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Abstract

High-speed rotor rotation under the low-density condition creates a special
low-Reynolds compressible flow around the rotor blade airfoil where the
compressibility effect on the laminar separated shear layer occurs. However,
the compressibility effect and shock wave generation associated with the in-
crease in the Mach number (A4) and the trend change due to their interfe-
rence have not been clarified. The purpose is to clear the compressibility ef-
fect and its impact of shock wave generation on the flow field and aerody-
namics. Therefore, we perform a two-dimensional unsteady calculation by
Computational fluid dynamics (CFD) analysis using the CLF5605 airfoil used
in the Mars helicopter Ingenuity, which succeeded in its first flight on Mars.
The calculation conditions are set to the Reynolds number (Re) at 75% rotor
span in hovering (Re = 15,400), and the Mach number was varied from in-
compressible (M = 0.2) to transonic (M = 1.2). The compressible fluid dy-
namics solver FaSTAR developed by the Japan aerospace exploration agency
(JAXA) is used, and calculations are performed under multiple conditions in
which the Mach number and angle of attack (a) are swept. The results show
that a flow field is similar to that in the Earth’s atmosphere above M = 1.0,
such as bow shock at the leading edge, whereas multiple A-type shock waves
are observed over the separated shear layer above a = 3" at M/ = 0.80. Howev-
er, no significant difference is found in the C, distribution around the airfoil
between M = 0.6 and M = 0.8. From the results, it is found that multiple
A-type shock waves have no significant effect on the airfoil surface pressure
distribution, the separated shear layer effect is dominant in the surface pres-
sure change and aerodynamic characteristics.
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1. Introduction

In recent years, the Mars Helicopter (MH) has been developed as a new means
of exploring the planet Mars in conjunction with a rover mission. The MH is
characterized by its ability to move at relatively high speeds, unaffected by the
complex terrain of the Martian surface which is inaccessible to rovers. Coopera-
tion with the rover is expected to extend its exploration range in acquiring de-
tailed and meaningful scientific data from areas that have been previously diffi-
cult to explore. Proposed Martian helicopters include the Martian Autonomous
Rotary-Wing Vehicle (MARV) from the University of Maryland [1], the Hex-
Acopter for Martian pltcrater exploraTiON (HAMILTON) [2] [3] which is be-
ing studied mainly by the JAXA, and “Ingenuity” designed by the National
Aeronautics and Space Administration (NASA) Jet Propulsion Laboratory (JPL).
Among these, Ingenuity completed the first successful powered flight on a planet
other than Earth [4] during its first flight on Mars in April 2021 in a mission
called “Mars 2020”. However, since the current Ingenuity is positioned as a
technology demonstrator, it has only minimum performance for near-surface
flight. In particular, for future practical flight exploration over a wide area, im-
provement of aerodynamic performance is an essential technical challenge to
enable increased payload capacity and longer cruising range.

Table 1 compares atmospheric conditions on Earth and Mars [5]. Since Mars
has about 40% gravity and an atmospheric density of about 1% compared to that
of Earth, these characteristics make it a harsh rarefied environment for the MH.
In addition, the speed of sound on Mars is about 70% that of Earth because the
atmosphere is mainly composed of CO, and the average temperature is low at
approximately 223.2°C. As a result, the Reynolds number (Re) in the flow
around the MH rotor blade becomes low at Re = O (10° - 10*) and the Mach
number (M) reaches nearly M = 0.80 where shock waves are more likely to oc-

cur, especially near the blade tips. Figure 1 shows flow conditions around the

Table 1. Mars atmospheric condition [5].

Physical properties Earth Mars

Density, p [kg/m?] 1.225 0.017

Temperature, 7' [K] 288.2 223.2

Gas constant, R [J/kg-K] 287.1 188.9
Specific heat ratio, y 1.400 1.289

Dynamic viscosity, u [Pa-s] 1.750 x 107 1.130 x 10°°
Static pressure, p [kPa] 101.3 0.720
Sound speed, a [m/s] 340.4 233.1
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Figure 1. Flow conditions around the rotor of “ingenuity” in hovering (created based on

(6.

rotor blade of Ingenuity [6].

