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Abstract; In order to overcome the efficiency problem of the conventional gradient-based optimal design method, a
highly-efficient viscous adjoint-based RANS equations method is applied to the aerodynamic optimal design of hove-
ring rotor airfoil. The C-shaped body-fitted mesh is firstly automatically generated around the airfoil by solving the
Poisson equations, and the Navier-Stokes (N-S) equations combined with Spalart-Allmaras (S-A) one-equation
turbulence model are used as the governing equations to acquire the reliable flowfield variables. Then, according to
multi-constrained characteristics of the optimization of high lift/drag ratio for hovering rotor airfoil, its correspond-
ing adjoint equations, boundary conditions and gradient expressions are newly derived. On these bases, two repre-
sentative rotor airfoils, NACA0012 airfoil and SC1095 airfoil, are selected as numerical examples to optimize their
synthesized aerodynamic characteristics about lift/drag ratio in hover, and better aerodynamic performance of opti-
mal airfoils are obtained compared with the baseline. Furthermore, the new designed rotor with the optimized ro-
tor airfoil has better hover aerodynamic characteristics compared with the baseline rotor. In contrast to the baseline
airfoils optimized by the finite difference method, it is demonstrated that the adjoint optimal algorithm itself is
practical and highly-efficient for the aerodynamic optimization of hover rotor airfoil.
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0 Introduction

To design an advanced rotor airfoil shape, it
is imperative to consider the special working envi-
ronment of rotor. For the helicopter, hover state
is an important and characteristic state, and it
calls for excellent synthesized aerodynamic char-

[ However, even

acteristics for the rotor airfoil
if significant progress has been made in the algo-
rithms and computer hardware during the past
decades, an efficient accompanied with multi-con-
strained design method still seems challenging for
designing of the rotor airfoil. Therefore, seeking
an efficient aerodynamic design method for the
rotor airfoil has aroused great concern in the field

of helicopter aerodynamics™’.
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There are mainly two types of methods for
rotor airfoil shape designing, one is inverse design
method and the other is optimization method. For
the inverse design method™ ", it is generally nee-
ded to give a target pressure distribution for the
rotor airfoil before designing, thus it calls for rich
designing experience for designers. What's more,
it can seem to be more struggling in dealing with
multi-constrained problems. For the optimization
method, the airfoil shape is usually parameterized
with a set of design variables, and a suitable ob-
jective function is chosen to be minimized or max-
imized. Then through continuous modifications of
the baseline airfoil which satisfies some certain
geometric and aerodynamic constrains at the same

time, the objective function can obtain the ex-
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treme value. For aerodynamic shape optimiza-
tion, compared with the global optimal tech-

[5:61 " the gradient-

nique, e. q. genetic algorithm
based optimal technique is more computational
cost saving and widely used. For the later one,
finding a fast and accurate way of evaluating the
gradient information is the vital part because this
occupies a considerable amount of time in the de-
sign algorithm. Gradient information can be cal-
culated using a variety of approaches such as the
finite-difference method™ , automatic differentia-

] Whereas for

these methods., the amount of computation cost

tion"*, and complex step method"!.
during each step is proportional to number of de-
signing variable, which can restrict their usage in
the complex aerodynamic shape optimization to
some extent. As an alternative method, the con-
trol theory approach has noticeable computational
cost advantages over the former. When emplo-
ying this method, the relevant gradients are ob-
tained through the solution of adjoint equations of
the governing equations. Accordingly, the mere
cost involved is one flow solution and one adjoint
solution during each step, leading to high effi-
ciency of the method despite of number of desig-
ning variables.

The continuous viscous adjoint method was
firstly used in inviscid transonic flow by Jame-
son"'"1* in the late 1980s. Since then, the method
has achieved a significant breakthrough, and now
it can be even used for the aerodynamic design of
aircraft viscous

whole configurations  in

L13.14] Lee and

flow Specially for the rotor,
Khown!"' have adopted a continuous adjoint
method for Euler rotor flows in hover using un-
structured mesh. After that, Huang and Yang"'®
have conducted a viscous continuous adjoint-based
optimization of drag coefficient of rotor airfoil.
From these earlier works, it demonstrates the po-
tential capability of the method for the rotor air-
foil design. However, Lee et al. doesn’t consider
the effect of the viscous effect in their research,
while optimization design of rotor airfoil of
Huang et al. doesn’t have a strong relationship

with the three-dimensional rotor design. In addi-

tion, these studies are also relevant with the
problem of single objective, and they still lack the
ability of handling the multi-constrained problems
for rotor airfoil.

