by the given initial values. Finally,
the equilibrium equations can be solved, and the

main and tail rotors power can also be derived.
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and moments
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Fig.5 Prediction flowchart of the hover performance with swirl velocities

5 Hover performance

The hover performance is evaluated by the 7
Cr
V2C,

Where, C, and C, are thrust and torque coeffi-

N = a7

cients of the main rotor.
The power increase ratio caused by the swirl

velocities is defined as
P
r= |

——1
Where, P is the main rotor power, tail rotor

)><1oo% (18)

P,

power or total power considering the swirl veloc-
ities. P, is the baseline main rotor power, tail
rotor power or total power without considering

the swirl velocities at sea level.
5.1 Main rotor

Fig. 6 shows the comparisons of the 7 be-
. The
1st and 12th year data vary from each other by

tween the predictions and the test data"?" %

0.02 to 0. 04 in the 7. The exact cause for these
differences are discussedin Ref. [22]. When the
blade loading coefficient of the main rotor C,/s

the

swirl velocities have little effect on the . The

(¢ 1s rotor solidity) is lower than 0. 005,

predictions of the 5 with and without the swirl
velocities show good agreement with the wind
When the C,/s is higher than
0.05, the effect of the swirl velocities on the »
When the C, /s is
higher than 0. 08, the baseline prediction gives a

tunnel test data.
gradually becomes significant.

higher value than the test data. The prediction

with swirl velocities lowers the baseline .

Considering the swirl velocities gives a more ac-
curate prediction than the baseline, which shows
better agreement with 1st year flight test data.
When the C,/0=0.12, the baseline 5 is 0. 79,
and pwith swirl velocities 15.0. 76, a decrease of
3:80% caused by the swirl velocities. Consider-
ing the swirl velocities in the main rotor can im-

prove the prediction precision, especially at high
C./o.

0.8
090”%%@398%
0.7F ‘..-;'Jéun “o
J'J’ ¢
0.6 ”9"
&
sosFk
20 I Baseline
With swirl velocities

¢ Wind tunnel test

0.3 o 1styear UH-60A
o 12th year UH-60A
0.2 1 1 1 1
0.02 0.04 0.06 0.08 0.10 0.12
Clo
(@) 0.02<C/0<0.12
0.80
075
0.70
=
065F O o e Baseline
---- With swirl velocities
0.60- Qf ¢ Wind tunnel test
' Jg’ o st year UH-60A
7 o 12th year UH-60A
0'55 1 1 1
0.04 0.06 0.08 0.10 0.12
Clo

(b) A higher version of Fig.6(a), C/0>0.04

Fig. 6 Comparison of the y between the

predictions and the test data
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Fig. 7 shows the power increase of the main
rotor caused by the swirl velocities. The power
When the

C./6=0.06, the swirl velocities only increase

increases as increasing the C, /o.

the main rotor power by 1. 0%. The swirl veloc-
ities have little effect on the rotor power at low
C./s. When the C,/6=0. 12, the swirl velocities
increase the rotor power by 3. 80%. The induced
swirl velocity contributes a 2.74% increase
while the profile swirl velocity contributes a
1.13% increase of the main rotor power. Since
the induced rotor torque is higher than the rotor

profile torque, the induced swirl velocity con-

tributes most of the rotor power increase.

< | ~= With induced swirl velocity v,/"
§ | -o- With profile swirl velocity v
8 3 |-v With induced and profile swirl .~
g velocities & A
= s &’
o) v"i el
. =

E 2r N ’_n'
= Y -
S -V -
§ 1F -’V/v ‘r"--‘ : a.—o"'
g v o
§ o g o e ad

Oc::-o--ar-‘" ‘I,_-e a | !

0.04 0.06 0.08 0.10 0:12

Clo

t

Fig. 7 Power increase of the main rotor caused

by the swirl velocities

Fig. 8 shows the profile power increase of
the main rotor caused by the swirl velocities.
Since the induced power of the main rotor is de-
termined by the C,/s. At the same C, /o, the
swirl velocities little affect the induced power.
The swirl velocities mainly increase the profile
power. When the C,/¢=0.12, the swirl veloci-
ties increase the profile power of the main rotor
by 10. 32%. The induced swirl velocity contrib-
utes a 7. 30% increase while the profile swirl ve-
locity contributes a 3. 02% increase of the main
rotor power. Since the induced rotor torque is
higher than the profile torque of the main rotor,
the induced swirl velocity mainly contributes
most of the rotor power increase. The power in-
crease caused by the profile swirl velocity is
smaller than that of the induced swirl velocity.

The profile power increase caused by the profile

swirl velocity is obvious when the C, /s is higher
than 0. 10. The swirl velocities significantly in-

crease the profile power at high C,/o.

