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Abstract

Recently, much work has been conducted for airfoils at low Reynolds and high velocity for
further improving design airplanes those can fly on Mars and on stratosphere of the Earth.
In this study, the aerodynamic characteristics of a typical airfoil shape named Ishii are
studied by numerical approach for understanding the aerodynamic forces and flow fields at
different angle of attack and Mach number. To reduce the numerical time, the Reynolds
averaged Navier-Stokes equations are used for the simulation. The numerical results are
compared with previous experimental data at the same flow conditions. This study found
that the turbulent model should be changed from k- SST for angles of attack below 8° to
k-¢ model for higher angles of attack to obtain the accurate results. The maximum
difference between simulation and experimental results is less than 9%. To extend the
results, the aerodynamic characteristics were investigated for angles of attack from 0° to
20° and the Mach number between 0.2 and 0.8. The effect of serration at the leading edge
on aerodynamic characteristics was also investigated. The results of the current study show
that the angle of attack with maximum lift coefficient is around 8° at M = 0.2 and it
increases for increasing Mach number. At high angle of attack, the lift decreases but large
stall does not occur. The reason is from the generation of a separation bubble at leading
edge of airfoil, which shows different characteristics from normal airfoil model. The
serration at leading edge increases lift and aerodynamic performance for angles of attack
above 8°. The results of the proper orthogonal decomposition indicates that the
unsymmetric flow with a large wake structure is the most dominant flow at high angles of
attack. The flow pattern of those modes, velocity and pressure distributions around the
model are discussed.
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1. Introduction

Exploring other planets and designing airplanes have been an interesting topic for
mechanical researchers. In recent decades, much work has been conducted on studying
airplanes flying on Mars to understand the aerodynamic behavior and increase the
aerodynamic performance. In comparison to the atmosphere of the Earth, the air around the
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atmosphere of Mars is mainly carbon dioxide with much lower air density and low pressure.
The air conditions on Mars lead to change in designing airfoils and airplanes to provide
sufficient lift and aerodynamic performance. Generally, the airplane is required to fly at
high Mach number and very low Reynolds number conditions [1]. At those conditions, the
airfoil for airplanes on Mars is often thinner than that on Earth. Although a helicopter was
designed and successful to fly on Mars, many problems and questions regarding to fluid
mechanics and aerodynamics still exist [2].

In the review of airplanes in literature, it shows that the aerodynamic behaviors
and number of airplane at Mach number between 0.2 and 0.8 with Reynolds number in
ranges of 10-10° are limited. This flow condition is similar to the airplanes that fly on
Mars. To understand the flow behavior, much work was conducted by Anyoji et al. [3]
at Tohoku University by both simulation and experimental methods. At low Reynolds
number conditions, a separation bubble was observed in the upper surface of the airfoil
for moderate angles of attack. The existence of the separation bubble changes the
pressure distribution and aerodynamic force. In fact, a linear of the lift by angle of
attack is disturbed at very low angles of attack. Caros et al. has focused on numerical
simulation algorithms in their research, optimizing the aerodynamic parameters of
triangular airfoil wings operating in Martian conditions [4], [5]. It was also shown that
the Mars atmosphere is similar to the atmosphere of the Earth at an altitude of around
30 km, where long-range endurance airplane works [6]. Consequently, the researches on
these flow conditions also help to improve the aerodynamic performance of airplanes at
stratosphere. Those airplanes can work as satellites for transferring signals and they
have been focused by many companies, recently. For understanding detailed
characteristics of low Reynolds number airfoils, the Ishii airfoil has been developed to
reduce the separation flow and increase aerodynamic characteristics [3]. Although many
studies have been conducted for that airfoil, high scheme simulation models, such as
large eddy simulation, and direct numerical simulation, were applied. The use of those
models leads to high numerical time, which is not suitable for the initial design process.

For increasing the aerodynamic performance of low Reynolds number airfoils at
high angle of attack, serration at the leading edge is often used. This technique mimics
animal wings, which also fly at low Reynolds numbers. Earlier research on sawtooth
wing shapes (SLEs) has primarily focused on flat plates featuring serrations along the
leading edge of the wing [7]. Findings suggest that the aerodynamic characteristics of
serrated-edge flat plates are almost the same as those of standard flat plates, with
enhancements in stall angle performance, as shown by Smith and Klettner, who used
large eddy simulations for the airfoil flow [8]. The working principle of the serration is
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due to the fact that it reduces the velocity fluctuation upstream of the trailing edge and
the correlation of the large-scale vortices. This structure can be found on the fins of
humpback whales, which sufficiently delays the stall at high angles of attack and helps
the animals swim smoothly [9]. Other studies have also investigated the application of
serrated trailing edges to reduce noise levels [10]-[12].

