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Abstract: Effects of tip slots on the aerodynamic characteristics of helicopter rotor were investigated numerically by
solving three-dimensional Navier-Stokes equations based on unstructured overset grids algorithm. Improved de-
layed detached eddy simulation (IDDES) based on the Spalart-Allmaras turbulence model and adaptive grid refine-
ment technique were employed. Several slots in the rotor blade tip were designed on the base of Caradonna-Tung
rotor to study the effect of tip slots. Numerical results show that tip slots are able to introduce the airflow from the
leading edge and turn it in the spanwise direction to be ejected out of the face at the rotor blade tip, which can re-
duce the strength of the rotor blade tip vortex and accelerate the dissipation process. Although tip slots may lead to
the decrease of airfoils” lift coefficient at the root of the rotor blade, it can increase the lift coefficient of airfoils at
the rotor blade tip, so the lift of the rotor with tip slots is almost the same as that of the rotor without tip slots. In

addition, tip slots can also reduce the intensity of the tip shock wave, which is beneficial to reduce the wave drag of

Vol. 35 No. 6

the rotor.
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0 Introduction

Compared with fixed wing aircrafts, due to
the unique advantages of vertical takeoffs and
landing, good maneuverability and hovering
flight, helicopters are widely used on civil and
military fields. Blade-vortex interaction (BVI)
appears when helicopter rotating blade encounters
the trailing wake generated from the front rotor
blade'", which makes helicopter rotor blade vi-
brate violently and generate strong noise. BVI is
a serious problem for helicopter rotor structure
and is always the difficulty in the research of ro-
tor aerodynamics and aeroacoustics due to its
complexity.

With regard to the BVI alleviation, many
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measures have been proposed, including optimi-
zing the tip shape, installing the tip vortex allevi-
ation equipment and so on. Although optimizing
the tip shape, such as swept, tapered or anhedral
blade tips®*!, has some effects on BVI allevia-
tion, these types of rotor blade tips are not able
to balance the goals of improving the aerodynamic
performance and reducing the vibration. Instal-
ling the tip vortex alleviation equipment, such as
trailing edge spoiler, blade tip winglet or end-
plate™, cannot work well, too. Trailing edge
spoiler can reduce the strength of the blade tip
vortex, while the profile drag of the rotor blade is
very large, which causes aerodynamic perform-
ance of helicopter rotor to descend. Blade tip win-

glet can divide the original single tip vortex into
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two vortices and make use of the viscous effect to
accelerate the dissipation of the blade tip vortex.
However, practical application shows that the
effect of the method on BVI alleviation is not
obvious. With the development of new material
and control technology, many new methods have
been proposed., such as higher-harmonic pitch
control (HHC), individual blade control (IBC),
and active flap control (ACF)P7,

it is difficult for these methods to be applied to

Nonetheless,

engineering problems. In recent years, an effec-
tive method of the BVI alleviation based on blade
tip slots has been proposed by Han"*'". Several
slots in the rotor blade tip are designed. The air
flows into the slot entrance at the leading edge of
the blade and out of the slot exit at the side of the
blade tip, forming a momentum jet, so as to alle-
viate the blade tip vortex. The method is easy to
realize and with no need to add additional complex
control system, so it is a potential method for
BVI alleviation. Due to the limitations of experi-
mental diagnostic tools, the mechanism of tip
slots” effect on the aerodynamic characteristics of
helicopter rotor has not been clarified, which is in

urgent need of carrying out relevant research.

1 Numerical Methods

Three-dimensional Navier-Stokes equations
based on unstructured overset grids algorithm
were solved using the finite volume method. The
inviscid fluxes were calculated using second-order
central scheme with artificial dissipation, and du-
al-time stepping method was applied for the un-
steady simulations. No-slip boundary condition
was used for the wall boundary and non-reflecting
boundary condition was used for the far-field
boundary. Improved delayed detached eddy simu-
lation (IDDES) based on Spalart-Allmaras turbu-
lence model was used"??. IDDES is a type of hy-
brid RANS/LES model, which distinguishes the
RANS and LES computational domain automati-
cally by partition scale d to realize smooth trans-
formation between RANS and LES in the bounda-
ry layer. The model is originated from detached
eddy simulation (DES) model """/,

For the early DES™' model, the definition of

W
o

d = min(d, ,CpgsA) D)
where d,, represents the distance to the wall, A is
grid scale, and Cpgs is a model parameter.

