55 35 % 5 3 fin = zh 1 Vol. 35 No. 3
2020 4F 3 H Journal of Aerospace Power Mar. 2020

X EHE:1000-8055(2020)03-0620-13

doi:10. 13224/j. cnki. jasp. 2020. 03. 018

Influence of blade negative twist on aerodynamic

performance of cycloidal propeller
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Abstract: In order to improve the analysis accuracy of the influence of shape parameters on the aerody-

namic performance of cycloidal propeller, a set of CFD methods suitable for the simulation of the cycloidal pro-

peller flow field based on the dynamic overset mesh and Unsteady Reynolds time average method equation were

established. The characteristics of the spanwise lift distribution and surface pressure distribution in case of dif-

ferent negative twist were provided. The influence of the negative twist on the aerodynamic performance of cy-

cloidal propeller was emphasized. The results showed that, the change of negative twist caused the change of

azimuth for cycloidal propeller lift. The larger the absolute value of negative twist, the lower the figure of mer-

it of the cycloidal propeller; the smaller the negative twist, the more gentle the instantaneous aerodynamic

fluctuation; the influence mechanism of negative twist on the aerodynamic performance of cycloidal propeller

was generated from changing the non-uniform distribution of the cycloidal propellers effective angle of attack.

Key words: cycloidal propeller; figure of merit; negative twist; dynamic overset mesh; dynamic stall
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The cycloidal propeller is a new concept
propulsion device with a blade span parallel to
the axis of rotation and perpendicular to the di-
rection of flight. The pitch angle of the blade
undergoes periodic changes in each rotation,
causing a very strong unsteady flow phenome-
non. During the hovering process, the trajectory
of the blade is a circle, and in the forward flight
state is a cycloid™™. By varying the blade pitch
and pitch phase angles, the magnitude and direc-
tion of the thrust can be changed instantaneous-
ly?**. The cycloidal propeller has the advanta-
ges of two-dimensional omnidirectional vector
propulsion characteristics and low low-speed

[3]

noise"®’, and has strong application potential.

According to the test and numerical simulation,
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the aerodynamic efficiency of the cycloidal pro-
peller is higher than that of the conventional ro-
tor in the case of proper design, which makes
the cycloidal propeller become a research hotspot
in the field of aviation at home and abroad. In
recent years, the influence of geometric design
parameters on the aerodynamic performance of
the cycloidal propeller has been studied by means
of experimental means at home and abroad, and
some conclusions have been drawn. For exam-
ple. Kellen and Benedict, et al. ™™™ studied the
influence of the dynamic parameters (pitch an-
gle, phase angle) of the cycloidal propeller on
the aerodynamic performance of the cycloidal
propeller based on the test, and further proto-

typed the prototype. It was found that the cy-
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cloidal propeller has a high stability in the hove-
ring state. losilevskii, et al. ™ conducted a nu-
merical study on a cycloidal rotor with a diame-
ter of 0.11 m and found that there was severe
vortex interference between the blades in the
hovering state. Tang, et al. ' studied the aer-
odynamic performance of the pitching paddle
with key design parameters such as the number
of blades, the thickness of the airfoil, the posi-
tion of the pitch axis of the blade, the maximum
pitch angle of the blade and the maximum pitch
angle of the upper and lower half. Influence,
The analysis shows that the increase of airfoil
thickness can improve the figure of merit of the
cycloidal propeller, and the figure of merit is the
highest when the pitch axis position is in the
middle of the airfoil. Walther'™ studied the un-
steady aerodynamic mechanism of the cycloidal
propeller with ultra-low Reynolds number (be-
low 18000) by measuring the instantaneous aer-
odynamic force of the blade and the PIV flow
field measurement. They concluded that the fig-
ure of merit of the micro-small cycloidal propel-
ler is higher than that of the traditional rotor,
and large dynamic virtual camber induced by the
inherent flow curvature and blade pitch rate
caused asymmetry in lift and drag coefficients
between positive and negative pitch for both the
static and dynamic pitching cases'*’.

