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Numerical Simulation of Low-Reynolds-Number and
High-Lift Airfoil S1223

Rong Ma, Peiqing Liu

Abstract — The range of Reynolds number under studied by
airfoil aerodynamics problem for the application of the
propeller of low-dynamic aircrafts in Near Space is between 10°
to 10°%, which belongs to the scope of low Reynolds number. But
in the low Reynolds number condition, the aerodynamic
characteristics of airfoil show some new properties, such as the
rapidly descending maximum lift-to-drag ratio of common
airfoils and the non-linear phenomena of the symmetrical
airfoils in the small angle of attack especially near 0°, etc. Thus
it is necessary to do some relative research on the numerical
simulation of low-Reynolds-number and high-lift airfoils.
Generally, the aerodynamic performance of airfoil for the
application of the propeller of low-dynamic aircrafts in Near
Space is mainly effected by Reynolds number, Mach number,
the angle of attack , the airfoil chord length b and the airfoil

relative thickness ¢ _ C , namely f (Re, Ma, & , b, C). Due to
b

the low speed and small Mach number, the aerodynamic
performance of airfoils can ignore the effect of Mach number.
Airfoil S1223 which has a good aerodynamic performance in
the low Reynolds number condition was focused and chosen
finally for the numerical simulation of low-Reynolds-number
and high-lift airfoils using FLUENT computational software.
The numerical simulation is using the Spalart-Allmaras
turbulence model and is considering the treatment method of
surface flow near wall in the condition of low free stream
velocityy, =20m/s through the transformation of the following

three pneumatic parameters including Reynolds number, the
angle of attack ¢ and the airfoil relative thickness c _ C

b

Finally, the aerodynamic performance of the numerical
simulation for airfoil S1223 is shown in the pictures of the lift
curve, the drag curve, the moment of force curve, streamline
diagram and the pressure distribution contour diagram around
the surface. In order to verify the rationality of the numerical
simulation, the aerodynamic performance data of the numerical
simulation are compared with the experimental data of airfoil
S1223 with the relative thickness of 12.13%, which prove the
n u m e r i c a |
simulation of low-Reynolds-number and high-lift airfoil S1223
is reasonable.

Index Terms: High Lift Airfoil, Low Reynolds Number,
Numerical Simulation, Airfoil S1223.

I. INTRODUCTION

Along with the developments of high technology in
aeronautics, astronautics and materials, and the surge in oil
prices caused by the World Wide Oil Crisis from the 1960s, it
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is more and more prosperous in the aircraft family members
from hot balloon to the space station, and from all types of
battle planes and Micro Air Vehicles to spacecrafts. But
recently, there has been the emergence of a new star for the
Air Combat in this big family that is the low-dynamic vehicle
in Near Space.

The altitude of Near Space is about 20km to 100km apart
from the ground, which is between the highest flight altitude
of plane and the minimum orbit height of satellite. When the
low-dynamic vehicle flies in the Near Space, it shows the
advantages of long endurance and the functions of huge
transport aircraft, so it is widely used in the place of
antisubmarine scout and information platform of the army,
see Fig.1. By the lately design of the advanced low dynamic
vehicles in Near Space, such as heavy-duty airship Walrus,
antimissile  airship HAA and some high-altitude
long-endurance unmanned airplanes including Tier, Helios
Pathfinder, etc, the propulsion system is the general
high-power DC motor-driven propeller system, see Fig.2.
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Fig.1 high altitude information platform

But the great differences of aerodynamic parameters in the
high altitude, such as the smaller atmospheric density, the
lower air pressure, the bigger air kinematic viscosity
coefficient compared with aerodynamic parameters of the
low altitude, make the range of Reynolds number under
studied by airfoil aerodynamics problem is between 10° to
10°, which belongs to the scope of low Reynolds number. But
in the low Reynolds number condition, the aerodynamic
characteristics of airfoil shows some new characteristics,
such as the rapidly descending maximum lift-to-drag ratio of
common airfoils!"! and the non-linear phenomena of the
symmetrical airfoils in the small angle of attack especially
near 0° present the non-linear phenomena'™ etc.