From above review, it shows that previous studies used complicated experiments
or high numerical schemes for the simulation of the flow around low-Reynolds airfoils.
Since the mesh volume is sufficiently high, which was often above 30 million cells, this
technique is not suitable for fast prediction of the aerodynamic characteristics during
the initial design process. Additionally, it is also a big problem for small laboratories
where the supercomputer system is limited. Consequently, low-cost, highly effective
techniques are required for the simulation. Regarding a typical airfoil at a low Reynolds
number, such as the Ishii airfoil, previous studies were limited to a typical Mach number
and for the angle of attack below 15°. The effect of serration on aerodynamics and the
stall behavior of the airfoil is not clear and should be further classified.

In this study, the aerodynamic characteristics of the Ishii airfoil in the atmosphere
of Mars are studied by computational fluid dynamics (CFD). Different numerical
schemes, which are based on the Reynolds averaged Navier-Stokes equation, are tested
and adjusted to find the most accurate models for the simulation. The numerical results
are validated with experimental data by Anyoji et al. [3] at the Mach number of 0.2.
It was shown that the k-w turbulent model is the most accurate model at angles of attack
below 8°, while the k-¢ model is required for the higher angles. Then, the numerical
schemes are applied to study the effect of angle of attack, Mach number, and serration
on the aerodynamic force and flow behavior is analyzed.

2. Computational method
2.1. Model geometry and numerical domain

The profile of the Ishii airfoil is illustrated in Fig. 1a, showing a maximum wing
thickness ratio of 7.1% at x/c = 0.25 and a peak camber of 2.3% at x/c = 0.62. Here, c
represents the chord line of the wing (c = 50 mm). In comparison to the NACA airfoil,
the maximum thickness of the Ishii airfoil is much lower, which helps to increase the
aerodynamic performance at a high Mach number. This study used simulation method
to obtain the full parameters of the flow. Additionally, the experimental results of
previous study are used for the validation. The numerical domain is shown in Fig. 1b.
Here, the numerical domain contains a circular arc with a radius of r = 16c, a trailing
length of 17c, and a width of 2c. The length of the numerical domain is sufficiently
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long, which allows to capture of the wake flow at high angle of attack. In this
computational domain, the inflow region is positioned in the circular intake area in front
of the wing and extends above and below it, with the outflow pressure set to free flow.
Both side boundaries of the domain are set as symmetric surfaces, while the wing
surface of the airfoil is defined using a wall function.
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a) Ishii airfoil
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Velocity C Outlet
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b) Numerical domain
Fig. 1. Airfoil model and numerical domain.
2.2. Mesh generation and numerical method

A structured mesh is applied around the airfoil profile and within the computational
domain, with images captured from multiple angles, as illustrated in Fig. 2. Here, Fig. 2a
shows the mesh in the whole numerical domain in the symmetric plane while other sub-
figures show the zoom-in mesh around the airfoil. The first grid layer adjacent to the
wing boundary has a thickness of approximately 4-10° m, corresponding to y* ~ 1,
which is suitable for ensuring high accuracy in calculations. The number of layers inside
the boundary layer is 40 with a growth rate of 1.15. The distance from the wing region
to the boundary layer is sufficiently large to minimize numerical simulation interference
from the boundary area. Additionally, the boundary area has a curved shape at the
wing’s leading edge, which assists in adjusting wind direction and enables analysis
across various angles of attack. Before conducting the simulation, mesh sensitivity with
mesh cells between 0.4 and 2.0 was tested. Finally, the total cell of around 1.4 million is
selected for the simulation. The grid convergence index (GCI) is used to evaluate the
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error of the simulation, as it was often used in previous studies [13], [14]. It showed that
the GCI of the lift is less than 5%, which guarantees the accuracy of the mesh
generation method for the simulation. Note that the mesh volume is much smaller than
that of the previous study by Anyoji et al. [3] who applied the large eddy simulation.
The total number of mesh cells in large eddy simulation is often above 30 million,
which requires supercomputers for the simulation. In this study, Reynolds averaged
Navier-Stokes (RANS) equations are used for the simulation. In this method, an
averaged filter is applied for the Navier-Stokes equations, which include the continuity,
moment and energy equations. When the filter is applied, Reynolds shear stress
components occur and they are simulated by different turbulent models [15]. Since an
averaged filter is applied, only averaged results can be simulated from the simulation.
Although the accuracy of RANS is limited, the application of additional equations and
hypotheses allows to reduce the numerical time. Additionally, selecting the properly
turbulent model and its coefficient can improve the numerical results.