Previous research work provides basis for
revealing the variation law and flow mechanism
of the aerodynamic characteristics for cycloidal
propeller. Because of inadequate understanding
about the unsteady aerodynamics of a cycloidal
propeller, one of the most challenging tasks in
the cycloidal propeller general design remains to
optimize the aerodynamic performance by prop-
erly selecting the geometric design parameters.
Prior to this paper, there were few papers on the
influence of the blade shape on the performance
of the cycloidal propeller. Only Hu and Jarugu-
milli carried out the analysis of the blade parameters
such as the aspect ratio and the tip ratio"'>’,

In view of this, based on the relevant re-

search at home and abroad, a high-precision dy-

namic overset mesh method for cycloidal propel-
ler is developed in this paper. The effectiveness
of the proposed method is verified by comparison
with experimental results. Based on this, the in-
fluence of blade negative twist on aerodynamic
performance and flow field characteristics of cy-
cloidal propeller in hover are studied. Then, the
influence of blade negative twist on spanwise in-
duced velocity and lift distribution is analyzed.
This paper provides a reference for the further
aerodynamic performance research and aerody-

namic optimization of cycloidal propeller.
1 Numerical calculation method

1.1 Calculation model

The finite volume method is used to dis-

cretize the incompressibleNavier-Stokes equa-

[15] " The motion control equation for the un-

tion
steady incompressible problem is

dJu | dv | Jw

dx a dz

du _ _dp Pu | Fu | Fu
O S dx J”‘(axz y* E)z2>
dv & dp v, v v
‘OE*Smy @+/j((’)1‘2+ay2+(’)22>

dw _ ap Pw | Iw | I w
O de Sne Iz ( + )

a ax> Ay’ 9%
(D
Where p is density, p is pressure, ¢ is time, (u,
v,w) is velocity, p is viscosity coefficient and
(Syr sShy s Swe) 1s source term.

The control equation is spatially discretized
on the mesh elements based on the finite volume
method. The solveradopts the diagonal form of
the implicit approximation factorization method
proposed by Pulliam and Chaussee. The non-vis-
cous term is calculated using the third-order
MUSCL (monotonic upwind scheme for conser-
vation law) format and the Roe’s flux difference
splitting and Koren limiter, while the viscous
term is calculated using a second-order central
difference. The two-form shear stress transport
(SST) k-w model is selected as the turbulence
model. For the transient simulation, the second-

order implicit dual-time propulsion format is a-
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dopted''™,

taken not containing the slip boundary condi-

The boundary of the blade surface is

tion, and the far field is adopted based on the far

field boundary condition of the Riemann invariant.
1.2 Dynamic overset mesh

According to the flow field characteristics,
the mesh is divided into two parts bythree-di-
mensional structured overset mesh: (1) the CO-
shaped mesh around the airfoil, the number of
nodes per blade mesh is 141 X 35 X 31, corre-
sponding to the circumferential direction, nor-
mal direction and spanwise direction of the
blade, respectively; (2) Cartesian background
mesh, the number of nodes is 190 X 130 X 126,
corresponding to the x, y, z direction; The a-
mount of mesh is about 3. 7 million. In order to
capture the internal flow characteristics of the
cycloidal propeller accurately, the blade rotation
area of the background mesh is refined, and the
mesh size of the refining zone is about 0. 05c.
Hole-map method is used to determine the mesh
oversetting relationship, and Inverse-map meth-
od is also applied to improve the computation ef-
ficiency. Taking the 2-blade cycloidal propeller
as an example, Fig. 1 shows the three-dimen-
sional overset mesh system used in this paper. It
can be seen from the figure that the partial areas

of the two blade-fitted mesh overlap, but there

(@) (b)

Z

2/’[ i
Y
Y

() (d

Fig. 1 Three-dimensional overset mesh system

is no mesh passing through the solid part of the
blade, which satisfies the condition for passing

of flow field.

2 Coordinate system

The coordinate system for cycloidal propel-
ler used in this paper is shown in Fig. 2. The
blade rotates anticlockwise at angular velocity w.,
and the tangential speed is w * R. It is defined
that the forward flow direction is positive when

The

azimuth @ for each blade starts from the clock-

the forward blade is above the rear blade.

wise direction from the positive x-axis. The an-
gle between the blade tangential velocity and the
blade airfoil chord is the pitch angle §, and the
negative twist angle is ¢, and the blade pitch
motion is expressed as a sinusoidal function:

0mp + (9},01 o (9mp 7 @I)m
e ) sin@® -+ —

The lift for cycloidal propeller is defined as

0(D) = ( 2)

B-2 B-1
(@)

ke
180°
\

Fig. 2 Coordinate system for cycloidal propeller
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the net aerodynamic force generated in the +y
direction (perpendicular to the free flow), and
the thrust is expressed as the net aerodynamic
force in the — x direction. Where T is the in-
stantaneous thrust for cycloidal propeller, F, the
horizontal component of T, F, the vertical com-
ponent of T, Q is the instantaneous moment for
cycloidal propeller.