A lot of researches show that the above phenomena under
the low Reynolds number condition are closely related with
the laminar flow separation phenomenon . It is well known
that the determination of the boundary separating point is
always a great obstacle for the airfoil design which has been
estimated by the experience and the experiments. So it
always needs a long period, a high cost and a rich experience.
But fortunately, with the emergence of the high-speed
electronic computers, numerical simulation technology is
applied to airfoil design more frequently.

Computational Fluid Dynamics (CFD) is one effective
method of studying fluid dynamics, which could describe the
complex flow of geometric boundary, evaluate the

Fig.2 propeller system composition
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preliminary airfoil design rapidly and make prompt changes.
So it can greatly reduce the cost, time and the risks of
repeated experiments which become a kind of important
design and calculation method and is used in the airfoil
design and the flow field analysis more frequently in recent
years.

II. AERODYNAMIC CHARACTERISTICS OF PROPELLER AIRFOIL
AT HIGH ALTITUDE

The cruising altitude scope of low dynamic vehicles in
Near Space is generally between 20km and 100km where is
low air-density, almost constant air-temperature, the
horizontal-direction movement and no thunderstorm on
climate change.

A. Low Reynolds Number Effect

Atmospheric density decreases with the increase of height.
For example, the air density is 0.08803kg/m’ at the height of
20km, while it is 1.225kg/m3 at sea level. At the same time,
the air kinematic viscosity coefficient increases with the
increase of height. For example, the air kinematic viscosity
coefficient is 16.1x10°m%/s at the height of 20km, while it is
1.46x10°m?%s at the sea level. Therefore, the range of
Reynolds number under studied by airfoil aerodynamics
problem for the application of the propeller of low-dynamic
aircrafts in Near Space is between 10° to 10°, which belongs
to the scope of low Reynolds number. But in the low
Reynolds number condition, the aerodynamic characteristics
of airfoil shows some new characteristics. Firstly, there is the
appearance of laminar flow separation bubble even in small
attack angles (see Fig.3), which brings the slowly increased
lift coefficient and the rapidly increased drag coefficient.
Along with the increase of attack angle, lift coefficient event
does not change anymore but the drag coefficient still
increases rapidly which makes the airfoil maximum
lift-to-drag ratio drops rapidly.
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Fig.3 boundary layer schematic diagram on the upper surface of low Reynolds
number airfoil

Then, the non-linear phenomena of the symmetrical
airfoils in the small angle of attack especially near 0° present
the non-linear phenomena. Judging from the above, the
efficiency of propeller decreases sharply and aerodynamic
performance of propeller reduces dramatically.

B. The High Mach Number Effect on Blade-tip Airfoil
Profile

The sound velocity decreases with the increase of altitude.
For example, the air sound velocity is 295.07m/s at the height
of 20km, while it is 340.3m/s at the sea level. So at a high
altitude, the Mach number of blade-tip airfoil profile is larger
than the one at the sea level and the shock effect increases at
the same time, see Fig.3 (b). Thereby, the aerodynamic
performance of airfoil and propeller is significantly reduced.
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III. AIRFOIL SELECTION

The airfoil S1223 was chosen over other
low-Reynolds-number  airfoils with known good
performance at low Reynolds numbers for the constant

section propeller which are shown in Table 1.
Tablel Tabulated data for Low Reynolds Number airfoils [6][7]

Airfoil Clax Chc/a Re Reference

E214 125 -0.11 2x10° 27

E423 2.00 -0.25 2x10° 20

FX 63-137 1.75 -0.17 2x10° Present Paper
MO06-13-128 1.52 0.00 2x10° Present Paper
LA2573A 1.86 0.02 25x10° 9

LNV109A 1.87 -0.02 25x10° 9

S1223 223 -0.29 2x10° Present Paper
$3021 1.17 -0.07 2x10° 27

Based on predictions [*I"]

The contour of airfoil S1223 is shown in Fig4.
Experimental results were found for airfoil S1223 that had
been tested in the University of Illinois at Urbana-Champaign
(UIUC) subsonic wind tunnel™. Lift characteristics for a
Reynolds number of are shown in Fig.5 and polar curve for
airfoil S1223 is shown in Fig.6. The results indicate that the
maximum lift coefficient is approximately 2.2, which
clearly validates the aforementioned design philosophy. This
characteristic is important for some UAVs that operate with
the airfoil near to achieve low-speed flight requirements for
loiter, cruise, or landing. Therefore, the
low-Reynolds-number and high-lift airfoil S1223 is the final
choice for the numerical simulation and the preliminary
evaluation of aerc:glynamic performance.
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Fig.4 Contour of airfoil S1223