Such low-Reynolds-number compressible flow is a very specific flow condi-
tion for the aerodynamic design of airfoils. Several studies have been reported on
the flow fields around the airfoils under these special flow conditions [7]-[14].
Canuto et al [7] investigated the compressibility effect around a cylinder in the
low Reynolds number region using direct numerical simulation (DNS). They
reported that the compressibility effect elongates the wake and causes a slight
delay in separation. Anyoji et al. [11] investigated the effect of compressibility at
Re = 11,000 using NACAQ012-34 airfoil in the Mars Wind Tunnel (MWT) at
Tohoku University. They revealed that the lift coefficient decreased with an in-
creasing Mach number in the high angles of attack above a = 7°. This is because
the compressibility effect delays the flow separation and laminar-to-turbulent
transition, preventing the laminar separation bubble (LSB) formation. Mean-
while, Mukohara et al [12] investigated the compressibility effect on a leading-
edge LSB on a flat plate at Re = 6100 and 11,000. Their results showed that the
rolled-up separated shear layer due to the Kelvin-Helmholtz (KH) instability is
stabilized by the compressibility effect, delaying the laminar-to-turbulent transi-
tion and reattachment. The magnitude of this effect is more remarkable as the
Reynolds number is higher. However, these studies have been limited to M =
0.80 or less, partly because it is difficult to conduct low-Reynolds number and
transonic wind tunnel tests. Therefore, the details of the flow field at transonic
speeds such as the compressibility effect on the interference between the LSB
and shock waves, remain unknown. Drela [13] numerically investigated a
shock/boundary layer interaction around the Eppler 387 airfoil at Re = 200,000
which is one order of magnitude larger than the target Reynolds numbers. He
successfully captured the generation of the multiple A-type shock waves over the
separation bubble at A/ = 0.65. However, the laminar separation does not occur
at these relatively high Reynolds numbers which correspond to the turbulent
boundary layer region. The lift-to-drag ratio deteriorates sharply below Re =
70,000 due to the boundary layer transition (Figure 2) [14]. In other words, the
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Figure 2. Dependence of Reynolds number (Re) of maximum lift-drag ratio (created based
on [14]).

flow field is expected to be different at the flight Reynolds numbers of the MH.
Meanwhile, Sato ef al performed CFD simulations of the three-dimensional ro-
tor blade of Ingenuity using the CLF5605 airfoil to investigate the presence and
effects of shock wave generation [3]. The results showed that even at a high
Mach number at the wing tip, M, = 0.90, no shock waves are generated in the
Martian atmosphere, and no deterioration in the aerodynamic performance oc-
curs. This is because the blade tip vortex generated by the front blade induces a
flow in the rotational direction, which reduces the local Mach number around
the blade. Although no shock waves were observed in the flow field below M, =
0.90 in their study, it is assumed that for future practical operation of the MH, it
will be required to fly at higher rotational speeds to increase payload capacity
and extend the cruising range.

In response to such requirements, there is an insufficient basic understanding
of the details of the fluid structure, such as the LSB/shock interaction when
shock waves are generated, and their effects on the aerodynamic performance.
This paper describes the compressibility effect and its impact of shock wave
generation on the flow field and aerodynamics by varying the angles of attack
and the rotational speed (Mach number) from incompressible to transonic
speeds using the CLF5605 airfoil. Because of the high computational cost of three-
dimensional calculations and the impracticality of conducting a large number of
calculation cases, the flow field around the two-dimensional airfoil is simulated.

First, comparisons with previous studies and confirmation of the grid con-
vergence were conducted as validation and verification of our computational
method. Next, the compressible effect was investigated by comparing the flow
field at M = 0.2, which corresponds to an incompressible flow, with that at M =
0.6, which is a compressible flow with no shock waves on the upper surface. Fi-
nally, the Mach number was increased in 0.2 steps from 0.6 to investigate the ef-
fect of the shock wave generation. This section describes the research back-
ground and purpose. Section 2 explains the computational setup. The computa-
tional results and discussion are given in section 3. Section 4 summarizes the

results, including future works.
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2. Computational Setup
2.1. Computational Model and Flow Condition

The CLF5605 is used as the target airfoil which has been adopted as the airfoil
for the rotor blades of Ingenuity. Its geometric shape is shown in Figure 3. The
CLF5605 is characterized by its thinness, small leading-edge radius, and large
camber which has a maximum thickness ratio of 5.0% to the chord length (¢) at
x/c=0.20 and a maximum camber ratio of 4.9% at x/c = 0.59.