In the present work, an efficient continuous
viscous adjoint method, which is extended to han-
dle with the multi-constrained problem, is applied
to optimize the aerodynamic shape of rotor air-
foil. To better capture the information of the
boundary layer, the Spalart-Allmaras (S-A) tur-

171 are chosen to close the Navier-

bulence model
Stokes equations. With the aim of higher lift/
drag ratio, the corresponding adjoint equations,
boundary condition and gradient expression are
continually derived. Two representative rotor air-
foils, NACAO0012 airfoil and SC1095 airfoil, are
selected as baseline airfoils to optimize their syn-
thesized aerodynamic characteristics to validate
the effectiveness of method. Furthermore, the
optimized rotor airfoil is also applied to form
three-dimensional rotor to verify its hover aerody-
namic characteristics compared with the baseline

rotor.

1 Flow Analysis

1.1 Governing equations

The two-dimensional RANS equations are
formulated in a calculating coordinate (& ,&,). It
can be written as

a(JW) + asijfj :asijf'zy'
dt 951 95:‘

QD)
where w is the vector of conservative variables, f;

J

the vector of convective fluxes, and f,,; is the vec-

tor of viscous fluxes. In addition, S; is the trans-

i
formation matrix from Cartesian to calculating

coordinate, it can be calculated as

s, —j 2% 2

dx;

)

1.2 Numerical resolution of RANS equations

In the current paper, the governing equations
are discretized using a finite volume method with
cell-centered evaluation of conservative variables.
The JST scheme!'™ and centered formula are used
for the spatial discretisation of the convective flu-

xes f; and viscous fluxes f, ., and the turbulent
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viscosity is calculated with Spalart-Allmaras tur-
bulence model™™. For temporal discretisation, it
is conducted by five-step Runge-Kutta algo-
rithm™®. To accelerate convergence, the local
time step and implicit residual smoothing scheme
are also added in the program. The no-slip
boundary condition is employed on the wall, and
specific for the adiabatic wall, the normal deriva-
tive dT/dn is equal to zero. The non-reflecting

condition is used for the far field boundary.

2 Adjoint Method

2.1 Principle of adjoint method

For the aerodynamic shape optimization of
rotor airfoil, the objective function can be defined
as I, which can be determined by conservative

variables of flowfield and airfoil shape
I=| MOw(@) 5B, + | POo(a) 5)dD;
3

where ¢ is the coefficient of the shape function
when the Hicks-Henne shape function method!
is employed to describe the shape of the airfoil in
this paper.
For the RANS equations, its steady form can
be expressed as
d
IéE;
F,=S,f;,F.=S8,f, )

Take variation for objective function and

(F,—F,)=0

steady RANS equations, respectively. Then bring
the steady RANS equations as an equality con-
straints into objective function through this La-
grange multiplier ¥= (¥, ,¥,, ¥, , ¥,)". Final-
ly, the variation of objective function, after fur-
ther transformation, after further transforma-

tion, can be expressed as
ol :j (oM — n,W"6(F, — F,,) ] dB. +
B

. T
J op + ¥ sr. —F.) | dD. 5)
D IE;

Choosing ¥ to meet the adjoint equation
(Eq. (6)) and adjoint boundary (Eq. (7))

aP | OY' OF, OF.

Iw dg  Iw aIw

M OF, OF,

Tt wy
I n,¥Y (9w 9w> 0 D)

) =0 (6)

Therefore, the variation of objective function

can be simplified as
({ToM__ .. dF, F,
51—”5[95 W (g as)}dBf+
J [QP JWT IF; JF,;
D

Iw d€, IS as
From Eq. (8), it is demonstrated that the

)]dDg}SS ®)

gradient solving is now associated with the airfoil
shape rather than flowfield variables. Therefore,
during the single optimization procedure, the pro-
gram does not need to call for computational fluid
dynamics (CFD) solver repeatedly only at the
cost of solving the new introduced adjoint equa-
tions. When the number of design variables be-
comes larger, it can greatly reduce the computa-

tion time.
2.2 Adjoint equations and boundary condition

Specified for the two-dimensional RANS
equations, after considering the effect of convec-
tive fluxes and viscous fluxes on the adjoint equa-
tions and boundary condition, the new continuous
viscous adjoint equations can be formulated as
et

0 =+ —w = E D)

JA +M']'Y =0

=D v yE—(y—n(uw%)