2 —

Fle» BIRS0
& P a 20000
w R e X000

[N
PY) SEEEE SRR PER. N

s P S . 1

0o |01 i .
-10 o 10 20 000

ot (deg)
Fig.5 Lift characteristics for
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Fig.6 polar curve for airfoil S1223

IV. TURBULENCE MODEL

A. Spalart-Allmaras Model in FLUENT

FLUENT software could provide many turbulence models
including Spalart-Allmaras model, k-model and the Reynolds
stress model and large eddy simulation, etc. Spalart-Allmaras
turbulence model was put forward by S. Allmaras in 1992,
which is a simple-equation turbulence model through solving
the turbulence viscosity of the transport equations. It is not
deduced from the simplification of k- & equation as other
single-equation turbulence models, but from the experience
and the dimensional analysis. Nowadays, Spalart-Allmaras
turbulence model has been improved and developed into a
single-equation turbulence model applied to the turbulent
flow along the solid wall boundary including the laminar
flow, which has a smaller calculation, a better stability and a
higher precision compared with the two-equation turbulence
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model.
In addition, Spalart-Allmaras turbulence model is a
local-type model, which don’t have any non-local item in the

its equation like y* ( y = Y T ), etc. So it doesn’t need any
7,

special treatment in a complex flowfield with many physical
surfaces and could be used more conveniently.

Lately, Spalart-Allmaras turbulence model is very popular
and mainly used for analysis and calculation of aerodynamic
performance to resolve aerodynamic problems with
boundary constraint in aeronautics and astronautics research
field, especially for the problem with reverse pressure
gradient in the boundary layer. The aerodynamic calculation
results of Spalart-Allmaras turbulence model prove very
effective, so it is widely recognized in the airfoil and the wing
fields.

In view of the above consideration, the numerical
simulation of low-Reynolds-number and high-lift airfoil
S1223 chooses the Spalart-Allmaras turbulence model as the
first selection.

B. Wall Condition

In the wall surface, when the value of turbulent kinematic
viscosity coefficient is set to 0, the shear stress of the wall is
resolved by the relationship of stress-strain with laminar
flow, which is shown in (1).

u_puy ()
u, H

If the grid is rough enough to be used to solve laminar
bottom, then it is supposed that the grid centroid should be
located in the logarithmic region of boundary layer. So
according to the wall area principle, the shear stress of the
wall is resolved, which is shown in (2).

u_ly, E[MJ @)
u, k H
k=0.419,E =9.793

V. THE NUMERICAL SIMULATION METHOD

A. The Grid Generation

The numerical simulation of low-Reynolds-number and
high-lift airfoils S1223 is using Gridgen software to build the
calculated model whose chord length is 1, using elliptic
method to generate C type grid. The minimum distance in
normal direction of the first layer of the grid from the ground
is 10™ and the far field boundary is 20 times as long as chord
length. The total grid nodes are 122196, see Fig.7.

Fig.7 Calculation field and computational grid of airfoil S1223
Grid is generated by using elliptic equation method whose
spacing rate is adjusted through controlling the source term.
To improve the orthogonality of grid near wall, the algebraic
method is used to smooth the surface grid. In the numerical
calculation, Reynolds number of the free stream is

ISBN:978-988-18210-1-0

1.25x10*and Mach number of the free stream is about 0.1
consumed with local time step. The entrance boundary is
given by using the free stream, while the export boundary
conditions is using Riemann reflectionless boundary. The
wall surface is taking no-sliding condition, and the initial
condition of the flowfield is setting in accordance with the
free stream.

B. The Flowfield Calculation

The calculation of flowfiled chooses the implicit solver
based on pressure and the Spalart-Allmaras turbulence model
of FLUENT computational software. The pressure-speed
coupled method adopts SIMPLEC algorithm and the
calculation accuracy is 107,

VI. RELIABILITY ANALYSIS OF FLUENT AERODYNAMIC

CALCULATED RESULTS
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Fig.8 Comparison between numerical simulation data and experiment data of
airfoil S1223 with relative thickness of 12.13%

From Fig.8, it can be clearly seen that the numerical
simulation results of airfoil S1223 with relative thickness of
12.13% in the condition of Re=125000 and Re=274000 are
almost identical with the corresponding experimental, which
can be fully confirmed that the numerical simulation of the
low-Reynolds-number and high-lift airfoil is reasonable.