For the aerodynamic design of Ingenuity’s rotor blades, Koning et a/ [6] have
investigated the two-dimensional (2D) flow field around the CLF5605 at Re =
15,400 and M = 0.60 by CFD. This study simulates the flows corresponding to
the equivalent chord (/R = 0.75) of the Ingenuity rotor blades. Table 2 shows
the set flow conditions. As conducted by Koning et al [6], the base case in this
study is defined as Re = 15,400 and A = 0.60 which is compared with the CFD
results for validation. However, there is no wind tunnel that can realize these
conditions, and it is difficult to conduct a wind tunnel test. Therefore, we inves-
tigated it by numerical calculation. Note that the Mars wind tunnel [15] that can
achieve low-Reynolds-number compressible flows close to the flow conditions
shown in Table 2 has been developed. However, even with such a special wind
tunnel for Martian atmospheric flight, it is difficult to directly compare our cal-
culations with experimental results because the relevant flow conditions are out-
side the operational envelope. Therefore, we evaluate the validity by comparing
our results with the numerical results of Koning et a/ [6]. Details are discussed
in subsection 2.4.

Since this study focuses on the separated shear layer compressibility effects in

Figure 3. CLF5605 airfoil used for rotor blade of Ingenuity.

Table 2. Flow condition.

Physical properties Value
Reynolds number, Re 15,400
Mach number, M 0.20, 0.60, 0.80, 1.0, 1.2
The angle of attack, a° 0 to 10 (in increments of 1°)
Prandtl number 0.71
Turbulent Prandtl number 0.90
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the low Re regime, especially pure M effects on shock wave interference, the Re
is fixed and only the M is varied. Therefore, the M effect on the flow field and
the aerodynamic characteristics were evaluated by varying the A/ while keeping
Re = 15,400. In the actual operation of the MH, however, the Re also changes as
the rotor speed (Mach number) is varied. A computational grid was used with a
fixed chord length of 1.0 m in all cases. The Re and M were set by changing the

density and static pressure as shown below:

_Re-y  Re-u (1)
Uc  M.\yRTc
Re-u |RT

= pRT = — 2

p=p R )

In the base case, from Equations (1) and (2), the density and pressure are
p=124x10" kg/ m’ and p=52.5Pa, respectively. The (turbulent) Prandtl
number was assumed to be the same as that of air according to the flow condi-
tion by Koning et al. [6].

2.2. Computational Methods

Two-dimensional unsteady calculations were performed using FaSTAR [16], a
compressible fluid dynamics solver developed by JAXA. Table 3 compares the
methods used in this study with those used by Koning et a/ [6]. Their computa-

tional method is followed in this study. The governing equation is shown below:
0 1
EIVQdHL{F(Q)—R—eFv(Q)]ds=0 ©)

where Qs the conserved vector, Fis the inviscid vector, F, is the viscous vector,
and ds is the outward normal vector for each cell with the absolute value of the
surface area. The governing equation was discretized by the finite volume me-
thod while SLAU2 was used to calculate the inviscid flux [17]. Since SLAU?2 is
reported to be very robust against shock wave anomalies [17], it can be syste-
matically and efficiently calculated for a wide range of Mach numbers and angle
of attack conditions without changing the method. It has also been reported that
turbulence models and transition models are effective for capturing laminar se-
paration bubbles (LSBs) on the airfoil surface [18] [19]. Based on these, the

Table 3. Computational methods.

Koning ef al. [6] Current study

CFD solver OVERFLOW 2.2n FaSTAR [16]

Inviscid flux 6"-order central difference SLAU2 [17]

Time marching 2"d_order backward difference LU-SGS [23]

Gradient calculation N/A GLSQ [24]

Flux limiter N/A Minmod [25]
Turbulence model SA-AFT2017b [19] Menter SST with y-Res [21] [22]
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turbulence and transition model SA-AFT2017b [20] was employed in the study
by Koning et al [6] In this study, Menter SST was used as the turbulence model
[21] with Menter y-Res as the transition model [22].

