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Abstract

For the design of a high-performance propeller
for low-dynamic aircraft in Near Space, it is
very important to have low-Reynolds-number
airfoils which are supposed to have high lift-
drag ratio at cruising attack angle along with a
good property of stall characteristics. The paper
is having a hierarchical multi-objective
optimization on the basis of the high-lift airfoil
S1223 by combing direct search optimization
algorithm EXTREM and airfoil flow field solver
XFOIL to automatically and quick calculate
aerodynamic performance function of airfoil by
computer. The aerodynamic characteristic
results of the optimized airfoil S1223 OPT2
meet the design requirements. So the optimized
airfoil presented here is propsed as the selected

airfoil reference for the high-efficiency
propeller of low dynamic vehicles in
stratosphere.

1 Introduction

Nowadays, a new research focus arises in the
aircraft family members which is the low-
dynamic vehicle in stratosphere at the height of
10km to 50km from the ground. When the low-
dynamic vehicle flies in stratosphere, it shows
the advantages of long endurance and the
functions of large transport aircraft, so it is
widely used in the place of military surveillance,
communications support and antisubmarine
warfarel™ 121, Research shows that the propulsion
system for the advanced low-dynamic vehicles

is generally high-power DC motor-driven
propeller system®,

The performance of airfoil has a decisive
impact on propeller aerodynamic performance.
Increased payloads, shortened takeoff and land-
ing distances, reduced aircraft noise, and
lowered stall speeds can all be derived from the
beneficial effects of improved high-lift airfoil
aerodynamics. It is, therefore, not surprising that
the classic problem of high-lift airfoil design has
been and remains a topic of considerable
interest®®.  Only single-element airfoils are
considered in the current work. Compared with
aerodynamic parameters at low altitude, there
are great differences when an aircraft operates
in stratosphere, such as the smaller atmospheric
density, the lower air pressure, the larger air
kinematic viscosity coefficient and the smaller
speed of sound, etc. Airfoils for such propeller
in stratosphere typically operate in the Reynolds
number range 2x10° to 5x10°, which belongs
to the scope of low Reynolds number. In the
low Reynolds number condition, the aerodyna-
mic characteristics of an 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 at small attack angles
especially near 0°MI etc. A lot of researches
show that the above phenomena are closely
related with the laminar flow separation
phenomenon®?. For subsonic flows, the
laminar boundary layer over an airfoil at low
Reynolds number has been observed to separate
and reattach to the airfoil surface forming a
laminar separation bubble even at small attack
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angles, which would decrease the efficiency of
propeller decreases sharply and reduce aerody-
namic performance of propeller dramati-cally.
Therefore, one of the challenges to propeller
designers for low-dynamic vehicle in strato-
sphere is to design a high-performance low-
speed low-Reynolds- number airfoil.

A great deal of existing data reveals®®® that
instead of using current existing airfoils, many
aircrafts have utilized special airfoils which are
more adequate to their functional requirements.
For the low-dynamic vehicles at high altitude,
the requirements are listed as follows:

1) High operational lift coefficient C, >1;

2) High lift-to-drag ratio C, /C, ;
3) High endurance factor C,**/C,;
4) High maximum lift coefficient C, . ;

5) Very mild stall characteristics for enough
safety margins;
6) Limited pitching moment coefficientC_,;

7) Large relative thickness T/C;
8) Wide range of low resistance;

However, in the absence of experimental
data in Low Reynolds number, the means of
wind tunnel tests to design a new airfoil is very
difficult, which always needs a long period, a
high cost and a rich experience®. 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 preliminary
airfoil design rapidly and make prompt changes
which not only can greatly reduce the cost, time
and the risks of repeated experiments, but also
can improve the airfoil design quality. So it
becomes a kind of important design and
calculation method and is used in the airfoil
design and the flow field analysis more frequ-
ently in recent years™?.

