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Abstract: Based on computational fluid dynamics (CFD)/computational electromagnetics method (CEM) coupling
method and surrogate model optimization techniques, an integration design method about aerodynamic/stealth
characteristics of airfoil is established. The O-type body-fitted and orthogonal grid around airfoil is first generated
by using the Poisson equations, in which the points per wave and the normal range satisfy the aerodynamic and
electromagnetic calculation accuracy requirement. Then the aerodynamic performance of airfoil is calculated by sol-
ving the Navier-Stokes (N-S) equations with Baldwin-Lomax (B-1.) turbulence model. The stealth characteristics
of airfoil are simulated by using finite volume time domain (FVTD) method based on the Maxwell's equations,
Steger-Warming flux splitting and the third-order MUSCL scheme. In addition. based upon the surrogate model
optimization technique with full factorial design (FFD) and radial basis function (RBF), an integration design
about aerodynamic/stealth characteristics of rotor airfoil is conducted by employing the CFD/CEM coupling meth-
od. The aerodynamic/stealth characteristics of NACA series airfoils with different maximum thickness and camber
combinations are discussed. Finally, by choosing suitable lift-to-drag ratio and radar cross section (RCS) ampli-
tudes of rotor airfoil in four important scattering regions as the objective function and constraint, the compromised
airfoil with high lift-to-drag ratio and low scattering characteristics is designed via systemic and comprehensive ana-
lyses.
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0 Introduction

The selection of rotor airfoil not only affects
aerodynamic characteristics of the helicopter di-
rectly, but also is the key to reduce radar cross
section (RCS) characteristics of the armed heli-
copter rotor. Currently, the integrated optimiza-
tion analyses about aerodynamic and stealth de-
sign of advanced helicopter rotor are an important
trend. Therefore the integrated analyses about
aerodynamic and stealth characteristics of rotor
airfoil are a challenging multidisciplinary design

optimization (MDOQO) issue.
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With the great improvements in computa-
tional fluid dynamics (CFD) method, computa-
tional electromagnetics method (CEM) and opti-
mization algorithms, integrated analyses about
aerodynamic/stealth characteristics of airfoil are
becoming more and more feasible in modern
MDO rotor design. The CFD technology has been
widely used in rotor airfoil aerodynamic analyses
and designs during the past decade'’. Based on
CFD technology, the finite volume time domain
(FVTD) method was established for solving ra-
dar scattering problem. The FVTD method was

first applied to calculate electromagnetic charac-
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teristics of targets by Shankar' in the 1980s,
Camberost® developed COBRA software by Ste-
ger-Warming flux discretization combined with
the four-stage Runge-Kutta time scheme, which
can handle some simple targets. In recent years,
high precision FVTD method has been prelimina-
rily used in some complex targetst"®’. In the inte-
grated investigation of airfoil, Hoang Vinh™ and
Zhu'"? coupled CFD ( full-potential or Euler equa-
tions) with CEM method to conduct the prelimi-
nary MDO of airfoil.

At present, some integrated research of wing
airfoil mainly focuses on calculating its aerody-
namic characteristics with reduced order models,
and then find the optimal airfoils with specified
constraint condition (RCS of airfoil leading edge)
in the optimization methods. The motions of heli-
copter rotor blade include rotating, pitching and
flapping. Therefore the rotor blades work in ex-
traordinary and seriously unsteady environment
compared with the fixed-wing aircraft in flight,
and the aerodynamic characteristics of rotor airfoil
are very complex such as shock waves on the ad-
vancing blade tip and separated flow regions at
the retreating side. Meanwhile, the electromag-
netic scattering characteristics about leading
edge, upside, downside and trailing edge are all
important for the rotor airfoil. So the integrated
analyses about aerodynamic and stealth must take
into account four important scattering regions of
airfoil, which are conducive to rotor stealth de-
sign of armed helicopter.

To develop a high precision computational
method that can be used in MDO design of rotor
airfoil, an integration design based CFD/CEM
coupling method is proposed to predict aerody-
namics/stealth characteristics of airfoil in this pa-
per. In order to satisfy practice needs, NACA
airfoils which are widely used in aviation are se-
lected as baseline airfoils. The O-type aerody-
namic/RCS computational grids are generated by
solving Poisson equations. The airfoil aerody-
namics/stealth characteristics are simulated by
high precision CFD/ FVTD methods. Then an in-
tegration design about CFD/CEM coupling meth-

od is developed by optimization surrogate model
technique. Additionally, the aerodynamic and
stealth characteristics of NACA series airfoils
with different maximum thickness and camber
combinations are discussed. Finally, choosing
suitable objective function and constraint condi-
tion about lift-to-drag ratio and RCS amplitudes
of rotor airfoil at four important scattering re-
gions, the rotor airfoil with high lift-to-drag ratio

and low scattering characteristics is designed after

comprehensive analyses.