2.3. Computational Grid

Figure 4 shows the overall view of the calculation grid and an enlarged view
around the airfoil. This study adopted an O-shaped grid which has a small
change in the grid density even when the angle of attack is changed. The calcula-
tion area was set to 100c¢ and the first layer thickness width was determined so
that yp* calculated would be less than 1.0 under all flow conditions. To evaluate
the grid level effect on aerodynamic performance, three levels of mesh refine-
ment (coarse, medium, and fine) were conducted. Based on the medium mesh
with 124,000 grid points, the fine (163,800 points) and coarse (59,400 points)
mesh were created by increasing or decreasing the number of grid points in the

circumferential and vertical directions of the airfoil, respectively.

2.4.Validation & Verification

Since there is no experimental data under the relevant flow conditions, the qua-
litative validity of the results was evaluated by comparing them with those of
Koning et al [6]. Figure 5 compares the present results for the aerodynamic
coefficients (C; C,) at Re = 15,400 and M = 0.60 with those of Koning et al [6].

/ Farfield
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]F
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:‘ 100c >

Figure 4. Overall and enlarged views of medium grid.
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Figure 5. Comparison of aerodynamic coefficients at Re = 15,400 and M = 0.60.
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Figure 6 shows the time history of the aerodynamic coefficients at @ = 6° as a
typical case. Since the convergence is observed after the dimensionless time
(ut/c) of 50 for all angles of attack, the aerodynamic coefficients shown in Figure
5 are averaged from 50 to 60 in the dimensionless time. From Figure 5, although
both the lift and drag coefficients agree over a wide range of angles of attack, the
maximum difference is about 19% for C; and about 16% for C;at a=5". Also,
the lift coefficient of the present study is approximately 8% smaller than that of
Koning et al below a = 4°. These differences can be attributed primarily to the
relatively early flow separation in the present CFD. In addition, in a previous
study [26] that compared the results of wind tunnel tests and Reynolds-averaged
Navier-Stokes (RANS) simulations of Mars aircraft in the low Reynolds number
region, (;measured by RANS was about 7 to 10% lower than the results of wind
tunnel tests. It is reported that this is due to the limitation of separation predic-
tion by the turbulence model. Since the same turbulence model (Menter SST and
y-Res) is also used in this study, it is considered that the difference from Koning
et al’s study [6] was due to the error in separation prediction. The details of the
flow field in the base case are described in Section 3.1. Although the above dif-
ferences are observed, these do not interfere with the qualitative discussion of
the flow field around the airfoil as the angle of attack increases. Hence, the same
computational method was employed for the subsequent calculations.

Figure 7 compares the aerodynamic coefficients for the base case (Re = 15,400
and M = 0.60) at three different grid levels. Since the convergence was observed

after dimensionless time 50 for all computational grid cases, Figure 7 shows the

g
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o
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Figure 6. Time history of aerodynamic coefficients at a=6".
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Figure 7. Comparison of aerodynamic coefficients at Re = 15,400 and A = 0.60 using grids with three dif-
ferent grid densities.
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averaged value from the dimensionless time of 50 to 60. As shown in Figure 7,
similar aerodynamic coefficients are obtained at each grid level, although there
are slight differences at @ = 5° and 6°, respectively. In particular, comparing the
medium and coarse grids at a = 5°, the differences in lift and drag coefficients
were approximately 7% and 5%, respectively. In contrast, the difference between
the medium and fine grids was less than 2% for both the lift and drag coeffi-
cients at all angles of attack. From this result, it was judged that the medium grid
converged sufficiently, and the medium grid (124,000 points) was used for all

calculations.