The aerodynamic optimization design
method®?! is a combination of aerodynamic
analysis and optimization method, which
achieves the best aerodynamic performance
under given constraint conditions by changing
the aerodynamic shape of design target by using
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the computer. Every constraint algorithm can be
applied directly in the optimization process,
while constrained problem can also be
conveniently converted to unconstrained
problem. So the optimization design method
brings more flexibility and use value.

When conducting single-objective optimi-
zation design to improve the performance of a
certain state of aircraft; it is often difficult to
ensure the performances of other states. It is
necessary to do the multi-objective optimization
design which is aimed to improve the perfor-
mance of one major state, at the same time
giving consideration to improve the perfor-
mance of other states or keep the performance
of other states without reduction. To design
such a good high-lift low-Reynolds—number
airfoil for the propeller of low-dynamic vehicles
in stratosphere, the paper is presenting a
hierarchical multi-objective optimization on the
basis of the high-lift airfoil S1223 by combing
direct search optimization algorithm EXTREM
and airfoil flow field solver XFOIL to
automatically and quick calculate aerodynamic
performance function of airfoil by computer.

2 Optimization Design Method

The shape optimization design procedure for an
airfoil comprises four important steps. The first
step is how to describe or parameterize airfoil
shape in optimization design. The second is
concerning an appropriate  aero-dynamic
analysis method. The third is concerning an
effective optimization algorithm based on CFD.
The last is choosing an multi-objective optimi-
zation method. As the above mentioned steps
play the key role in the shape optimization
design process which can control the opti-
mization quality and efficiency, they will be
discussed in detail in the following sections.

2.1 Airfoil Shape Parameterization Method

As airfoil shape parameterization method has a
direct impact on the results of airfoil
optimization design, it could directly affect
airfoil  aerodynamic  characteristics.  The
optimization design procedure starts with a
chosen initial airfoil. The new airfoil shape is
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represented in the program by the following
equations:

7
yupper (X):you + Z Ck fk( X)
1)
ylower (X):yol + z Ck+7 fk( X)
k=1

where y,, and y,, are the ordinates of the upper

and lower surface of the initial airfoil, k is
number of the design variables, f, represent the

shape functions and c, represent the design

variables. The new airfoil contour is determined
by the value of the design variables and the
shape functions. The communication between
the flow solver and the optimization program is
established through the objective function and
the design variables.

The performance of optimization design is
related to the selection of the shape functions.
Different types of functions could affect the
quality and efficiency of optimization designt®”.
There are three common shape functions
includin? E)olynomial function®® Hicks-Henne
function®” and Wagner function®). Hicks-
Henne function, shown in the Formula (2), is
adopted in this paper.

X*®(L-x)e™™, k=1
f (xX)= ’ 2
() { sin®(zx°®), k >1 @)
Where e(k) = log 0'5, 0<x, <1.
log x,

[—n
4
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Fig. 1. Hicks-Henne shape function.
In the above functions, for k = 1~7, the peak
position is shown in Table.1.
Table 1 Peak Position for Hicks-Henne shape function
k 1 2 3 4 5 6 7
Peak |0.012 [0.15 |0.30|0.45|0.60(0.75{0.90
Position
When x=0 and x=1, f,(x)=0, to satisfy the

design requirement that is fixed positions of

leading edge and trailing edge of airfoil. During
applying parameterization of Analytic Function
Linear Superposition Method, the coefficients
of Hicks-Henne shape function defined as the
design variables would determine the airfoil
shape combined with the baseline airfoil and its
leading edge and trailing edge.