1 Computational Methods

1.1 Grid generation techniques

The O-type body-fitted and orthogonal grids
around rotor airfoil are generated by using Pois-
son equations. The grids around airfoil are shown
in Fig. 1. The aerodynamic/stealth computational
grid contains 300 X 70 points, among which 150
points are on the lower and upper surfaces of the
airfoil respectively, and 70 points in the direction
normal to the airfoil’s surface. The four impor-
tant scattering regions of rotor airfoil are leading
edge (150°<<¢<C210°), upside (60°<<¢<<120"),
downside (240° << ¢ << 300°) and trailing edge
(—30°<<¢=<<30"), respectively.
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Fig. 1 Computational grids around NACAO0012 airfoil

1.2 CFD method

The airfoil flowfield characteristics are calcu-
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Baldwin-Lomax (B-L) turbulence model which is
[8-9]

lated by Navier-Stokes equations with

based on the previous work
The N-S equations in integral form can be

written as
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where x and y are the Cartesian coordinates, U the
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vector of conserved variables, F, G the inviscid

fluxes, and F, ,G, the viscous fluxes.
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where p, P and E, are the density, pressure and
total energy per unit mass, respectively, & the air
heat transmission factor, r the viscous related
items, pr =pi . piis the coeflicient of viscosi-
tys por and g the laminar flow and turbulent flow
coefficient of viscosity respectively.

Spatial discretization is conducted by the cen-
tral difference scheme, and time discretization is
conducted by the four-stage Runge-Kutta meth-
od. Boundary conditions

]

tiont!?

are the non-reflec-
The viscous effect is calculated by using
B-L. turbulent model with strong robustness and
high reliability, and the turbulent model can ef-
fectively simulate the attached flow and medium

separation flow.
1.3 CEM method
1.3.1

Maxwell’s equations in the differential form

Governing equations

for wave propagation in free space can be ex-

pressed as

—+V XE=0
dt
< 3

Iw—VXHO
at

{JB

where B is the magnetic induction, E the electric
field vector, D the electric field displacement, and
H the magnetic field vector. B = yH, p is the
magnetic permeability, and D = ¢E, ¢ is the
electric permittivity. The above equations are ap-
plied to every finite-volume cell in the grid. The

integral form can be written as

" 20 J aF,  IG,\
JQ Lao+| (5= + ay)dﬂ—o 8
1.3.2 Discretization of equations
The combination of third-order MUSCL

scheme and Steger-Warming''"' flux-vector split-
ting algorithm were derived to solve Maxwell's
equations in conservative form. The spatial dis-
cretized formulation for the cell is
201
dt

AS (5

4
> (F.Aly+ G, Al

m=1
where Q is the flux average value of the cell, AS
the cell area, and ( A/, , A/, )the tangent vector of
the line.

The four-stage Runge-Kutta method is also
used for the temporal discretization.
1. 3.3 Boundary conditions

For a perfect electrically conducting (PEC)

L2 of the electric

body, the boundary conditions
and magnetic fields are required, respectively, as
nXxXE =0
Jn «B'=0
1n-V(n><H‘)O ©
neV(ne+D)=0
where superscript "t" denotes total of the incident
and scattered fields, and n denotes the outward
unit normal vector.
1.3.4 RCS evaluation
The frequency-domain field can be trans-
formed from the time-domain electromagnetic
field by Fourier transform, and the RCS is solved
by near-far field conversion. Radar scattering is

calculated as

2

[H|* )

|H

where ¢ is the radar cross section and R, the dis-
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tance from scattering object to observation point.
Superscript "i" denotes the incident field, and su-

perscript "s” denotes the scattered field.
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1.4 Surrogate model

Surrogate model is developed with experi-
ment design methods and approximation models.

The full factorial design (FFD) has advanta-
ges of analyzing interactions among factors and
effects of each factor on the system.