3. Results and Discussions
3.1. Flow Field around CLF5605 Airfoil

Figure 8 and Figure 9 show the averaged flow fields of the base case (Re =
15,400 and M = 0.60) and the pressure coefficient (C,) on the airfoil surface,
respectively. Figure 10 indicates the separation locations calculated based on
the skin-friction vectors in the x direction (Cs) on the airfoil surface. For ref-
erence, Figure 11 shows the pressure coefficient distribution on the suction
side of the flat plate with a typical LSB [11]. Figure 11 suggests that a laminar
separation occurs on the suction side and the separated shear layer reattaches
near the trailing edge, resulting in the formation of the LSB. However, a com-
parison of Figure 9 and Figure 11 suggests there is no clear pressure recovery
indicating a laminar-to-turbulent transition and the C, at the trailing edge is
not near zero but about —0.5, indicating a separated flow without reattach-
ment. Although a recirculation region is observed near the trailing edge in
Figure 8, it seems to be forcibly reattached near the trailing edge due to the
large reversed flow. These are thought to be due to the dependence of the tur-
bulence model on the turbulent transition and the fact that the recirculation
region is somewhat overestimated because of the two-dimensional calculation.
As described above, it is debatable whether or not the separated flow reattach-
es at the trailing edge. However, in light of past findings based on the C, dis-
tributions, it is natural to assume that the separated flow without reattachment
occurs on the suction side.

Based on this assumption, a gradual shift can be found from the trailing-edge
separation flow to the leading-edge separation flow as the angle of attack in-
creases. Especially between a = 3° and 5°, when the separation point moves
dramatically forward, most of the upper surface is covered by the separated flow
at a = 5° or more. The drop in the Cat a = 5° shown in Figure 5 can be attri-
buted to this change in the leading-edge separation flow. Between a = 4" and 6°,
the C, distributions on the pressure side and the suction side from the leading
edge to the suction peak hardly change while the C; decreases with a slight pres-
sure change after the suction peak. At a >6°, the negative pressure in the suction
peak increases and the positive pressure on the pressure side also increases, re-

sulting in an increase in the C;as the angle of attack increases.

DOI: 10.4236/jfcmv.2023.112003

38 Journal of Flow Control, Measurement & Visualization


https://doi.org/10.4236/jfcmv.2023.112003

T. Yamaguchi, M. Anyoji

® a=9"

Figure 8. Averaged velocity fields and streamlines around CLF5605 at Re = 15,400 and M
= 0.60.
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Figure 11. Typical G, distribution on flat plate with leading-edge separation bubble at Re
= 11,000 and M= 0.60 for a=3° [11].

3.2. Mach Number Effect

3.2.1. Compressibility Effect

To evaluate the compressibility effect on aerodynamic performance and the flow
fields, the results for A = 0.20 and M = 0.60 are compared as representatives of
the incompressible and compressible flows, respectively. Figure 12 and Figure
13 show the lift and drag curves as well as the ratio of the difference in pressure
drag to the difference in total drag, respectively. Meanwhile, Figure 14 compares
the G, distributions for M = 0.20 and M = 0.60. The C; below a = 4" increases
almost linearly with increasing the angle of attack for both M. The characteris-
tics of the G, distribution shown in Figure 14(a), especially the fact that the C,
does not recover to zero at the trailing edge, indicate a common trailing edge
separation flow in both cases. Since there is little difference in the C, distribution
on the pressure side, the difference in the C below a = 4" is attributed to the dif-
ference in the negative pressure level on the suction surface. As explained above,
the G drop is observed at a = 5" for M = 0.60 whereas it increases with the angle
of attack for M = 0.20 up to a = 10° without the lift drop. The result is the C; at
M = 0.20 exceeds that at M = 0.60 above a = 5°. In particular, a nonlinear lift in-
crease is confirmed between a = 6° to 7°. The G, distributions shown in Figure
14(b) and Figure 14(c) suggest that this nonlinear lift increase at A/ = 0.20 is

due to the increase in the negative pressure level on the suction side by the

DOI: 10.4236/jfcmv.2023.112003

40 Journal of Flow Control, Measurement & Visualization


https://doi.org/10.4236/jfcmv.2023.112003

T. Yamaguchi, M. Anyoji

. 0.20
V=020 (Cy)
LTLZ 50.16 || mmmmm A/ =0.60 (Cgp) -~~~ =,
g l —8— M=020(C)) 0
: 2012 [|—0— M=0.60(Cp) | o &
L‘: —
£09 :
: 20.08
206 :
’_] $—
£ 0.04

™ 0.00

\S]

3 4 5 6
Angle of attack, a’

(a) Lift curve

01 2 3 4 5

Figure 12. Comparison of the aerodynamic coefficients at A/ = 0.20 and 0.60.