12 — - -
'j:j -=-- With induced swirl velocity
3 10k -o-- With profile swirl velocity E
s -v- With induced and profile swirl &
g velocities 4

X .

2 | P
2 ~ L
g o
& 4} A
S X o ’,I' -
§ L v"v‘;a”a'.‘u .—o-"o'"e--*
= 2 ’K,:V;_:r""‘ o _e__e-'o"c'
< = oo
§ EE LT

0.04 0.06 0.08 0.10 0.12

Clo

Fig. 8 Profile power increase of the main rotor

caused by the swirl velocities

Fig. 9 showsthe distribution of the AoA and
lift-to-drag ratio (L/D) of the blade airfoil seg-
ments over the main rotor disk with and without
the swirl velocities. The swirl velocities increase
the AoA and the stall region. For an airfoil seg-
ments the swirl velocities decrease the tangential
velocity U, , which increases the inflow angle ¢
and decreases the AoA and C,/s. The main rotor
collective pitch is increased to provide the same
thrust to trim the helicopter, which leads to a
higher AoA than the baseline, especially at high
C./s. The higher AoA increases the drag and
lowers the L/D of the blade airfoil segments,
which further increases the rotor profile torque.
At a same thrust, the main rotor have to con-
sumes more power to overcome these adverse

effects due to the swirl velocities.

(a) AoA, baseline
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(d) L/D, with swirl velocities

Fig. 9 Distribution of the AoA and L/D of the blade
airfoil segments over the main rotor disk

(C,/6=0.12)

5.2 Tail rotor

Fig. 10 shows the relation of the blade load-
ing coefficient between the main rotor and tail
rotor for a trimmed helicopter (the swirl veloci-
ties are not considered). The blade loading coef-
ficient of the tail rotor of C,./s. (C.. and o,
are the tail rotor thrust coefficient and solidity)
increases as increasing the C,/s. The increased
C./o demands the tail rotor to provide larger
thrust to overcome the main rotor torque. When

C./6=0.12, the C, /o, can reach 0.138. The

above analysis in section 5.1 indicates that the
swirl velocities have a significant effect on the
main rotor performance at high C,/s. The tail
rotor usually operates at a higher blade loading
state with smaller rotor radius and higher rotor
speed than the main rotor. The effects of the
swirl velocities on the hover performance of the
tail rotor may be more significant. The perform-
ance of the tail rotor dominants the efficiency of
yaw control and balancing the main rotor
torque. It is necessary to investigate the effects
of the swirl velocities on the hover performance

of the tail rotor.

0.14

0.0447

0.02 : > .
0.04 0.06 0.08 0.10 0.12

Clo

Fig. 10 Relation of the blade loading coefficient between
the main rotor and tail rotor (without considering

the swirl velocities)

Fig. 11 shows the power increase of the tail
rotor caused by the swirl velocities. The power
increases rapidly as increasing the C,./o.. The
swirl velocities little affect the rotor power at
low C,../o.. When the C,.,/s,=0. 138 (the cor-

responding C,/s is 0.012), the power increase

6

< -o-- With induced swirl velocity

3 5 -o- With profile swirl velocity 4

g -#- With induced and profile swirl v

el ..

S 4  velocities N

£ y

3 4 &

2 3} A

13 S

t=% ,,)v’ )fx‘

8 2r i >
’ , -

2 _ '.--" -'_..n" g

= 1t e o

= B e e

e i

0.04 0.06 0.08 0.10 0.12 0.14
C /o

L

Fig. 11 Power increase of the tail rotor caused

by the swirl velocities
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can reach 5.24%. The induced swirl velocity
contributes a 3.40% increase while the profile
swirl velocity contributes a 1.84% increase of
the tail rotor power. The swirl velocities have a
more significant effect on the performance than
that of the main rotor.

Fig. 12 shows the profile power increase of
the tail rotor caused by the swirl velocities. At
higher C, . /o, the swirl velocities significantly
increase the profile power. When the C,. /o, =
0. 138, the swirl velocities increase the tail rotor
power by 12.84%. The induced swirl velocity
contributes a 8.33% increase while the profile
swirl velocity contributes a 4.51% increase of
the tail rotor power. The profile power increase
caused by the profile swirl velocity is obvious
when the C,../o, is higher than 0. 10. The high-
er tail rotor speed increases the tail rotor profile
torque. The higher profile torque will induce a
larger profile swirl velocity, which results in a

larger increase of profile power at high C,.../o..

s 14 . - -

3 -=- With induced swirl velocity -

§ 12 o With profile swirl velocity

5 +- With induced and profile swirl )