The main parameters of the cycloidal propeller

used in this paper are shown in the table below.

Table 1 Configuration parameters of cycloidal

propeller model

Parameter Magnitude
Number of blades N, 2
Blade span b/mm 160
Blade chord length ¢/mm 50
Rotor radius R/mm 76.2
Max pitching angle /() 35
Negative torsion angle ¢/ (%) 0

40% chord

Local axis

Airfoil section NACA 0015

3 Results and discussion

This paper takes thesmall-scaled cycloidal
propeller test from University of Maryland as an
examplet® to verify the reliability of the calcula-
tion method. Fig. 3 shows the verification re-
sults in the case of forward flight. It can be seen
from the figure that the three-dimensional nu-
merical simulation results agree well with the
experimental results, particularly the lateral
force calculation results, which is also reflected
in the study of Hu"'® and Kan""'. The above ex-
ample verification shows that the three-dimen-
sional calculation model used in this paper can be
used for flow analysis in hover.

Figure 4 (a) shows the corresponding rela-
tionship between disk loading and power loading
at different negative twists based on the same
RPM (revolutions per minute). The disk load-
ing increases monotonously with the increase of

negative twist, while the power loading increa-

0.50 T T T T

—— Exp.
—-2D

0.41

0.14

0.05 L ! 1
0.27 0.36 0.45 0.54 0.63

Advance ratio
(a) Thrust
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0.63
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0.29

0.12

-0.05 : : :
0.27 0.36 0.45 0.54 0.63

Advance ratio
(b) Vertical force

1 —=— Exp.
B —e-2D

O/(N-m)

0.27 0.36 0.45 0.54 0.63
Advance ratio

(c) Power

Fig. 3 Comparison of aerodynamic characteristics
between computational results and

experimental data

ses first and then decreases with the increase of
negative twist. Both disk loading and power
loading reaches the maximum when the negative
twist is —5°%; the figure of merit with different
negative twists is shown in Fig. 4(b). It can be
seen that the figure of merit remains a relatively
great value with the negative twist changing

from —5° to 5°, the larger the absolute value of
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the negative twist, the lower the FM (figure of
merit), and the power loading and disk loading

share the same trend.
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Fig.4 Aerodynamic characteristics of cycloidal propeller

The time-average aerodynamic characteris-
tics of the cycloidal propeller with different neg-
ative twists are shown in Fig. 5. It can be seen
from Fig. 5(a) that thethe vertical force ampli-
tude increases first and then decreases as the
negative twist increases, which shows slightly
different trend from the disk loading change,
and the vertical force peaks at a negative twist of
about 15°; the lateral force monotonously de-
creasing within &+ 20°, whose direction changes
at a negative twist of 13°, causing the thrust di-
rection to change from left to right. The power
saddle

which is because the absolute value of the verti-

change curve approximates a curve,
cal force increases monotonously with the in-
crease of the negative twist in the range of nega-

tive twist of —20°~15°, and the absolute value

of the lateral force increases first and then de-
creases, while the torque and resultant force
generated by the cycloidal propeller share the
same tendency, so the required power reaches

the minimum at the negative twist of —10°,
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Z
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(b) Lateral force
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s 8
7k
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(c) Torque
Fig. 5 Time averaged aerodynamic comparison of

different negative twist angles

Figure 6 shows the instantaneous aerody-
namic characteristics of cycloidal propeller with
lateral

different negative twists. The vertical,
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force and power consumption fluctuations in the
case of different negative twists are similar to