a) T b)

Fig. 2. Mesh around the model.
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To simulate the Reynolds shear stresses, the Shear Stress Transfer (SST) k-w
computational model is mainly employed for calculations within this domain. The
model shows the advantage of quick computation and is particularly effective at
addressing flow separation issues around the boundary layer. The transport and
turbulent kinetic energy equations are defined by the following expressions [15]:
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Additionally, p is air density, k is turbulent kinetic energy, « is specific
dissipation rate, u; is velocity component j, P is pressure, vt is kinematic viscosity, u is
turbulent dynamic viscosity, Q is an invariant measure of the strain rate, and zj is
Reynolds stress components. The other constant parameters in the above equations are
determined as below:

o =g, a,=044, B = 4—3;) 53, =0.0828, 5" =0.09, 0,, =0.85, 0,, =1,0,, =0.5,
and o, =0.856.

The above constant parameters were selected default as recommended by
Menter [15]. Note that the SST k- model shows a high potential for surface flow at
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low angles of attack. However, during our calculation, this model shows poor results of
lift coefficient for high angle of attack. This is because the SST k-w model is over
prediction of the surface flow and thereby the wake structure is not captured correctly
when high separation flow occurs. By different attempts, the k-¢ turbulent model with
non-equilibrium wall functions is selected for angles of attack above 8°. Regarding to
the k-e turbulent model, two additional equations for k and are ¢ also used. Those
expressions can be received from the above equations with the assumption of F> = 0.
The results of the current study are exported and analyzed using Tecplot and Matlab
programs. The flow condition is set the same as in the Mars atmosphere with an air
density of p = 0.01841 at initial conditions. The air is considered a compressible
condition. The temperature effects are disregarded. The Mach number, which is
determined by the ratio of the velocity of the model to the velocity of the air, is changed
from 0.2 to 0.8. Those Mach numbers are typical for airplanes flying on Mars at
subsonic conditions. Consequently, the results are validated for other Mach number
from 0.2 to 0.8. At M = 0.2, the Reynolds number, which is based on the chord length of
the wing is set at 23000, with the same flow conditions in previous studies by Anyoji
et al. [3] for validations. The coupled algorithm is applied to determine velocity and
pressure results. A second order in the derivative of velocity and pressure is used. Note
that the environment in the simulation may not be exactly the same as that in Mars.
However, the results of the current study can be used as a reference for airplanes flying
on Mars and the stratosphere. Additionally, in comparison to previous studies, the
numerical time of the RANS simulation takes around two hours for each case, which is
much smaller than other high-numerical scheme methods.

3. Results and discussions

3.1. Aerodynamic lift at different angles of attack

Figure 4 presents lift coefficient at different angle of attack. Previous results by
Anyoji et al. [3] are also drawn. For a > 8°, the turbulent model is shifted to k-¢ to
capture the correct lift coefficient. As can be seen, the lift of the current study is highly
consistent with previous observations by Anyoji et al. The difference occurs only for
angles of attack of 12°, where the lift coefficient of the current study is lower than that
by Anyoji et al. with a maximum difference of 9%. The difference can be explained by
the difference in the air condition between the experiment and numerical simulation.
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In detail, the flow in the simulation is much smoother than that of the
experiments. As a result, separation flow with complex can occur earlier in simulation
and the lift is smaller. Additionally, the flow may highly unsteady at high angles of
attack (o > 10°), where the stall occurs and it affects the simulation as well as
experimental results. Note that the numerical scheme and the method for the calculation
of forces are different between the two methods. Previously, Anyoji et al. used the large
eddy simulation, which consumes a large numerical time in supercomputers.
Furthermore, the support system for the model can affect the results. Since this
technique is not suitable for initial design process, we used the RANS simulation
method. It should be noted that the current simulation cannot provide the unsteady flow
and the boundary layer was assumed as a knowing function. However, a similar trend of
the lift was obtained with a maximum error less than 9%. In terms of the pressure
distribution, which was not shown here, a similar tendency was also observed for the
simulation in comparison to experimental data. It is indicated that the current simulation
method can provide sufficiently accurate averaged results and can be extended for
further discussion. Interestingly, both results present that the stall with a high decreasing
lift may not generate at the airfoil at low Reynolds number.