2.2 Flow Solver for Subsonic Airfoil

Drela’s XFOIL uses a linear-vorticity panel
method for inviscid analysis coupled with an
integral boundary-layer method for viscous
analysis, for the design and analysis of subsonic
isolated airfoils which has been evaluated by
many designs®. It is widely-used in academia
and parts of industry for quick preliminary
estimates of airfoil performance due to its ease
of use and versatility. The suitability of XFOIL
for quick preliminary estimate of transition
position has been demonstrated®?.So in the
optimization design process, XFOIL(version
6.94) is employed for the calculation of the
airfoil aerodynamic characteristics at low-speed
and low Reynolds numbers, and estimate the
chord-wise location of transition from laminar
to turbulent flow x, using an envelope e"-type

method. For the current work, a value of
N, =9 has been assumed for the critical
transition amplication factor, which is typical
for a smooth blade surface in a low-turbulence
environment and all of the analyses have been
conducted using the free-transition option in
which the code computes the transition location
as a part of the solution procedure. Each airfoil
was represented in XFOIL using 230 panels
distributed using XFOIL's default paneling
routine.

2.3 Numerical Optimization Algorithm

Optimization algorithm is an important part in
the aerodynamic shape optimization design
system. The individual objective function in this
paper is minimized by the direct search
optimization algorithm EXTREM which is
developed by H.G. Jacob, because of its quick
convergence and no derivation®®. The
EXTREM optimization algorithm is a direct
search method which can be used effectively for
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solving  the  multi-variable  constrained
optimization problem without calculating the
derivative of object function. The search
direction is determined just the same as
Rosenbrock’s method. If it is a constrained
optimization problem with N variables, the first
main search direction is determined by the

initial value C and the initial search step DC
(manually input according to the requirements)
in the following manner:

S=C+DC (3)
By means of a Gram-Schmidt orthogona-
lization, N-1 secondary search directions are
determined. After along every secondary search
directions search, the extremum of (k+1)th
optimum is attained. The optimization process
in one direction is implemented by a parabolic
extrapolation, shown in Fig.2, just like Powell’s
method:

DC y F,-F @)
IF,—2F +F,| 2xN
where the maximum is obtained when N = +1

and the minimum is obtained when N = -1.
F

\ i imaginary parabola

! " actual curve

] Cc4 C

Fig. 2. Parabolic extrapolation.

. PR ()
The next main search direction, S, always
results from connecting the extremum of

(k+1)th optimum X“" and the one of kth

optimum XY
g(k+1) _ Y(Hl) _Y(k) (5)
All kinds constraints can be take into account,
but the optimization variables in each search or
extrapolation process must be checked whether
they have violated the given constraints. If the
variables have violated, they will be managed in
following two ways:
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(1) In search process, if ¢, =C,+Dc Violates

the given constraints, C, will be changed to

N

C,. —C-DC/2:

2new

(2) In extrapolation process, if C, violates

the given constraints, C, will be changed to

C;ew = (E)1+(54_6)1j/4 :

The method described as above has been
shown having quick convergencel®®.

2.4 Hierarchical Multi-objective
Optimization Method

If one design target is involved to assess the
design case in the optimization, then it is called
single-objective optimization design. While in
practical engineering problem, it is very often
that more than one design target needs to be
dealt with. The design targets are required to
achieve at the same time during the optimization
design. This is known as multi-objective
optimization design. When conducting single-
objective optimization design to improve the
performance of a certain state, it is often
difficult to ensure the performances of other
states. Therefore, it is necessary to do the multi-
objective optimization design for the optimi-
zation design of aircraft which is aimed to
improve the performance of one major state, at
the same time giving consideration to improve
the performance of other states or keep the
performance of other states without reduction.
The typical form of mathematical model of the
multi-objective optimization is as below.

min f,(X)  X=[%,%,... x| €E"

min f, (x)

(6)

min f_ (x)

subjectto: g,(x)<0 i=L12,---,m

In the multi-objective optimization design, it
is difficult to make all sub-objectives be optimal
at the same time. It occurs often that the

performance of one or some sub-objectives turn
worse as a result of one sub-objective
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minimization. That is to say, the optimizations
among sub-objectives contradict each other in
the process of minimizing. Therefore, it is
necessary to coordinate and make some
concession among the optimal values of the sub-
objective functions f,(x), f,(x),..., f,(x) in order