VII. THE WORK PLAN FOR THE NUMERICAL SIMULATION

CALCULATION
The numerical simulation target is mainly on
low-Reynolds-number and high-lift airfoil S1223 by
alternating three aerodynamic parameters including

Reynolds number, attack angle o and airfoil relative
thickness 529 (where b is airfoil chord) in the condition of
b

free stream velocity=20m/s. The lift coefficient Cl=f (V,, Re,
Ma, a, ¢), drag coefficient Cd=f (V,, Re, Ma, a, C)), torque
coefficient Cm= f (V,, Re, Ma, o, ¢ )) and lift-drag ratio
Cl/Cd=f (VO0, Re, Ma, a, ¢) of airfoil S1223 are calculated
separately.

Seven different relative thicknesses are calculated as the
following.

C= C. 5%, 10%, 11.93%, 12.13%, 15%, 20%, 25%
b

Eighteen different attack angles are calculated as the

following.
a=-5,-2,0,2,3,4,5,8,10, 12, 13, 14, 16, 18, 20, 22, 24, 25.
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Five different Reynolds numbers are calculated as Table 2.

Table 2 Reynolds Numbers in Different Height

H(km) Re(x10°)
20 1.25
15 2.74
10 5.60
8 6.90
5 9.05

VIII. CALCULATION RESULTS AND ANALYSIS

For 18 different attack angles and 5 different Reynolds
numbers, the lift curve, drag curve, torque curve and
lift-to-drag curve of airfoil S1223 of 7 different relative
thicknesses are shown in Fig.9~15 as numerical simulation
results.

s1223- 5%

1223 5%

Fig.9 Lift curve, drag curve, torque curve and lift-to-drag curve of airfoil S1223
with the relative thickness of 5%

$1223-10% s1223-10%

Fig.10 Lift curve, drag curve, torque curve and lift-to-drag curve of airfoil S1223

with the relative thickness of 10%
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Fig.11 Lift curve, drag curve, torque curve and lift-to-drag curve of airfoil S1223
with the relative thickness of 11.93%
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Fig.12 Lift curve, drag curve, torque curve and lift-to-drag curve of airfoil S1223
with the relative thickness of 12.13%

$1223-15%

Fig.13 Lift curve, drag curve, torque curve and lift-to-drag curve of airfoil S1223

with the relative thickness of 15%
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Fig.14 Lift curve, drag curve, torque curve and lift-to-drag curve of airfoil S1223

with the relative thickness of 20%

$1223-25%

$1223-25%

$1223-25%

Fig.15 Lift curve, drag curve, torque curve and lift-to-drag curve of airfoil S1223

with the relative thickness of 25%
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From the above numerical simulation data diagrams, some
conclusions can be obtained as follows:

1) For low-Reynolds-number and high-lift airfoil S1223,
the aerodynamic calculation results are influenced by
relative thickness, especially the maximum lift-to-drag
ratio. The thick airfoil produces low lift-to-drag ratio,
thereby reducing the propeller efficiency. At the same
time, in the range of attack angle a=-2° ~10° , the
lift-to-drag ratio is influenced greatly by the Reynolds
number, that is the lift-to-drag ratio decreases with the
reduction of Reynolds number.

2) For airfoil S1223 of large relative thicknesses (20% and
25%) and thin relative thickness (5%), stalling attack
angle decreases more obviously than any other relative
thicknesses. And for airfoil S1223 of large relative
thicknesses (20% and 25%), it is the greatest for the
stalling attack angle when influenced by the Reynolds
number, that is the stalling attack angle decreases with
the reduction of Reynolds number.

3)  Except for the thin relative thickness (5%), it could be
clearly seen that Cl,, is affected obviously by the
Reynolds number which is decreased with reduction of
Reynolds number in the range of attack a=5° ~18° in
any other relative thickness of airfoil S1223.