Radial basis functions were developed by
Hardy'**! which use linear combinations of a sym-
metric function based on Euclidean distance to es-
tablish approximation models. Radial basis func-
tion (RBF) approximations fit good to arbitrary
contours of both deterministic and stochastic re-

sponse functions. A simple form of RBF is

fC) =D wielr) =w'e (®)

i=1
where w= [w, w, ** w,] " ,w; is the weight coef-
ficient,@ = [¢(r)) @(ry) =+ o(r,) ] ori= | 2 —
x; || is Euclidean distance between point z and
sample point x; .
The predictive model should satisfy the fol-
lowing interpolation conditions
f(x;) =y,
Eq. (8) can be expressed as
w=Y.I"' (10)
where I' = [¢( |2, —a; 1] Gaj =1,,m),
andY = (y; == yOT.

M

i:l,...,n

1.5 CFD/CEM coupling method

Based upon CFD, FVTD and surrogate mod-

el, an integration design about aerodynamic/

stealth of rotor airfoil is developed. Fig. 2 shows
the flow chart of integrated design based on CFD/
CEM coupling strategy. The method consists of
three modules: grid generation, solvers and inte-
grated design.

1.5.1 Grid generation module

Satisfying density and orthogonality of grid
by adjusting the source term in the Poisson equa-
tions, the airfoil O-type body-fitted and orthogo-
nal grids are generated. The nodes, area and vec-
tor of computational grid data are presented by
conversion program.

1.5.2 Solver modules

Based upon finite volume method and B-L
turbulence model, N-S equations are chosen to
solve the flowfield and aerodynamics characteris-
tics.

Based upon FVTD method, Maxwell's equa-
tions are chosen to solve the electromagnetics
field and RCS characteristics.

1.5.3 Integrated design module

An optimization systemic methodology is de-
veloped from FFD and RBF. By choosing suitable
objective function and constraint condition, an in-
tegration design about aerodynamic/stealth of air-
foil is conducted. If optimized airfoil that satisfies
high lift-to-drag ratio and low scattering charac-
teristics, the method provides airfoil geometric

parameters, if not, recalculate.
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Fig. 2 Flow chart of integrated design based on CFD/CEM coupling strategy
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2 Results and Discussion
2.1 Test cases

The aerodynamic case: NACAO0012 airfoil at
Ma =0.7 and Re =9 X 10°. As shown in Fig. 3,

a/(°)

(a) Lift and pressure distributions

the calculated lift, pressure distributions and po-
lar curve are in good agreements with the experi-
mental data"*'. It has been demonstrated that the

method is effective to simulate the aerodynamic

characteristics of rotor airfoil.

G

(b) Polar curve

Fig. 3 Comparisons of numerical and experimental results for aerodynamic characteristics of NACA0012 airfoil

The RCS case: NACA0012 airfoil at TM and
TE waves, L =10 , incident angle $ =90°. As

shown in Fig. 4, the calculated results are in ex-

(a) TM wave

(b) TE wave

cellent agreements with the reference data®™. It
suggests that the method is effective in simulating

the stealth characteristics of airfoil.

(c) Electrical field E, distribution

Fig. 4 Comparisons of numerical and results for RCS characteristics of NACA0012 airfoil

2.2 Aerodynamic and RCS responses of airfoil

parameters

The parameters of airfoil are maximum
thickness, maximum camber and different maxi-
mum thickness and camber combinations. The
calculated status: Ma =0. 4,Re =9 X 10°, angle of
attack « =0° , TM wave, and incident angle ¢ =
0°.

2.2.1 Response to maximum thickness

Fig. 5 shows aerodynamic and RCS character-
istics of NACA airfoils with different maximum
thicknesses. The lift coefficient of NACA24 T,..
changes relatively flat and the drag coefficient in-
creases rapidly as shown in Fig. 5(a), where T\,

denotes maximum thickness. The surface pres-

sure coefficient distributions of the three airfoils
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are compared in Fig. 5(b). The upper part distri-
butions of Fig. 5(c) depict RCS of five airfoils,
and its lower part is the RCS difference of NA-
CA2410 with the other airfoils. With the increase

of the airfoil maximum thickness, the curvatures

0.010 =2
-0.9

0.009 -0.6
K
U 0.0
0.3
0.007 0.6
0.9

0.006 1.2
00 0.2

0.008

T/ %
(a) C,and C, of NACA24 T,

max

Fig. 5

2.2.2 Response to maximum camber

Fig. 6 shows aerodynamic and RCS character-
istics of NACA airfoils with different maximum
cambers. The lift and drag coefficients of NACA
Ciux 412 increase rapidly shown in Fig. 6 (a),
where C,.. denotes airfoil maximum camber. The
surface pressure coefficient distributions of the
three airfoils are shown in Fig. 6(b). The upper
part distributions of Fig. 6 (¢) depict RCS of the
five airfoils, and its lower part is the RCS differ-
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(b) C, distribution

(b) C, distribution

of leading and trailing edge become large, and the
distributions of scattering energy are changed. As
a result, the scattering fields of leading edge are
more and more stronger,and RCS of airfoil trai-
ling edge shows more obvious oscillation.