to obtain a better overall optimal solution. It can
be seen that the multi-objective optimization
design is much more complicated and more
difficult than the single-objective optimization
design. Although there are a lot of optimization
methods for the multi-objective optimization
design, most are not able to achieve ideal effect,
and are not suitable for complex engineering
problems. In fact, for such complex engineering
problem like multi-objective aerodynamic
optimization design of aircraft, it is important to
make use of common multi-objective optimi-
zation methods combining with practical
experience for specific problems to meet
engineering needs and achieve satisfied results.
Hierarchical ~ Multi-Objective  Optimization
Method* is adopted as the multi-objective
optimization method used in this paper. In the
hierarchical multi-objective optimization
method, objective functions are listed in order
of importance. Every objective function is
minimized:

Minimize  f,(X) 7)

where i = 1, 2, ..., k. From i=2 to i=k,

fi(X(k)) subject to:
i (XY) < (1+6,,/200)x £, (X*V) (8)
where j =2, 3,..., i and ¢, is the given

increment of (j-1)th objective function. So the
optimum point X * is finally obtained.

3 Initial Airfoil Selection for Optimization
Design

Fig.3 presents the maximum lift characteristics
of a number of representative low-speed airfoils
taken from various sourcest™ **¢. Although not
all of these airfoils were specically designed for
high-lift, a predictable and anticipated trend
emerges, the lower the Reynolds number, the
lower the maximum lift. In particular, in going

from a Reynolds number of 10° t010°, a sharp

drop in Clnax is seen in the available data. The
lower end of this range is of interest in the
design of the high efficiency propeller in
stratosphere based on current trends®. Due to
airfoils for propeller in stratosphere typically

operate in the Reynolds number range 2x10° to

5x10°, the FX63-137 and the M06-13-138 are
chosen first from Fig.3. From Ref.39, it shows
that the S1223 has high Clmax, nearly a 25%
increase compared with the FX 63-137. This
characteristic is important for some UAVs that
operate with the airfoil near Cl,max to achieve
low-speed flight requirements for loiter, cruise,
or landing. What is more, the S1223 exhibits
acceptable moderate stall characteristics much
like the MO06-13-128. From the above
mentioned, the S1223 has the aerodynamic
advantages of both the FX63-137 and the M06-
13-138. High lift is rarely the only desirable
feature of an airfoil. The airfoil lift-to-drag ratio,
endurance  parameter, thickness, pitching
moment, stall characteristics, and sensitivity to
roughness are all important factors, among
others, that must each be weighed separately
when one considers selecting or designing an
airfoil. This study focuses on those factors most
related to enhanced high-lift low Reynolds
numbers airfoil performance. From Ref.39, it
presents that the S1223 has larger drag at the
same time, which need improving in order to get
high lift-drag ratio. So the S1223 is chosen
finally as the initial airfoil for optimization
design.

& FX 74-CL5-140 (Ref. 1)
B L1003 {Ref 10)

@ FX63-137 (Ref. 13}
cfl ﬁﬂﬁﬁ&RFz‘F 1)

¥ LA203A (Ref. 9}

A GFB-L (Ref, 15)

@ MLF(13-0115 (Ref. 12)
& MDE-13-128 (Ref. 18) |
@ E&1(Ref. 14) |
a0 @ Lissaman 7769 (Ref. 16)
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Fig. 3. Maximum lift coef. cient of several airfoils over

a range of Reynolds numbers



4 Optimizaiton Design of S1223 Airfoil

In various design problems, different constraints
may be applied to the airfoil geometry
depending on the specific requirements. For low
Reynolds number airfoils, friction drag is the
main one in airfoil drags, which closely related
to the transition position. Airfoils at low
Reynolds numbers have low skin friction drag
because of the inherent laminar boundary layer
formation. The challenge in low Reynolds
number airfoil optimization design is an
optimization of transition position to maintain
low airfoil drag. So it allows that both upper and
lower surfaces vary in the different manners in
airfoil optimization design to get a better
aerodynamics characteristics and a suitable
transition position.