Delayed detached eddy simulation (DDES)

1[15]

mode changed the partition scale d based on

DES.
d=d,— f,max(0,d, —CpgsA) (2)
For IDDES model, partition scale d is de-
fined as
g:?d(lJffr)dRA,\ISJf(1__’];(/)d1‘]35 (3
where drans represents RANS scale and digs re-

presents LES scale.

Fo=max{(1— fu)+f5} (4)
fs =min{2exp(— 92*),1.0} (5
a=0.25—d/hpu (6)
fau=1—tanh[ (8r,)%] 7
. Y.
T et max [0, Qu /)] .10}
(8)

where v, is eddy viscosity coefficient, Jdu,/dx; is
velocity gradient, and k=0. 41.

When incoming flow contains turbulent fluc-
tuation, r, is much less than 1, fy is close to 1,
and f,= f . partition scale d is defined as

CFI? :dWMLES :fn(l + fg)dRANs + (1 — fl; >d1£s
D)

When f,=0, partition scale d is defined as
CN[Zle)ES:]N[ddRA,\Is+ (1_]?11)d1‘155 aom

Computational domain of the rotor was di-
vided into rotating domain and static domain due
to the use of the unstructured overset grids algo-
rithm, and the grids were generated respectively
in each sub-domain. The rotating domain con-
tained the rotor and the static domain contained a
hole, and there was an overlapping domain be-
tween the two domains. The information trans-
mission between the two domains was carried out
by the search and interpolation of the two sets of
grids. Adaptive grid refinement technique was
used during the unsteady computation to improve
computational accuracy and better capture tip vor-
tex. The grid was automatically refined where the
gradient of the flow field parameter was large.

The overset grids algorithm and the adaptive grid
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refinement technique had been validated in the

previous work""",

2 Computational Model and Grids

In order to compare with the experimental
data, Caradonna-Tung (C-T) rotor was used as

17, as shown in Fig. 1

the original configuration
(a). The radius of the rotor is 1. 143 m, and the
aspect ratio is 6. On the basis of the C-T rotor,
the slot system including three slots (circular
pipes), which bypass a slight amount of the flow
through the leading edge and turn it in the span-
wise direction to be ejected out of the face at the
blade tip, was designed, as shown in Fig. 1(b).
The three slots are three concentric arcs. The di-
ameter of the slot is 0. 067C, and the space be-
tween two adjacent slots is 0. 157C, where C is
the chord length. The hovering condition was
chosen for the simulation, which was at a blade
tip Mach number of 0. 877, a collective pitch an-
gle of 8°, and the rotation speed is 2 500 RPM.

(a) Caradonna-Tung rotor

0.067C

z

I 0.157C
X y

(b) Baseline tip and slotted tip

Fig. 1 Computational model

The computational grid was composed of two
sets of grid: the rotor grid and the background
grid, and there was an overlapping domain be-
tween the two domains, as shown in Fig. 2. The
numbers of the rotor grid cells and background
grid cells were about 5. 4 million and 1. 5 million,
respectively. During the unsteady simulation, the
grid was adapted according to the gradient of the

flow field parameter.

q

] 2 8 v e B

(b) Background grid

(c) Chimera grid

Fig.2 Computational grids

3 Results and Discussion
3.1 Validation

In order to capture the vortex structure well,
the adaptive grid refinement technique was used.
Fig. 3 (a) shows the adaptive refined grid and
Fig. 3(b) shows the vorticity distribution of xz
cross section, where the coordinate is nondimen-
sionalized with the rotor radius R. It can be seen
that the adaptive grid refinement technique pro-
vides good technical support for the simulation of
high-resolution blade tip vortex.

Fig. 4 shows the Mach number distribution
of the rotor without slots at xz section. Fig. 5
shows streamlines of the rotor without tip slots.
As shown in the figures, when the air flows
through the rotor, it is accelerated and the stream
tube contracts according to the law of mass con-
servation.

Fig. 6 shows the distribution of surface pres-
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sure coefficient C, on different cross sections. As
shown in Fig. 6, the computational results agree
well with the experimental data, which indicates

the validity of numerical methods.

3.2 Effects of tip slots on the rotor blade tip

vortex

The computational model of the rotor with
tip slots is shown in Fig. 1. For the grid of the ro-
tor blade with tip slots, a very dense grid was
generated in and around the slot before initial cal-
culation as shown in Fig.7. Due to the large
range of tip vortex motion, it is unbearable to
generate very dense grid in the whole computa-
tional domain. So the adaptive grid refinement
technique was used to capture the blade tip vor-
tex. The grid was adapted once when the rotor
rotates a certain angle, and was adapted 28 times
in total. The number of the grid cells increased
from 7. 37 million to 24. 23 million. Fig. 8 is the
contrast of the computational grid near the rotor

blade tip before and after grid adaptation.