2221 Fig.6(a) is a comparison of

the sine wave"
the instantaneous thrust during one revolution.
The difference in negative twist makes the fluc-
tuation amplitude of the vertical force show a
large change. The negative force fluctuation am-
plitude of the cycloidal propeller reaches the
minimum in the case of negative twist of —20°,
and reaches the maximum in the case of negative
twist of 20°. This is because in the first half cy-
cle, the outer surface of the blade is the upper
surface, and the large negative twist is equiva-
lent to reducing the effective angle of attack of
the blade. Then the blade lift in the first half cy-
cle is reduced. In the second half cycle, the in-
ner surface of the blade becomes the upper sur-
face, and the negative twist greater than 0°is e-
quivalent to increasing the effective angle of at-
tack of the blade, and the blade lift in the second
half cycle is increased. Therefore, the fluctua-
tion amplitude of the blade aerodynamics increa-
ses as the negative twist increases. During the
second half of the motion, the phase angle of the
lateral force lags by 21° in the case of negative
twist of 20° compared with that in the case of
negative twist of —20°. The lagged phase angle
for lateral force is 37°. From the instantaneous
torque and thrust curve in Fig. 6(c), the instan-
taneous torque fluctuation range reaches the
minimum in the case of negative twist of —20°,
which is beneficial to reduce the mechanical loss

[12]

during the rotation"'*’, indicating that appropri-
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Fig. 6 Instantaneousaerodynamic comparison of

different negative twist angle

ate negative twist is conducive to improving the
thrust stability of the cycloidal propeller.

Since the relative flow velocity experienced
by the cycloidal propeller during rotation is con-
stantly changing in both amplitude and direc-
tion, the unsteady aerodynamic analysis of the
cycloidal propeller is much more complicated.
Another method is to plot the blade normal force
coefficient C, and tangential force coefficient C,
as a function of the blade pitch angle'®. C, and

C, are defined as:

F.(p)
C.lp) = ————— (3)
(1/2){0\/31)6
F. (o
Clg)=—F (4)
(1/2)pV?bc

where ¢ is the blade phase angle, and the blade
tangential force and normal force are defined as:
F.(¢) = F,(¢) *» sing— Fi(p)cosgp  (5)
F.(¢) = F,(¢) » cosp— Fi(gp)sing  (6)

From Fig. 7, it can be seen that the blade
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aerodynamic curves under different negative
twists share similar trends, and the normal/tan-
gential force shows obvious hysteresis loop, re-

flecting strong unsteady effect™'',

For the nor-
mal/tangential force coefficient, the larger the
negative twist, the larger the change amplitude
in the first half cycle, the smaller the change
amplitude in the second half cycle, and the smal-
ler the amplitude range at the current azimuth.
The reason for the phenomenon above can be ex-
plained here: the effective angle of attack of the
blade during the rotation is changed because of
the negative twist, and the negative twist in-
creasing the actual angle of attack during the
first half cycle, the normal force increases line-
arly; while during the second half cycle, the
blade flow has experienced a reversal. And the
upper surface of the blade in the first half cycle

becomes the lower surface of the blade in the

1.6
—_—y=5°
- y=—5° o
—eee =200 y
091 —._y=-20°

-0.5

-12 1 L 1 L
=35 =21 =7} 7 21 35

0/(°)
(a) Normal force

0/(°)
(b) Tangential force

Fig. 7 Blade aerodynamic comparison of different

pitch angle

second half cycle, causing the normal force to in-
crease monotonically with the increase of the
negative twist. Therefore, the variation range of
the right half of the blade hysteresis loop caused
by the stall also increases monotonically.

Figure. 8(a) shows the resultant force direc-
tion vs the negative twist. The resultant force
deflects 10. 8°in the case of negative twist of 5°,
which means that although the eccentric azimuth
can be adjusted to change the resultant force di-

181, the blade negative twist can also ef-

rection
fectively change the resultant force direction. As
can be seen from Fig. 5, the absolute value of
the lateral force slope is greater than the vertical
force slope, resulting in the increase of deflected
direction angle of the resultant force as the nega-
tive twist increases. Fig. 8(b) shows the instan-
taneous resultant force vector distribution during
the rotation. It can be seen that the instantane-
ous resultant force amplitude and direction are
constantly changing during the rotation, and the
change law is similar to the “pendulum” motion.
Compared with the calculation results from

121 the swinging change region of the mi-

Tang
cro-small two-blade cycloidal propeller is larger,
and the swing range increases as the negative
twist increases, which is consistent with the
conclusion from Fig. 6(¢). Therefore, the larger
the negative twist in a certain range, the more
favorable it is for the cycloidal propeller to pro-
duce stable lift during the rotation period, which
is also beneficial to the flight control for cycloi-
dal propeller.