6 7 8 9 10

Angle of attack, a”
(b) Drag curve and pressure drag coeflicients (C, )

4 5
Angle of attack, o.”

Pigure 13. Ratio of difference in pressure drag AC,, (= c -C

dp y-06

dp =0

2) to difference in

total drag AC, (= Cyrrne —CdM:M) .
32 -3.2
——M=020 —M=020
g —— M=0.60 - —— M=0.60
516 | 5-16
2 2
: :
3 ]
g g
% 0.0 L L L L - 2 0.0 —
g (’ g ﬁ
~ A~
1.6 1.6
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0
x/c x/c
(a)a=3 (b)a=6
32 -3.2
— M=020 — M=0.20
o — M=0.60 o — M =0.60
56 | 5-16 |
8 8
% M % k
8 8
2 ﬂ 2
2 0.0 _— 2 0.0 R/
2 2
£ ~ ﬁ
1.6 1.6
0.0 0.5 1.0 0.0 0.5 1.0
x/c A x/c .
(©a=7 (d)a=9

Figure 14. Comparison of the pressure coefficient distribution.
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formation of LSB. The averaged flow field at @ = 7° shown in Figure 15 also in-
dicates the formation of LSB near the center on the suction side.

In contrast to the C; characteristics described above, Figure 12(b) indicates a
larger drag coefficient at M = 0.60 for most angles of attack. Figure 16 compares
the locations of the separation and reattachment for each M. These locations are
also determined from the skin frictional vector as shown in Figure 10. The flow

separation commonly occurs for all A especially below a = 6° when the flow

0.0 U/l 0.3

Reattachment

0.0 Wl 0

(b) M=0.60

Figure 15. Averaged velocity fields and streamlines at a=7".
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Figure 16. Compressibility effect on separation and reattachment locations.
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separates more upstream at M = 0.60. However, above a = 7°, the LSB forms
only at M = 0.20 and the flow separation occurs more upstream near the leading
edge. Figure 12 shows the pressure drag is dominant among the total drag. Fur-
thermore, Figure 13 suggests most of the difference in the total drag for each M
corresponds to the difference in the pressure drag. From the above, it is observed
that the pressure drag increases at A/ = 0.60 due to the increase in the separation
region, resulting in a larger total drag than that at A/ = 0.20. Above a = 7°, the
LSB disappears at M = 0.60 due to the compressibility effect as shown in Figure
15. According to Ref. [12], although the separated shear layer in incompressible
flow is prone to transition from laminar to turbulent flow due to the Kel-
vin-Helmholtz (KH) instability, the KH instability of the separated shear layer is
alleviated and stabilized by the compressibility effect as the A/ increases. Simi-
larly, above a = 7° at M= 0.60, it is considered that the separated shear layer sta-
bilization due to the compressibility effect would have caused the reattachment

point to pass over the trailing edge, resulting in the disappearance of the LSB.

3.2.2. Transonic Region

To evaluate the effects of shock waves on aerodynamic performance and the flow
fields, the results from A/ = 0.60 to M = 1.2 are compared. The averaged density
gradient fields between M = 0.80 and A = 1.2 are shown in Figure 17. It can be
confirmed that shock waves are generated at all angles of attack at A/ = 1.0 and
M=1.2. A trailing edge shock wave is generated at M = 1.0 whereas a bow shock
wave is observed in front of the leading edge at A/ = 1.2. These are very similar to
typical flow fields around the airfoils under the Earth’s atmosphere [27]. In con-
trast, multiple A-type shock waves are generated over the separated shear layer at

0.0 V(p/p)l 4.0
]
a=0° a=3° a=9°
M
0.60 ———— _—— A

0.80 |

A-type shock waves

[

TR s cul s <

7 7

1.2

VB
)

Figure 17. Comparison of density gradient around CLF5605 in the transonic region.
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—_
=)

M = 0.80 above a = 3° which is interestingly very similar to the shock wave
structure at Re = 200,000 reported by Drela [13]. Drela describes the multiple
A-type shock waves generation mechanism as follows. The precompression wave
separates the boundary layer and collides with the separated shear layer. This
causes the precompression to be reflected as an expansion wave. As a result,
multiple A-type shock waves are generated. It can be deduced that the multiple
A-type shock waves at Re = 15,400 are generated by a similar mechanism. The C,
distributions are shown in Figure 18.