Airfoils with high lift-to-drag ratios suitable
for low Reynolds number applications*®). The
S1223 airfoil is chosen as a basic airfoil in the
optimization design case.

General design targets are as following:
1) The lift-drag ratio C, /C, at cruising attack

angle a =2° can reach 80 with a higher lift
coefficient than S1223 at o =2°;

2) Higher maximume-lift-coefficient C at

I max

climbing attack angle «=12° than the
S1223;
3) Wide range of low drag coefficient.

The design conditions of the low speed low-
Reynolds-number airfoil for this investigation
were chosen as: Ma = 0.1, Re=0.2x10°. In
addition to providing a maximum lift-drag
ratioC, / C, at design point, the optimized airfoil
must satisfy certain  maximum thickness
constraint and has a good property of stall
characteristics. So the optimized airfoil is
supposed to have the maximum thickness and
the leading edge radius unreduced (to avoid
stall-incidence and C,,,, decreasing) compared

with the S1223 airfoil.

3.1 Single-Objective Optimization

The single design objective for the low-
Reynolds-number airfoil S1223 is to maximize
the lift-drag ratioC, / C, on the design condition
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of Ma=0.1, Re= 0.2x10° and a=2° with a
limitation of higher lift coefficient than the
S1223 at @« =2°. The optimized airfoil of the
single-objective optimization is described as the
S1223 OPT1  airfoil.  Calculation  data
comparison between the S1223 and the
optimized airfoil S1223 OPT1 at the design
attack angle « = 2°are shown in Table 2, while
the contour comparison between the S1223 and
the S1223 OPTL1 is shown in Fig.4.

02 §1223
o - === 51223_0OPT1

o1l T - I——— =

- _d—;__::——f,//—\
0 ___._—_.dil-:"'?

Ol DfZIIIDI.4I‘IXIDI.6|||O.I8|||!1

Fig. 4. Contour comparison between S1223 and
S1223 OPT1

Table 2 Aerodynamic results comparison between
S1223 and S1223_OPT1 at the design attack angle

a=2°
C, |4C C, | aC, | C A[qj
Cq C,

S1223 | 1.417 0.20 70.29
2° 16
S1223 | 1.520 | 7.3 | 0.01 | -9.14 83.87 | 19.32
_OPT % | 737 | % %
12

Where AC,,AC, and A(C,/C,) represent the

change percentage of lift coefficient, drag
coefficient, lift-drag ratio compared with the
S1223 by XFOIL calculation.
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Fig. 5. Aerodynamic calculation results comparison of
S1223 and S1223 OPTL1.

As shown in Table 2 and Fig.5, it can be seen
clearly that S1223 OPT1 has a better
aerodynamic performance at the design attack

angle e =2° than the S1223, whose lift-drag
ratio rises from 70.29 to 83.87, an increase of
19.32%, compared with the S1223. The lift
coefficient increases 7.3% and the drag
coefficient decreases 9.14%. It is well known
that the single-objective optimization can easily
lead to a local extreme. This phenomenon can
also be seen from Fig.5. From the curve
diagram of lift coefficient in Fig.5, it can be
seen that S1223 OPT1 has a smaller lift
coefficient (reaching 2.135) compared with the
S1223 (2.188), an decrease of 2.4% has been
achieved. While from the curve diagram of drag
coefficient in Fig.5, it can be seen that the
S1223 performs badly at the off-design attack
angles «>9° , which bring a rapidly
corresponding decrease in the lift-drag ratio
curve. So the single-optimization airfoil S1223
OPT1 is not suitable for practical use. Therefore,
a multiple design-point multi-objective optimi-

zation has been conducted, whose results are
presented below.

3.2 Multi-Objective Optimization

According to the Hierarchical Multi-Objective
Optimization Method, the primary objective
function of bi-objective optimization design
here (at the basis of the S1223 OPT1) is
minCd at the primary design attack angle
a =10°, while the secondary objective function

here is (Cy /C, ), 05 opr, S1.1%(Cy/C))

at the secondary design attack angle a=2°,
subject to:

1) (CI )81223_OPT 2 2 (CI )81223 at the

design attack angle a =10°;
2)  (Csizzs_opr2 2 (C)sizps @t the secondary

S1223_OPT1

primary

design attack angle a =2°;
3)  (Cy)sizzs opr2 < (Cy)sinps @t the secondary

design attack angle a =2°.