IX. CONCLUSION

Through the comparison and the analysis of overall
aerodynamic parameters of airfoil S1223 with various
relative thicknesses, it can be seen that aerodynamic
parameters (especially lift-to-drag ratio) of
low-Reynolds-number and high-lift airfoil S1223 are greatly
affected by relative thickness and Reynolds number. Airfoil
S1223 with the relative thickness of 12.13% and 5% own the
best performance based on the comparison and analysis. So it
is suggested that the airfoil S1223 with relative thickness of
5% can be used for the blade tip and the airfoil S1223 with
relative thickness of 12.13% can be used for blade root.
Moreover, further optimized design research will be carried
on based on low-Reynolds-number and high-lift airfoil
S1223.

APPENDIX

The streamline diagram and the pressure distribution
contour diagram of airfoil S1223 with the relative thickness
of 12.13% are shown in Fig.16~23 below under several
attacks at height H=20km (Re=1.25X10°).

A. The Attack Angle o=-2°

Fig.16 Streamline diagram and the pressure distribution contour diagram of
airfoil S1223 with the relative thickness of 12.13% at the attack angle of
2°

Since adverse pressure gradient has a directly proportional
relationship with airfoil curvature, the adverse pressure
gradient is large under a negative attack angle due to large
curvature of lower surface.

ISBN:978-988-18210-1-0

As shown in the streamline diagram of o=-2° , in the
condition of low Reynolds number and negative attack, it is
hard for air flow to overcome the effect of adverse pressure
gradient. So the long laminar separation bubble takes place at
a lower surface of airfoil which also can be seen from the
pressure distribution contour diagram. Started from the
leading edge, the pressure changes fast from the red high
pressure area to the blue low pressure area at the lower
surface of airfoil.

Besides, as shown in the pressure distribution contour
diagram, there is no great change for pressure. That is
because this separation bubble is closed.

B. The Attack Angle a=0°

x
Fig.17 Streamline diagram and the pressure distribution contour diagram of
airfoil S1223 with the relative thickness of 12.13% at the attack angle of 0

As can be seen from Fig.17, airflow attaches the surface of
airfoil at the attack angle of 0° .

C. The Attack Angle o =2°

o, 1
Fig.18 Streamline diagram and the pressure distribution contour diagram of
airfoil S1223 with the relative thickness of 12.13% at the attack angle of 2

As can be seen from Fig.18, there is a little air separation
phenomenon at trailing edge at the attack angle of 2° . The
reason is that the flow speed is slower and the pressure is
higher in the upper surface than the lower surface, so the air
flows from the lower surface to the upper surface through the
stationary point at the trailing edge.

D. The Attack Angle ¢=5°

o
Fig.19 Streamline diagram and the pressure distribution contour diagram of
airfoil S1223 with the relative thickness of 12.13% at the attack angle of 5

As can be seen from Fig.19, the flow separation moves
forward slowly at the attack angle of 5° .
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E. The Attack Angle «=8§°

2 x
Fig.20 Streamline diagram and the pressure distribution contour diagram of
airfoil S1223 with the relative thickness of 12.13% at the attack angle of 8

As can be seen from Fig.20, two reverse direction vortexes
appear at trailing edge at the attack angle of 8° . The
previous one is a small-range air separation as a result of the
adverse pressure gradient which the upper surface can not
overcome. The other one is still a small-range air separation
which is caused by the flow from the lower surface to the
stationary point of the upper surface.

F. The Attack Angle a=10°

Fig.21 Streamline diagram and the pressure distribution contour diagram of
airfoil S1223 with the relative thickness of 12.13% at the attack angle of
10°

As can be seen from Fig.21, the two small separation

bubbles on the upper and lower surfaces separately form a

clockwise flow separation at the attack angle of 10° .

G. The Attack Angle o =12°

I |

B B

Fig.22 Streamling diagram and the pressure distribution contour diagram of
airfoil S1223 with the relative thickness of 12.13% at the attack angle of
12°

From the formed closed circle vortex in the streamline
diagram and the closed contour in the pressure distribution
contour diagram, it can be seen clearly that the flow has been
separated completely at the attack angle of 12° . Thus
stalling angle of attack is proved to be up to 12° , according
to the previous airfoil aerodynamic data.
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