1.0
0.8
06
$)
0.4
0.2 —=— Anyoji et al. [3]
—e— Present study
00 9 5 10 15 20
al’]

Fig. 4. Lift of the model by angle of attack.
3.2. Velocity and pressure distribution

For the details of the flow, Fig. 5 presents the pressure distribution around the
airfoil in the symmetric plane y = 0 for different angles of attack. As can be seen, a low
pressure is formed on the upper surface and the region widens with increasing angle of
attack up to 8°.
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At higher angles, it seems that the low-pressure region still exists at the upper
surface. However, the values of the low-pressure region are higher than those of
the lower angle of attack. It is explained by a linear increase of lift at angles of attack
below 8°, as shown in Fig. 4. The characteristics of Ishii airfoil are very different from
normal airfoil, where the stall angle is around 14-16°. The unique type of pressure
distribution is explained for this reason.

Pressure Coefficient -15 -126 -1 -075 -05 -025 0 025 05 075 1

a)a=10°

d)a=10° e)a=14° Ha=18°
Fig. 5. Pressure distribution around airfoil at different angle of attack.

For the details of the lift trend, Fig. 6 presents the velocity magnitude in
a symmetric plan mixing with streamlines of the velocity. It can be seen that the region
with high velocity at the upper surface becomes wider with increasing angle of attack.
Additionally, a separation bubble is formed on the surface for « = 8°. This separation
bubble occurs around the leading edge of the airfoil. For higher angles of attack, the
flow is fully separated on the upper surface. This separation region is significantly large
at a = 18°. However, this structure is probably stable, which results in high lift as shown
in Fig. 4a. Note that the current results of the streamlines are only qualitative. For
details of the separation and reattachment position, other methods should be presented.

64



Tap chi Khoa hoc va Ky thudt - 1ISSN 1859-0209

The detailed results of the separation and reattachment position will be shown in the
next section.

Magnitude Velocity 0 10 20 30 40 50 60 70 80 90

e)a=14°

Fig. 6. Velocity and streamlines around the model at different angles of attack.
3.3. Separation and reattachment positions

For the details of the separation flow behavior, Fig. 7a shows the streamwise skin
friction and Fig. 7b summarizes the separation and reattachment position on the upper
surface of the airfoil at different angles of attack. Here, the separation and reattachment
positions are determined from streamwise skin friction on the surface, where the skin
friction changes from positive to negative for separation points and from negative to
positive for reattachment points. The method was widely used previously and the
location points can be obtained from the skin friction as shown in Fig. 7a. The
separation and reattachment positions allow to predict the pressure distribution on the
surface and therefore the lift and drag of the model. In detail, when a separation bubble
occurs, the pressure distribution on the surface becomes flattened. As can be seen, the
attached flow remains for the angle of attack up to 4° while the separation bubble at the
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leading edge occurs for angles from 6° to 8°. At o = 6°, for example, the flow separates
at around x/c = 0.08 and reattaches again at x/c = 0.3 (Fig. 7a). However, the flow
attaches again on the surface at « = 10°. At a higher angle, the flow is fully on the upper
surface, resulting in large aerodynamic drag. These characteristics of the Ishii airfoil are
quite different from normal airfoils, where the separation bubble flow is often not
generated and separation flow often occurs from the trailing edge. This kind of flow
behavior results in the lift at a high angle of attack as shown in Fig. 4.

6 = ® Separation ® Reattachment
20| @ ]
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m
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L . 8 L] ]
Separation
n
_2_ 4
00 02 04 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
x/c
x/c
a) Streamwise skin friction b) Separation and reattachment

Fig. 7. Skin friction, separation, and reattachment around airfoil.