The optimized airfoil of the multi-objective
optimization is described as the S1223 OPT2
airfoil. Calculation data comparison between the
S1223 and the S1223 OPT2 at the primary
design attack angle o =10° and the secondary
design attack angle « =2°, shown in Table3.
The contour comparison among S1223,
S1223 OPT1 and S1223 OPT2 are shown in
Fig.6.

02 $1223

- = - - $1223_0PT1

- P $1223_OPT2

> / _ i;fﬂf—fﬂﬂ\
0 —_._;_'Z/—/ *
1l I TR IR AT S N R
0'10 02 0.4 06 0.8 1

X

Fig. 6. Contour comparison among S1223,
S1223 OPT1 and S1223_OPT2
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Fig. 7. Aerodynamic calculation results comparison of
$1223, S1223_OPT1 and S1223_OPT2

Table 3 Aerodynamic results comparison between
S$1223, S1223 OPT1 and S1223_OPT2 at multiple
design-points

C, | 4G |C, | 4C | & A[C.J
Cq .
S1223 | 2.138 0.034 63.05
_10°
S1223 | 2.168 14 0.033 -3% 64.80 3%
_OPT %
2 10°
S1223 | 1.417 0.020 70.29
2° 2

2 2°

Fig.7 presents that the aerodynamic character
of the S1223_OPT?2 is significantly better than
the S1223 and the S1223 OPTL1. From Table 3,
it can be clearly seen that the S1223 OPT2 has
a good aerodynamic performance at multiple

design-points a=2° and 10°. The drag
coefficient of the S1223 OPT2 declines from
0.034 to 0.033 at the primary design attack

angle a =10°, a decrease of 3%, along with an
increasing lift coefficient of 1.4% (reaching
2.168) , compared with the S1223, which is
obviously better than the S1223 OPT1 at off-
design attack angles a >9°. The lift-drag ratio
rises from 70.29 to 80.33 at the secondary

design attack angle a«=2°, an increase of
14.3%, compared with the S1223, along with an
increasing lift coefficient of 7.3% (reaching
1.52) and a decreasing drag coefficient of 6.4%
(reaching 0.0189). At the same time, you can
see that the S1223 OPT2 have satisfied the
requirement of higher lift coefficient on the

climbing attack angle a =12° as well, whose
lift coefficient raises from 2.2077 to 2.188,
compared with the S1223, along with a wide
range of low drag.

As will be readily seen, the multiple design-
points multi-objective optimization example
produces a satisfactory result. So the bi-
objective optimization example presented here
is resultful.

5 Conclusion

The high-lift low-Reynolds-number airfoil plays
a decisive role for the success or failure of the
propeller design of low-dynamic aircraft in Near
Space. To such a good low-speed, high-lift and
low-Reynolds-number  airfoil, the paper
demonstrates a hierarchical multi-objective
optimization platform on the basis of the high-
lift airfoil S1223 by combing direct search
optimization algorithm EXTREM and airfoil
flow field solver XFOIL to automatically and
quick calculate aerodynamic performance
function of airfoil by computer, with analytic
functions linear superposition method used for
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establishing the shape of airfoils. From the
optimization design results of the S1223 above,
it can be clearly seen that the optimized airfoils
S1223 OPT2 on the basis of high-lift and low-
Reynolds-number airfoil S1223 can sufficiently
meet the optimization design requirements,
which have good aerodynamic characteristics at
the design and off- design conditions. Thus, the
multi-optimized airfoil and the hierarchical
multi-objective optimization platform presented
here can be supported as the airfoil technology
reference for the high-efficiency propeller of
low-dynamic vehicles in stratosphere.
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