From the results of the lift and drag coefficients of each A/ shown in Figure 19
below a = 5°, the C; noticeably becomes smaller at higher A, especially M = 1.0
and M= 1.2. As shown in Figure 18(a) and Figure 18(b), the pressure and suc-
tion sides become negative and positive pressure, respectively, upstream from
around x/c = 0.4 or 0.2 above M = 1.0. Both of these pressures generate act on
the airfoil in the opposite direction of the lift force. As a result, the C; decreased
at higher M. Although a similar pressure distribution is observed below M =
0.80, its effect is minimal because it occurs in a localized region upstream of x/c
= 0.1. In contrast, above M = 0.80, the C, increases compared to M = 0.60 at all
angles of attack. However, the C;at M = 1.0 exceeds that at M = 1.2. The C,, at
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Figure 18. Comparison of G, distribution between A = 0.60 and A/ = 1.2. (Solid line: suction side, Dashed
line: pressure side).
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Figure 19. Comparison of aerodynamic coefficients between A7= 0.60 and A/ = 1.2.

each M is also shown in Figure 19(b). In all cases, the C,, is the main source of
the total drag. As shown in Figure 18, especially at low angles of attack, the pos-
itive pressure near the leading edge on the suction surface acts on the airfoil as
drag. On the other hand, focusing on the vicinity of the trailing edge, the nega-
tive pressure on the suction side near the trailing edge where the camber is large
is the largest at M = 1.0, resulting in a larger drag at M/ = 1.0 than that at M= 1.2.

4. Conclusions

To investigate the MH rotor blade aerodynamic performance and the flow field
under low-Reynolds compressible flows, two-dimensional unsteady simulations
were performed using the CLF5605 airfoil. The M effects on the flow field and
aerodynamic performance were evaluated.

The comparison of the results for A/ = 0.20 and M = 0.60 reveal that the LSB
disappears above a = 7" at M = 0.60 due to the KH instability stabilization in the
separated shear layer by the compressibility effect. These phenomena have been
reported in previous studies using other airfoils, and the same phenomenon was
found in the present study. Above a = 3° at M = 0.80, multiple A-type shock
waves are observed over the separated shear layer on the suction side. Further-
more, however, the effect of the separated shear layer is more dominant than the
A-type shock wave for the C, distribution on the airfoil surface. For M= 1.0 and
M = 1.2, due to the characteristic pressure distribution near the leading and
trailing edges, the lift coefficients become much smaller than those for A/ < 0.80,
especially at the low angles of attack below a = 5°, and the drag coefficients at M
=1.0 are maximum for all angles of attack.

Since technical difficulties remain in developing wind tunnels that rigorously
achieve flow conditions for the MH, numerical simulations are expected to con-
tinue to be the main method for fluid analysis under such flow conditions. In

numerical analysis, future issues include clarification of the three-dimensional
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and unsteady nature of the flow field. Focusing on the flow conditions where the
interference between the separated shear layer and shock waves was observed in
this study, our research group is currently analyzing the three-dimensional flow
field around the MH rotor and unsteadiness such as buffeting by applying high-
er-order accurate analyses such as large eddy simulation (LES) and DNS.
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Nomenclature

a: Angle of attack, °

Ci Drag coefficient

Cyp Pressure drag coefficient
Cr. Skin-friction coefficient
C:. Lift coefficient

G, Pressure coefficient

¢ Airfoil chord length, m
M: Mach number

R: Rotor radius, m

Re: Reynolds number

r. Rotor radial coordinate, m
t Real-time, s

u: Uniform flow velocity, m/s

x Chordwise distance from the leading edge, m

y: Distance from the leading edge in the airfoil thickness direction, m

y*: Dimensionless wall distance

Subscripts

tip: Blade tip
x: xdirection

oo: Freestream conditions
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