3.4. Proper Orthogonal Decomposition

In Fig. 5, it was shown that the lift of the model at angles of attack of 10° and
higher at 18° is similar. However, Fig. 6 presents a high difference in wake structure. It
is interesting to analyze the dynamic wake structure of the model for the different flow
scenarios. In this section, the Proper Orthogonal Decomposition (POD) is applied to the
simulation. The POD has gained popularity as a technique for analyzing turbulent flows,
as summarized by Berkooz [16]. In this method, the fluctuation of instantaneous data
fields such as velocity or pressure is treated as a snapshot ensemble. These data are
organized into a matrix A, where each column represents instantaneous values of the
velocity at a specific time t. The Singular Value Decomposition (SVD) of A is then
performed as A = UXV where X contains the singular values on its diagonal, and U and
V represent the spatial and temporal distributions of the corresponding modes. The
matrix U can be reconstructed to reveal the spatial distribution of velocity modes, while
V describes the temporal evolution of the modes. A key advantage of POD analysis is
that its eigenvalues prioritize the most energetic fluctuations in the input data, meaning
the first modes correspond to large-scale structures, which dominate the flow fields.
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For details of the technique and data processing, readers can refer to previous studies by
Tran et al. [17] and Pham et al. [18].
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Fig. 8. The first five POD modes for different angle of attack.

To generate the velocity for POD analysis, a detached eddy simulation is applied.
Note that in Unsteady Reynolds-Averaged Navier-Stokes (URANS) simulations or at
low angle of attack velocity fluctuations are minimal, limiting the model's ability to
capture the temporal evolution of turbulent flows, as noted by Menter [15].
Consequently, this study focuses on only two typical angles of attack 10° and 18°. A
Matlab program was developed for data processing. Since this study focuses only on
large-scale structures, a dataset of 100 samples, taken in 0.1 s is used for analysis.
Additionally, only flow on the symmetric plane is analyzed to avoid the large side
vortex structure.

Figure 8 presents the first five modes of the flow for the above two angles of
attack. As can be seen at a =10°, the fluctuation of the velocity is small and the flow is
dominant by different symmetric modes. In detail, mode 1 and mode 2 have similar
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structures but different signs. Similarly, mode 3 and mode 4 have similar structure with
a half-length of mode 1 and mode 2. However, the flow is highly changed for large
angles of attack with a large fluctuation. Here, the unsymmetric flow with large
fluctuation occurs above the airfoil at mode 1. It is shown that the unsymmetric mode is
the most dominant of the flow. The pair symmetric vortex occurs from mode 2. For the
details, mode 2 and mode 3 are a pair, and mode 4 and mode 5 are a pair. The pattern of
those modes indicates that modes 4 and 5 are sub-harmonic motion of the modes 2 and 3.
This structure is similar to axisymmetric base flow, which was shown by Pham et al. [18]
and by Gentile et al. [19]. Note that for POD analysis, further investigation of dominant
frequencies and energy distribution should be conducted. However, since each POD
mode contains several frequencies and this study focuses only on averaged flow with
the pattern of mode, the frequencies were not analyzed. For high accuracy of the
frequencies, smaller step time of the simulation and higher number of sample data
should be captured.

3.5. Effect of serration at leading edge on the lift and drag behavior

Since the Ishii airfoil is designed for low Reynolds number conditions, which is
similar to the working condition of the animal, it is interesting to know whether the
previous design of nature can work well or not. In fact, to increase lift and reduce drag,
the wings of animals such as dragonflies or birds are often designed thin with serration
at the leading edge. The existence of the serration is helpful for the animal at high
angles of attack, when the separation flow occurs. In this section, we investigate the
effect of leading-edge configuration on the lift and drag of the model to understand its
effect on the aerodynamic forces. Two leading-edge designs Modified 1 and Modified 2
and the original model are shown in Fig. 9. The selection of serration is similar to that
by Mageol et al. [7] for flat plate in similar flow conditions. Consequently, a qualitative
comparison can be made. Here, the height of serration is changed while its wide is
remained. The mesh generation, numerical methods, and data processing are similar to
the previous section for the original case. Note that in comparison to the original model,
the modified models are little bit wider due to the existence of the peak. To calculate the
lift and drag coefficients, the characteristic area is also changed.

Figure 10 presents the results of lift and drag coefficients for different angles of
attack. As can be seen, when the angle of attack is small (a < 8°), the original wing
shows better lift coefficient and lower drag. The use of serration reduces lift up to 5%
in comparison to the original case. However, at a > 8°, where separation occurs on the
upper surface, the serration models help to increase lift of around 4%. Additionally,
the drag is also smaller, which helps to improve the aerodynamic performance of the
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wing. It can be explained that the serration reduces the separation flow on the surface,
resulting in an increase in lift. Since animals often fly at high angles of attack, the
serration at the leading edge of the wing is an important feature, which can be
observed in nature.
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Fig. 9. Ishii wing with serration.
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Fig. 10. Lift and drag coefficients for different configurations of the serration.