(a) Baseline tip

(b) Slotted tip

Fig. 7 Grid distribution of the rotor blade tip

Fig. 9 shows the vorticity iso-surface of the
rotor blade tip with and without slots. It can be
seen that the tip vortices develop continuously

about 900° in the circumference direction for the
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Fig. 8 Contrast of computational grid near the rotor

blade tip before and after grid adaptation

Mach_number: 0.00 0.02 0.04 0.07 0.09 011013

y
Z
(a) Baseline tip
Mach_number: 0.00 0.02 0.04 0.07 0.09 0.11 0.13 y
z

(b) Slotted tip

Fig. 9 Vorticity iso-surface of the rotor blade tip vor-

tices with and without slots

rotor blade tip without slots, but only 540° for
the rotor blade tip with slots"'®. Meanwhile, the
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radius of the slotted rotor blade tip vortex is en-
larged, which embodies the effect of tip slots on
accelerating the dissipation of the blade tip vor-
tex.

Fig. 10 shows vorticity distributions at the
sectional plane across the core of the tip vortex,
which are compared between the baseline tip and
the slotted tip for several near-field wake ages.
Compared with the baseline tip, the diameter of
the vortex core of the slotted tip is larger and tip
vortex strength is weaker. As the tip vortex mi-
grates downstream away from the blade tip, the
tip vortex of the blade tip with slots is quickly
diffused, and the maximum vorticity is much
small than that of the baseline blade tip, which
demonstrates that tip slots can alleviate the rotor
blade tip vortex effectively.

Fig. 11 shows the swirl and axial velocity dis-

tributions inside the core of the rotor blade tip

Vorticity: 100 2605 5111 7616 10121 Vorticity: 100 2605 5111 7616 10121

. s
o ()

(a) 15° wake age

Vorticity: 100 1553 3005 4458 5911 Vorticity: 100 1553 3005 4458 5911

shes s
*

(b) 29° wake age
__ __
Vorticity: 100 711 1321 1932 2542 t Vorticity: 100 711 1321 1932 2542 t
yE-x y X

(c) 90° wake age
Fig. 10 Vorticity distributions at the sectional plane
across the tip vortex core (the left figures

show the vortex of the baseline tip, the right

figures show the vortex of the slotted tip)

02r
N
o 0Qpss====c
Z
3
s 00
>
=
a
-0.1p L
— Baseline tip
---- Slotted tip
085 090 095 100 1.05 1.10
Radial position, »/ R
(a) Swirl velocity
0.0571
5@ 0.00
8 -0.05
£
3
< -0.10
4
= !
& 015¢ oo
— Baselinetip \
----Slotted tip  \_/
—-0.20 b— 1 L - 1 L )
085 090 095 100 1.05 1.10
Radial position, 7/ R
(b) Axial velocity

Fig. 11 Swirl and axial velocity distributions inside the

core of the tip vortex at 29°wake age

vortex at 29° wake age, which are compared be-
tween the baseline tip and the slotted tip, where
Vy is the swirl velocity, V, is the blade tip veloci-
tys Viaa is the axial velocity, and r represents the
radial position. The swirl velocity of the vortex
center is both 0, and there are opposite-sign peak
values of swirl velocity on both sides of the vortex
center, The distance between the vortex center
and the peak values of the swirl velocity is defined

0¥ As shown in

as the radius of the vortex core
Fig. 11, the swirl velocity increases gradually
along the radial direction inside the vortex core
and decreases outside the vortex core. For the
slotted tip, the peak value of the swirl velocity
decreases by 30% , and the axial velocity increases
by 63% compared with that of the baseline tip.
Since the greater the axial velocity of the vortex
core is, the faster the blade tip vortex decays, the
slotted blade tip vortex decays faster than the
baseline blade tip vortex, which indicates that the
rotor blade tip with slots can alleviate the tip vor-

tex quantitatively.
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Since the pressure of the lower surface is lar-
ger than that of the upper surface, the air flowing
bypass the blade tip from the lower surface to the
upper surface generates the blade tip vortex. As
shown in Fig. 12, the airflow ejected from the slot
exit disturbs the airflow near the blade tip, enlar-
ges the radius of the slotted tip vortex core and
reduces the strength of the vortex, which reveals

the mechanism that the blade tip with slots can

alleviate the blade tip vortex.