0 —(—Dov u
0 y—1 0 yu

—(ry—Dw

0 —w *v2+7}l;1q2 o[—yE+(y—1¢*]
" 0 —(y—Du —(y—Duww
AT = v y y 2
vy — oy — e 4
1 u (y=3v yE—(y l)(v + 2)
0 0 y—1 v J
i 7(12# <32W4 azlp4> ]
(y=DPrp\ 927 dy*
Jdx dy Jax Jax x
r=1J 0V, T, | AT, Iz, | s
C¥ 0w Wy g T g Ty - OX
7y ar oy T T T
W, 'y ( 2y, 1w, )
0yy 2 2
L dy (y=DPrp\ dz dy |
r _
;] % v (y l)qg
4 o 2
o L 0 —(—Du
[M']T = 0 €]
0o 0 L —(G-—Do
0
0 0 0 y—1 |




No. 2 Wu Qi, et al. Highly-Efficient Aerodynamic Optimal Design of-- 137

As for different objective function and con-
straint condition, their corresponding adjoint
boundary condition and gradient expression for-

So they should be de-

rived according to the actual situation.

mula are quite different.

2.3 Lift/drag ratio optimization in hover

For helicopter in hover, in order to minimize
its required power, it needs the rotor airfoil to
have a comparative higher lift/drag ratio. There-
fore, its corresponding design aim is to maximize
the lift/drag ratio of airfoil under the typical hov-
ering design state, whereas to keep the lift coeffi-
cient and airfoil’ s sectional area almost un-
changed. Typically, the objective function and
design state can be written as

I, =Cy/CL +W,(C, —C1))*+W,(A—A"*

Ma =0.6, C_.=0.6 (10)
where Cj, is the drag coefficient of the current air-
foil, C, the lift coefficient of the current airfoil,
C! the lift coefficient of the baseline airfoil, A the
sectional area of the current airfoil, and A° the ar-
ea of the baseline airfoil. W, and W, are the
weight coefficient.

Generally, the wall is adiabatic, so its ad-

joint wall boundary condition can be written as

v, = —2(cosa (ngr sing * Cp) AW, sina(C, — CY)
‘1.
v, — —2(sing * C(l;g_ cosa * Cp) — AW, cosa(C — C2)
“L.
o, _
dn
1D

When W written as W= (¥, ,4,:4,.6), its gradi-

ent expression can be written as

61 - ZWZ (A - AO >6A _J @;p@sgk ng +
B

gt J 0, J 20,
JD e 08 f,dD: = | 5288 ,0,dD: — | TS, -

(o5 2 0(52) 28 oS 2 —

S D
JD %SS”Q/dDéiL: 75‘9’]“% 2 5(% ((772
)22 ] )

J
k a0 S\ 2 (P
JDWT&Sﬁ( [> 7<7>dD

i,j.kslym= 1,2 12)

3 Grid Topology

For rotor airfoil, a structured mesh is auto-
matically generated prior to the beginning of each
iterative design step, so that the governing flow
and adjoint equations can be suitably discretized.
In this paper, the Thompson method is employed
to solve the Poisson equations to automatically
generate the C-shaped grid around the rotor air-
foil. Fig.1 shows a typical mesh around the
OA209 airfoil.

lence model,

While employing the S-A turbu-
normal spacing of the first grid
point above the wall is set to be 0. 000 01lc¢ (y" ==
2) in order to well capture the information of
boundary layer. During each optimal step, it will
also need to modify the grid to obtain gradient in-
formation. A simple but effective modified meth-
od! is adopted in this work, its form is
JI =M Nt — 2 o)
Iyncw — o N yre —
Length,,. —

u (13
yf:i:fnil )

where N= L ength]

I engthmr al

Fig. 1 Structured grid around OA209 airfoil

4 Flow Chart of Adjoint Optimal
Method

Fig. 2 shows the specific flow of rotor airfoil
optimization using adjoint optimal method. Dur-
ing each optimal process of the airfoil shape, the
C-shaped body-fitted mesh is firstly automatically
Then the flowfield

governing equations are solved for value of the

generated around the airfoil.
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conservative variables, and continually their cor-
responding viscous adjoint equations are solved
for the value of Lagrange multiplier. On these
bases, the gradient information can be evaluated
using the mesh deformation technique. Finally,
the steepest descent method is implemented for
the procedure. These works are taken repeatedly
until the new airfoil satisfies the convergence cri-
terion that the objective function value of the air-

foil varies less than 1 percent of the previous

step.