Figure. 9 (a) shows the velocity contour at

20
_ 14
K
2
g 8
5
g 2
E
g

—4

_10 1 1 1

-20 -10 0 10 20
Z(Q)]
(a) Resultant force direction vs negative twist
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(b) Resultant vector distribution

Fig. 8 Lift direction distribution

the symmetrical section. It can be seen that as
the negative twist increases, the range and in-
tensity of the downwash-affected area gradually
increase, which is the cause of the gradual in-
crease of the resultant force and aerodynamic
power consumption; The downwash-affected ar-
ea is caused by the blade motion and the blade-
vortex disturbance. In the case of negative twist
of 20°, there are two obvious wakes; when the
blade is in the second half cycle, the vertical ve-

locity is larger compared with the first half cy-

cle, so the vertical force of the cycloidal propel-
ler in the second half cycle is greater than that in
the first half cycle. And in the second half cycle, the
vertical induced velocity in the downwash-affected
area increases because of large negative twist, which
is consistent with the conclusion from Fig. 6(a).

As shown in Fig. 9(b), it can be seen that
the slipstream of the cycloidal propeller with dif-
ferent negative twists shrinks above and below
the blade, which converges in the wake flow
downstream because of convolution vortex pair
from the generation and falling off of the blade
tip vertex at the trailing edge and leading edge;
there is a certain phase lag in the dynamic stall
process under different negative twists, which
affects the strength and position of the vortex
pair converged in the downstream of the cycloi-
dal propeller, further affecting the instantaneous
blade aerodynamics. The downwash intensity at
the middle end of the blade is greater than that
in the blade tip end. As the negative twist in-
creases, the vertical induced velocity increases,
and the greater the downwash shrinkage rate,

the greater the vertical force generated.
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0
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(a) Vertical induced velocity contour at the symmetrical section
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(b) Velocity contour and velocity flow contour at the section of x=0

Fig. 9 Flow field of the cycloidal propeller with different negative twist
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Fig. 10 Vortex contour vs negative twist

The vortex structure in the rotating area for
cycloidal propeller with different negative twists
is shown in Fig. 10. It can be seen that under
different negative twist conditions, the pitch
motion of the blades induces three-dimensional
dynamic stall. The leading edge vortex and the
trailing edge paddle vortex are continuously de-
tached and reattached as the blades rotate. It can
be seen that the leading edge vortex is highly
distorted, and the vortex intensity at 0° azimuth
angle gradually decreases with the increase of
the negative twist. In the case of negative twist
of 20°, the tip vortex at azimuth angle of 270°
does not start to detach due to the dynamic stall
effect, while there is no blade tip shedding vor-
tex on the outer surface at azimuth angle of
180°. The leading edge vortex intensity at the

current azimuth increases gradually with the in-

crease of the negative twist, which is also the
reason why the cycloidal propeller with large
negative twist has a larger lift in the latter half
of the cycle as shown in Fig. 6(b).

Figure 11 shows the spanwise lift/lateral
force distribution at azimuth angle of 270° in case
of different negative twists. The abscissa is non-
dimensionalized with chord length. It can be
seen that compared with the case of large nega-
tive twist, the aerodynamic distribution in the
case of small negative twist is more balanced,
and with the increase of the negative twist, the
spanwise lift is gradually increased; in all nega-
tive twist situations, the spanwise lift distribu-
tion of the blade is nonlinear, which share the
same property with the vorticity distribution in
Fig. 10 for the following reasons: the trailing

edge tip vortex near the trailing edge of the blade
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causes a local peak of the thrust, and the unsta-
ble detachment of the leading edge vortex chan-
ges the lift distribution in the middle of the
blade. The most obvious case arises in the case
of negative twist angle of —20°. It is worth
mentioning that, the blade tip is passivated in
the meshing process, so the blade chord length
is slightly increased. The aerodynamic results of
the passivated tip are not output during the post-
processing, which explains why the aerodynamic
force at the blade tip is not zero as shown in Fig. 11.