Pressure: 90 000 92 449 94 898 97 347 99 796

(a) Baseline tip

_ Pressure: 90 000 92 449 94 898 97 347 99 796

(b) Slotted tip

Flow field of the cross section near the rotor

blade tip (y=0.37C)

Fig. 12

3.3 Effects of the blade tip with slots on the rotor

aerodynamic characteristics

Fig. 13 shows the lift fluctuation T of the ro-
tor with time. It can be seen that the lift of the
rotor with baseline tip fluctuates periodically,
while that of the rotor with slotted tip fluctuates
more irregularly. The average lift of the rotor
with or without tip slots is almost the same.

Fig. 14 shows the distribution of sectional lift
coefficient C; along the span of the rotor blade.
When r/R is less than 0. 82, the sectional airfoil
lift coefficient of the rotor blade with tip slots is

smaller than that of the rotor blade without tip

slots. While /R is greater than 0. 82, the sec-
tional airfoil lift coefficient of the rotor blade with
tip slots is larger than that of the rotor blade
without tip slots.

2560

— Baseline tip
---- Slotted tip
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T/N

2500

1
2480

2 460

037 038 039 040 041 0.42
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Fig. 13 Lift fluctuation of rotor with time
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Fig. 14  Distribution of sectional lift coefficient along

the span of the rotor blade

Fig. 15 shows surface pressure distributions
of the rotor blade. It can be seen that the rotor
blade tip slots reduce the intensity of the shock
wave and form a larger low pressure area on the
upper surface at the blade tip, while the tip slots
reduce the range of the low pressure area on the
lower surface. This is the reason why the section-
al airfoil lift coefficient of the rotor with tip slots
is larger at the blade tip.

Fig. 16 shows pressure distribution of the
airfoil on different cross sections. At the section
of 0. 5R, since it is far from the blade tip, there is
little difference on the pressure distribution be-
tween the two types of rotor blade. At the section
of 0. 96R, there is a strong shock wave standing
on the upper surface of the airfoil for the baseline

tip, while the shock wave is weakened for the
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Pressure: 60 000 70 3457 80690 91034 101 379 111 724

= = o 319
Baseline tip

(a) The upper surface

Pressure: 85000 91034 97069 103 103 109 138

115172

(b) The lower surface

Fig. 15 Surface pressure distributions of the rotor blade
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“

(b) 0.96R

Fig. 16  Pressure distribution of the airfoil on different

cross sections

slotted tip, which results in a larger low pressure
area on the upper surface for the slotted tip.

Fig. 17 shows the surface pressure coefficient
C, of the airfoil on different cross sections. At the

section of 0. 5R, there is little difference on the

surface pressure coefficient between the two types
of rotor blades. At the section of 0. 96R, the
strength of the shock wave is reduced and the lift
of the airfoil is increased at the trailing edge,
which results in the increase of the sectional air-
foil lift coefficient at the rotor blade tip. This is
consistent with the phenomenon reflected in

Fig. 16.
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(a) 0.5R

A Baseline tip (exp.)
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~1.0T4 ---- Slotted tip
00 02 04 06 038 1.0
yle
(b) 0.96R

Fig. 17  Surface pressure coefficient of the airfoil on

different cross sections

4 Conclusions

Effects of tip slots on the aerodynamic char-
acteristics of the helicopter rotor have been inves-
tigated numerically and the following conclusions
can be drawn.

(1) The
(CFD) methods combined with IDDES model,

the unstructured overset grids algorithm and the

computational fluid dynamics

adaptive grid refinement technique are able to
simulate the unsteady characteristics of the rotor
blade tip vortex effectively. The computational

result of surface pressure coefficient is in good
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agreement with experimental data and the rotor
blade tip vortices are captured well.

(2) The tip slot connecting the entrance at
the leading edge to the exit at the side of the blade
can enlarge the radius of the tip vortex, reduce
the vorticity strength, and accelerate the dissipa-
tion of the tip vortex.

(3) Although the tip slot may lead to the de-
crease of sectional airfoil’s lift coefficient at the
root of the blade, it can increase sectional
airfoil’s lift coefficient at the tip of the blade,
thus the lift of the rotor with tip slots is almost
the same as that of the rotor without tip slots.
Meanwhile, tip slots can also reduce the intensity
of the shock wave, which is beneficial to reduce

the wave drag of the rotor.
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