£10 velocities

2 o

g 8l
r'

o o

= 61 ,a’”

e « - )

£ 41 T T

= Y ~-a° "e/'

2 2r s o R e

E 0 :&g_‘sf_:g:l;,__o..-o--f—'*"‘*" L 1

0.04 0.06 0.08 0.10 0.12 0.14
C Jo,

tir

Fig. 12 Profile power increase of the tail rotor

caused by the swirl velocities

5.3 Main and tail rotors

Fig. 13 shows the power increase of the tail
rotor caused by the swirl velocities over the main
rotor disk. The tail rotor power increases as in-
creasing the C,/s. When the C,/s is lower than
0.08. The swirl velocities over the main rotor
disk has little effect on the tail rotor power. At a
higher C,/¢ of 0. 12, the swirl velocities increase
the tail rotor power by 5. 74%. The swirl veloci-
ties over the main rotor disk increases the main

rotor torque. The tail rotor will produce more

thrust to balance the main rotor torque with
more power consumption. At lower C,/s, the
power increase of the tail rotor can be omitted,

but the power increase is obvious at higher C,/s.

6
< -e-- With induced swirl velocity
S 5 F -o- With profile swirl velocity 7z
§ -+ With induced and profile swirl b4
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- E
§ 2+ > 4 ',u" ,."
o ~ - s Lo
_ e o
E 1+ v T P g

o O
i EE L aee-e
0.04 0.06 0.08 0.10 0.12
Clo
Fig. 13 Power increase of the tail rotor caused by

the swirl velocities over the main rotor disk

Fig. 14 shows the total power increase of
the main and tail rotors caused by the swirl ve-
locities. The total power increases as increasing
the C./6. When the C,/6=0. 08, the swirl veloc-
ities increase the total power by 1.72%. At a
higher C, /o of 0. 12, the swirl velocities increase
the total power by 5.08%. The induced swirl
veloeity increases the total power by 3.45%.
The profile swirl velocity increases the total
power by 1.63%. The swirl velocities signifi-
cantly increase the total power at high C, /s, es-

pecially the induced swirl velocity.

6
-=-- With induced swirl velocity
& 5 +-o- With profile swirl velocity A
b -v- With induced and profile swirl v
S 4  velocities =
£ v >
ot - P o
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ﬁ 1F ,—V"'V'_’.:.—"’"a—’ o""""y’“y
- —‘g_'_:g:v*"u— _e._-e--G"o'—
EEE oo |
0.04 0.06 0.08 0.10 0.12
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Fig. 14 Total power increase of the main and tail

rotors caused by the swirl velocities

6 Conclusions

This work focuses on the effects of the swirl

velocities on the hover performance of the main
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and tail rotors. First, a prediction model of the
flight performance for a helicopter is derived
based on the blade element theory. The model
consists of a main rotor model, a tail rotor model
and a fuselage model. Next, prediction model
the flight performance is validated by the flight
test data of a UH-60A helicopter, which shows
good agreement with the flight test data. Then,
a swirl velocities model is derived and coupled
into the prediction model of the flight perform-
ance. Finally, the effects of the swirl velocities
on the hover performance of the main and tail ro-
tors are investigated, especially at high blade
loadings. The analysis yielded the following con-
clusions:

1) At low C,/s, the swirl velocities have lit-
tle effect on the 5. The predictions of the 5 with
and without the swirl velocities show good a-
greement with the wind tunnel test data.

2) When the C,/s is higher than 0. 05, The
effect of the swirl velocities on the y gradually
becomes significant. When the C,/6=0.12, the
swirl velocities increase the main rotor power by
3.80%. Considering the swirl velocities in the
main rotor can improve the prediction precision,
especially at high blade loading.

3) When the C, /s, =0. 138, the swirl ve-
locities increase the tail rotor power by 5. 24%.
The induced swirl velocity contributes a 3. 40%
increase while the profile swirl velocity contrib-
utes a 1. 84 % increase of the power. The profile
power increase due to the profile swirl velocity is
less than that of the induced swirl velocities, but
the power increase is at high C, /.

4) The swirl velocities over the main rotor
disk increases the main rotor torque. The tail ro-
tor will produce more thrust to balance the main
rotor torque with more power consumption. At
a higher C,/o of 0.12, the swirl velocities in-
crease the tail rotor power by 5. 74%.

5) The swirl velocities over the main and
tail rotor disks have obvious effect on the total
power. At a higher C,/s of 0.12, the swirl ve-
locities increase the total power by 5.08%. The

induced swirl velocity increases the total power

by 3.45%. The profile swirl velocity increases
the total power by 1.63%. The swirl velocities

significantly increase the total power at high C, /o.
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