NACA2410
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NACA2418

| — — N
S UNONOUNOUnNO

—

NACA2410
NACA2414
NACA2418

|
-
S W

04 06 08 1.0 0 60 120 180 240 300

X/C V/(°)

(¢)RCS

Aerodynamic and RCS characteristics of NACA series airfoils with different maximum thicknesses

ence of NACA1412 with the other airfoils. With
the increase of the airfoil maximum camber, the
curvatures of upside and downside surfaces be-
come small, and the shape of trailing edge is
changed significantly. As a result, the RCS am-
plitudes of upside surface are improved, the RCS
amplitudes of downside surface are reduced, and

RCS oscillations in other parts are not significant
except at the trailing edge of airfoil.
NACAI412  NACA2412

NAC NACA4412
NACA5412

— N

BRONRNO NONDODUND

NACA2412
NACA3412
NACA5412
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x/c vI)

(c)RCS

240 300

Fig. 6 Aerodynamic and RCS characteristics of NACA series airfoils with different maximum cambers

2.2.3 Response to combinations of maximum
thickness and camber

Fig. 7 shows aerodynamic and RCS character-
istics of NACA series airfoils with different maxi-
mum thickness and camber combinations. For in-
tegration design, we hope K (the lift-to-drag rati-
0) is higher and RCS mean value is lower. As can

be seen, the RCS distributions about leading

edge, upside, downside and trailing edge of air-
foils are different. The airfoil lift-to-drag ratio of
upper part in Fig. 7 is higher, which is beneficial
to the aerodynamic characteristics, but not con-
ducive to reducing RCS. The RCS mean value of
lower part in Fig. 7 is smaller, which are benefi-
cial to the stealth characteristics, but not condu-

cive to aerodynamic performances. So choosing the
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Fig. 7 K and ¢ characteristics distribution of NACA series airfoils at four receiving azimuthal angles

optimal airfoil with high aerodynamic perform-
ance and low scattering characteristics is a com-

promised process.

3 Integrated Design on Aerodynamic
and Stealth of Airfoil

3.1 Integrated analyses

The integrated analyses about aerodynamic
and stealth characteristics of airfoil are an MDO
issue, and the shapes of airfoil that can improve
aerodynamic performance and reduce RCS at the
same time are usually inconsistent, so the key is
to find the aerodynamic/stealth compromised
conditions which can be described as Pareto front
efficiently and accurately. The multi-objective
problem can be transformed into a single objective
problem by the linear weighted sum method.

NACA C,..4T,.. series airfoils are selected
for investigation. The samples about different
thickness and camber combinations of NACA se-
ries airfoils are selected by FFD, then the aerody-

namic/stealth characteristics of airfoils are calcu-

lated by CFD and FVTD methods respectively,
and the fitting responses are obtained by the
RBF. The total 25(5 X 5) samples (C=1—5,
AC=1,T=10—18,AT =2) in design space, and
the total 4 000 ( 50 X 80) fitting samples ( C =
1—5,AC=0.1, T =10—18,AT = 0. 1) in design
space.

Fig. 8 shows K and RCS distributions of NA-
CA airfoil with different maximum thickness and
camber combinations (¢=180°+30"). As can be
seen, a Pareto front denoting the increase of lift-
to-drag ratio and decrease of the mean RCS has
been calculated in Fig. 8(b). The fitting 2D per-
spective projecting drawing about K and RCS dis-
tributions of different NACA airfoils are shown in
Fig. 8 (¢) and Fig. 8 (d), respectively. As a re-
sult, designers can choose the Pareto front or ob-
jective function with suitable constraints to find
the optimized airfoil that satisfies the aerodynam-
ic/stealth requirements at the same time in the

fitting curved surface.
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%
(a) K and RCS samples

79.48

(c) Fitting 2D K plane

Pareto front

K

(b) Fitting K and RCS samples

(d) Fitting 2D RCS plane

Fig.8 K and RCS characteristics of NACA series airfoils with different maximum thickness and camber combinations

(¢=180°+30")

Fig. 9 shows RCS characteristics about four
receiving azimuthal regions (leading edge, up-
side, downside and trailing edge) of NACA
Ciax4 T ax series airfoils with different maximum
thickness and camber combinations. As can be
seen, four receiving azimuthal regions of NACA
airfoils have different Pareto fronts, and every
one of regions has its corresponding K/RCS Pare-
to front. So the RCS responses about four impor-
tant scattering regions are all important for a ro-

tating blade due to its special motion style.
3.2 Integrated design

Based on influence factors about aerodynamic
performance and four scattering regions of rotor
airfoil, the optimized airfoil can be designed by
appropriate objective function and constraint con-
dition.