In order to capture the instantaneous verti-
cal induced velocity V, at the disk, a monitoring
section is set at the vertical position of —1. 8R,
wherein the tip velocity V, is nondimensional-
ized. As shown in Fig. 12, the vertical induced
velocity of the cycloidal propeller changes sharp-
ly with the position of the spanwise direction in
the case of different negative twists, and the
closer to the middle section, the greater the in-
duced velocity, which is consistent with the con-
clusion from Fig. 9; There is a backflow zone at

the outer section of the blade at the azimuth an-
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Fig. 11 Spanwise vertical/lateral force distribution

of the blade

gle of 210° because of blade-vortex interference,
causing the effective angle of attack of the blade
increases as the induced velocity decreases,
which results in the increase of blade lift. With
the increase of the negative twist, the induced
velocity at the middle section is obviously in-
creased, and the area and intensity of backflow
zone for blade tip induced velocity gradually in-

creases, leading to the imbalance of the spanwise

-0.10

0.07

-1.0
(a) y=-20°
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Fig. 12 Vertical induced velocity vs negative twist

lift distribution of the blade, which is the cause
of the sudden drop in spanwise lift at 25% and
75% as shown in Fig. 11(b).

In order to further study the influence of
negative twist on the aerodynamic interference of
the cycloidal propeller, Fig. 13 shows the pres-
sure distribution at the azimuth angle of 0° and
180°. The comparison shows that as the negative

twist increases, the negative pressure region and

strength of the upper surface are significantly re-
duced, and the negative pressure center gradual-
ly moves toward the leading edge, which is con-
sistent with the conclusion that the peak hyster-
esis in the instantaneous aerodynamic character-
istics of the blade of Fig. 6; obvious negative
pressure zone is present at the blade tip of the
lower surface, and the negative pressure center
gradually moves toward the front edge. It can be
seen that the reverse pressure gradient at the
blade tip is reduced because of large negative
twist, which effectively delays the airflow sepa-
ration phenomenon, consistent with the conclu-
sion shown in Fig. 10, indicating that large nega-
tive twist of the blade causes the lag in the detach-

ment cycle for the blade tip vortex at trailing edge.
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Fig. 13 Pressure contour of the blade upper and

lower surface

4 Conclusions

Based on CFD method and dynamic overset
mesh, the aerodynamic performance and flow
field characteristics of cycloidal propeller in hov-
er are investigated. The influence of negative
twist on the aerodynamic characteristics is then
analyzed. Based on this, the effect of the nega-
tive twist on the three-dimensional dynamic stall
effect of the cycloidal propeller is studied, lead-

ing to the following conclusions:
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1) With the increase of the negative twist,
the vertical force gradually increases, which
peaks at a negative twist of about 15°. The later-
al force continuously reduces as the negative
twist increases, which reaches 0 at the negative
twist of — 13°, causing the resultant thrust to
point vertically. The change trend of power is
similar to the saddle curve, which reaches the
minimum at the negative twist of —5°. The neg-
ative twist has a significant influence on the
time-average thrust direction of the cycloidal
propeller. The deflected direction angle of re-
sultant force increases monotonically with the
increase of the negative twist.

2) The vertical, lateral force and power
consumption fluctuation of the cycloidal propel-
ler is similar to the sine wave. As the negative
twist increases, the fluctuation amplitude for
blade aerodynamics gradually increases, and the
phase angle of the amplitude gradually lags be-
hind. In the case of negative twist of 20°, the az-
imuth lags by 21°, and the instantaneous torque
fluctuation range is the smallest, which is bene-
ficial to reduce the mechanical loss during the ro-
tation process. This indicates that the proper
negative value of the negative twist is conducive
to improving cycloidal propeller’s thrust stability.

3) Due to the three-dimensional dynamic
stall effect, the spanwise distribution of the lift
of the cycloidal propeller is not uniform. The lift
in the middle of the blade with the azimuth angle
of 270° is large, and the lift at both ends is
small. The existence of the tip edge vortex cau-
ses the local lift to peak at the blade tip. The
negative twist has a significant influence on the
spanwise aerodynamic distribution. For the cal-
culated state in this paper, the spanwise aerody-
namic distribution of the cycloidal propeller is
more balanced in the case of small negative
twist.

4) The influence of the negative twist on
the cycloidal propeller in hovering is mainly re-
flected in the change of the resultant force direc-
tion and the falling re-attachment frequency of

the leading edge vortex, and the FM of thecy-

cloidal propeller is higher in the case of small
negative twist. Further study in the condition of

forward flight will be carried out.
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