Figure 11 presents the aerodynamic performance of different serration models. As
can be seen that the original model provides the highest aerodynamic performance with
a maximum value of around 20. The modified models provide lower maximum
aerodynamic performance. However, they are effective at high angles of attack with
higher aerodynamic performance. Clearly, the serration works well when separation
flow occurs on the surface. Note that the effect of serration on the aerodynamic
performance of the thin airfoil was not presented in previous study. It is another
important contribution of the current investigation.

Figure 12 draws the Q-criterion and the velocity in symmetric plane at 12° angle

of attack for three models. The value of Q-criterion is Q = 1000. As can be seen that in
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the original model, the upper surface is featured by a large velocity region, which covers
the whole surface. Around the two side edges, longitudinal vortices are observed.

—— Oriéinal modell
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—e— Modified 2
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Fig. 11. Aerodynamic performance of the model with serration.
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Fig. 12. Q-criterion and flow in the symmetric plane for three models.

However, when the serration is made, the large velocity structure is divided into
small ones. As a result, the separation reduces and the wake structure becomes
narrower. It is also explained that the lift of the model increases. It confirms that the
serration is effective at high angle of attack for increasing aerodynamic performance.
Our results are similar to previous observation by Mangeol et al. [7] for the flat plate.
However, the serration on low-Reynolds number Ishii airfoil is conducted firstly in
this study.
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3.6. Effect of Mach number on the lift and drag behavior

Figure 13 presents the effect of the Mach number on the lift and drag coefficients
for different angles of attack. Note that the compressible condition is used for different
Mach number. As can be seen, the Mach number mainly affects aerodynamic force at
angles of attack from 8° to 12°, where stall occurs. In detail, the stall angle and
maximum lift coefficient increase with the Mach number. It can be explained by the fact
that the compressible flow is highly effective in increasing the kinetic energy at
the upper surface and therefore the flow attaches to the surface at a higher Mach
number. Interestingly, the drag also decreases in that range of angles of attack, which
helps to increase the aerodynamic performance of the model at a high Mach number.
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Fig. 13. Effect of Mach number on lift and drag at different angles of attack.

Figure 14 summarizes the separation and reattachment at the upper surface of the
original model for different Mach number and angle of attack. The method for
determining those positions was presented in Section 3.3. Note that due to the high data
number, there are many steps for determining the separation and reattachment from the
numerical data. However, the determination of the method is corrected and was used
previously by several recent studies [20]-[22]. Some striking features should be noted
for the results. Firstly, the separation bubble is also generated for M = 0.4. However, the
length of the separation bubble is much smaller than that at M = 0.2. Secondly, the
separation bubble disappears for M = 0.8. It is explained by the fact that the energy of
the fluid becomes high at this Mach number, and flow changes into turbulent boundary
condition without the transition region. Lastly, the separation positions are highly
similar for o > 14° for all Mach number cases. It is also explained for the results in
Fig. 13, where the lift and drag are less sensitive to Mach number at high angles of
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attack. Interestingly, although the numerical scheme used in this study is low-cost and
some measurement errors can occur, the striking results are presented. Additionally, it
should be validated for different numerical schemes.

® Separation M=0.2 = ReattachmentM =0.2

® SeparatonM=04 m ReattachmentM =0.4
® Separation M=0.8 ®m ReattachmentM=0.8
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Fig. 14. Summary of separation and reattachment positions at different Mach numbers.

4. Conclusion

The effect of angle of attack, Mach number, and serration at the leading edge on
the aerodynamic characteristics of Ishii airfoil was studied in this study at low Reynolds
number conditions by numerical method. The main conclusion is as follows:

A highly effective model was developed for the simulation. The k-w SST
turbulent model is recommended to use for angles of attack below 8°, while the k-¢
model with adjustment should be applied for higher angles of attack to get highly
accurate aerodynamic results of for low-Reynolds number airfoil. The difference in the
lift between previous and current studies is less than 9%, which occurs mainly at high
angle of attack.