Design status: Ma =0.4, Re =9 X 10°, angle

of attack «=0°, TM wave incident angel ¢ =0°,
L =10A.

The lift-to-drag ratio and RCS mean value
about leading edge (L), upside (U), downside

(D), trailing edge (T) of airfoil are normalized:

— oL 7: ou
A I R K I
:: oD ;: oT
v ‘ (UD ) max ’ b ‘ (UT ) max ’
- K
K_ ‘Kmax (11)
Objective function
. . 1— 1— 1— 1— 1—
min: f = gdr,JF §O‘L'+ 8JD+ §JT+ ?K(IZ)
s.t. K>=0.9
%af# %a?+ %afﬁ %Ego. 04 (13)

Table 1 shows the comparisons of weighted
sum between baseline and optimized airfoil. The

aerodynamic characteristics of NACA5410 airfoil
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Table 1 Comparisons of weighted sum between baseline and

optimized airfoil
1— 1—
Objectives _ g - g v -

Airfoils 1—
irfoils ?GI,JF 1

NACA4. 3410
0.039 99
(Fitting)

NACA4. 3410
. 0.036 44
(Computed)

are the best, but RCS weighted sum at the four
regions is not the minimum. The stealthy charac-
teristics of NACA1410 airfoil are the best, but
aerodynamic performances (lift-to-drag ratio) are

not optimum. When the maximum thickness is

20 30 40 50 60 70 80 90
K

different maximum thickness and camber combinations

Y

10% and the maximum camber is 4. 3%, the
combined airfoil satisfies the objective function
and constraint condition. The weighted sum error
between calculated and fitting sample from surro-
gate model is small. As a result, it is demonstra-
ted that the optimal method can satisfy the re-
quirements of practical applications.

Fig. 10 shows the comparisons of aerodynam-
ic and RCS characteristics between baseline and
optimized airfoil. Although the optimized airfoil
is not the optimum aerodynamic solution, its aer-
odynamic and stealth comprehensive perform-
ances are the best. Comparing with the RCS am-
plitudes of NACA1410 and NACA5410 airfoils
(especially trailing edge 320 40°), the RCS

amplitudes of the optimized airfoil decrease signif-
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icantly. At the same time, comparing with aero-

dynamic performances of NACA1410, the pres-

NACA(1)410
NACA(4.3)410
NACA(5)410

sure distributions and the lift-to-drag ratio of the

optimized airfoil are improved obviously.

NACA(1)410
NACA(4.3)410
NACA(5)410

NACA(1)410
NACA(4.3)410
NACA(5)410

00 02 04 06 08 1.0 0.2
X

(a) Airfoil geometries

(b) C, distribution

06 0.8 d 0 60 120 180 240 300 360

X/C vi()

(c) RCS distributions

Fig. 10 Comparisons of aerodynamic and RCS characteristics between baseline and optimized airfoils

4 Conclusions

An integrated optimization design method
about aerodynamic/stealth is developed for rotor
airfoils, and the optimized airfoil can be designed
by this method. From the results presented in
this paper, the following conclusions can be
drawn.

(1) The high precision numerical method
utilizing the N-S and Maxwell's equations can ef-
fectively simulate the characteristics about aero-
dynamic/stealth of rotor airfoils.

(2) Based upon surrogate model optimal
techniques, an integration design of rotor airfoil
about CFD/CEM coupling method is established,
and it can be used to accurately and efficiently de-
sign the rotor airfoil with aerodynamic perform-
ance improvement and RCS reduction.

(3) The aerodynamic performances are sig-
nificantly influenced by the maximum camber of
airfoil, and the stealth characteristics are greatly
influenced by maximum thickness of airfoil. The
selection of rotor airfoil with high lift-to-drag ra-
tio and low scattering characteristics is a process
of seeking compromised requirements, and the
optimal airfoil can be found through comprehen-

sive analyses.
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