The aerodynamic characteristics of Ishii airfoil was studied extensively for
different Mach numbers, and geometries of the leading edge. For the original airfoil
model at M = 0.2, the angle of attack with maximum lift coefficient is around 8° and the
maximum aerodynamic performance is around 4°-6°. A separation bubble was observed
around the leading edge of the airfoil model at the angles of attack between 6° and 8°.
Increasing the Mach number results to growth of angles of attack with maximum lift.
At high angles of attack, the lift decreases but a large stall angle does not occur. These
typical aerodynamic characteristics differ from normal airfoils.
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The POD analysis for two typical angles of attack indicates that a symmetric pair
mode occurs at a low angle of attack. However, the unsymmetric flow with a large wake
structure is the most dominant flow at the high angles. The pair symmetric vortex
occurs from the mode 2. Higher modes are known as sub-harmonic modes of lower.

This study first investigated the effect of serration on the aerodynamic
characteristics of Ishii airfoil. The serration is helpful for angles of attack above 8° with
an increasing lift of around 4%. The angle of attack with maximum lift increases with
Mach number.

Although an effective simulation model was proposed, other high-accurate
simulation schemes, such as detached eddy simulation and large eddy simulation,
should be conducted for the model at different Mach numbers and serration conditions.
The selection scheme for serration with minimum drag should be conducted. The
dominant frequencies of the POD modes should be investigated. Additionally, the
unsteady flow characteristics with separation is an important task for further studies.
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MO HINH MO PHONG HIEU QUA CAO TRONG PHAN TICH
KHI PONG CUA CANH MAY BAY O SO REYNOLDS THAP

Tran Thé Hung', Nguyén Ngoc Thé?, Pham Vin Duy®, Lé Dinh Anh?

'Khoa Hang khong Vi tru, Truong Pai hoc Ky thudt Lé Quy Pon

2Vién Ky thudt hang khong, Truong Pai hoc Cong nghé, Pai hoc Qué'c gia Ha Noi
3Trudng Co khi, PBai hoc Bach khoa Ha Noi

Tém tit: Gan day, rat nhiéu nghién ctru dugc thyc hién cho bién dang canh & diéu kién sb
Reynolds nho va s Mach 16n nham cai thién thiét ké cho dang méay bay hoat dong trén sao Hoa
va tang binh luu cua trai dat. Trong nghién ciru nay, cac dic tinh khi dong ciia bién dang canh dién
hinh, c6 tén goi la canh Ishii, duoc nghién ctru bang phuong phap sb nhim danh gia cac lyc khi
dong va dong chay trén canh tai cic goc tn va sb Mach khac nhau. Dé giam thoi gian tinh toan,
phuong phép trung binh theo Reynolds dugc st dung cho md phong. Céc két qua méd phong dugce
s0 sanh véi thuc nghiém trude day tai ciing diéu kién dong chay. Nghién ciru nay chi ra ring mo
hinh md phong can thay doi tir k-w SST cho goc tan dudi 8° sang mo hinh k-¢ cho goc tan 16n hon
nham thu dugc két qua chinh x4c. Khac biét 16n nhét giita két qua thuc nghiém va mé phong dudi
9%. Dé mo rong két qua nghién ciru, dic tinh khi dong duoc nghién ciru cho goc tin tir 0° téi 20°
va s6 Mach giita 0,2 va 0,8. Anh hudng ciia ring cua tai mép trude canh t6i didc tinh khi dong
cling dugc khao sat. Cac két qua nghién ciru chi ra ring goc tan véi luc nang 16n nhat khoang 8°
tai M = 0,2 va gdc ndy ting cing s6 Mach. Tai goc tan 16n, luc ning cta canh giam, nhung hién
tuong that toc 16n khong xay ra. Nguyén nhdn cua hién twong nay 1a do su hinh thanh cua ving
xody kin tai mép trudc cua canh, didu nay khac biét so v6i md hinh canh may bay théng thudng.
Cénh v6i ring cua & mép trude gitp ting luc nang va chét luong khi dong cho goc tan trén 8°. Két
qué cta phép truc giao riéng phéan chi ra rang cau trac dong chay bét dbi xtng véi viing xody 16n
1a cAu trac dic trung ciia dong chay tai goc tan 16n. Hinh anh dong chay cua cac ché do khi dong,

phan b vén tdc, ap suat quanh md hinh dugc thao luan.

Tir khéa: Bién dang canh Ishii; dong lic hoc tinh todn; mdy bay sao Hoa; s6 Mach; géc tan.
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