Initial airfoil

Airfoil parameterization
(H-H function)

Spalart-Allamas

turbulence model

JST second
order scheme

Runge-Kutta time-
stepping method

!

C-shaped mesh generated

RANS solver Mesh
¢ deformation

Adjoint equations
derivation

Adjoint wall
boundary condition

Optimal gradient
expression

Adjoint solver

Gradient evaluation

!

Optimization

S —————— steepest descent method

Fig. 2 Flow chart of optimization

New airfoil
shape

5 Results and Discussions

5.1 Validation of flowfield of rotor airfoil

Before using the Navier-Stokes (N-S) solver
for the optimal design of rotor airfoil, it needs to
validate its capability to predict the flow phenom-
ena of the typical rotor airfoil. In this section,
OA209 rotor airfoil is firstly chosen to validate
the rotor airfoil flow solver at state of Ma=0. 16,
AOA (Angle of attack) =10. 0°, Re=1. 8X10°.
In Fig. 3, it makes a comparison of calculated
pressure coefficient distributions with experimen-

tal data"™. It is clear from the comparisons that

the current flowfield solver can well simulate the
flow around rotor airfoil.

Figs. 4, 5 show the lift coefficients line and
the polar line of the OA209 rotor airfoil at state of

Ma=0.4, Re=1.4X10°% To make better com-
6

parison, the experimental data"* are also imposed
on these plots. From the figures, it is shown that
the current two-dimensional flow solver can well

simulate the aerodynamic force of the rotor air-

foil, too.
St 0A209 rotor airfoil
-4 H B Experiment
Calculation
_3 L]

Ma=0.16, AOA=10", Re=1.8 X 10°

L L 1 1 I

0.0 0.2 0.4 0.6 0.8 1.0
X/C
Fig. 3 Comparison of calculated pressure coefficient dis-
tributions with experimental data of OA209 air-
foil
1.5
1.0}
0.5+
&)
0.0 0A209 rotor airfoil
B Experiment
-0.5 Calculation
Ma=0.4, Re=1.4X10°
_1.0 1 1 1 1 1
-10 -5 0 5 10 15 20
al(®)

Fig. 4 Comparison of calculated lift coefficient with ex-

perimental data of OA209 airfoil

5.2 Validation of flowfield of hovering rotor

On the basis of numerical simulation of the
rotor airfoil, the flowfield of the hovering rotor is
also needed to testify in order to further validate
the better aerodynamic characteristics of opti-

mized new rotor. The UH-60A helicopter rotor is
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1.5
1.0 +
0.5 F 0A209 rotor airfoil
[6) B Experiment
0.0 + Calculation
Ma=0.4, Re=1.4X10°
-0.5
-1.0 L 1 L
0.00 0.05 0.10 0.15 0.20
G

Fig. 5 Comparison of calculated polar lines with experi-

mental data of OA209 airfoil

run for the simulation, which has a rearward
sweep of 20° starting from 93% radius, an aspect
ratio of 15.3 and a negative maximum twist of
13°,

In Fig. 6, the typical calculated pressure dis-
tributions of UH-60A rotor is compared with the
experi-mental data™”’ in the figure, which oper-
ates at the state of Ma,, = 0. 628 and 0, = 9°.
From the comparison, the simulated pressure dis-
tributions on the rotor blade correlate well with
the experimental data. In Fig. 7, it shows the
correlation of the thrust coefficient (C;/s) and
figure of merit (FM) of UH-60A rotor. To make
better comparison, the experimental data™*! are
also imposed on these plots. In addition, the
blade spanwise lift coefficient distribution is also
given on the lower right area. It is clearly seen
from the comparisons that the present CFD solver
can well simulate the aerodynamic characteristics

of the hovering rotor.

-2.0
UH-60A rotor

-1.5}¢ m  Experiment
B —— Calculation

1.0 Ma,=0.628,0,=9, r/R=0.775
-0.5

o

0.0

0.5

1.0

1'5 1 1 1 1 1

0.0 0.2 04 0.6 0.8 1.0

X/C

Fig. 6 Pressure coefficient distribution of UH-60A rotor

0.8
UH-60A rotor
B Experiment
0.7 Calculation
0.6
s o Experiment
= 04r __ Calculation
05 03 L
0.2
04 o1
03 . 093 04 06,5 08 10
0.02 0.04 0.06 0.08 0.10 0.12
Clo

Fig. 7 Thrust coefficient and FM of UH-60A rotor

5.3 Lift/drag ratio optimization of rotor airfoil

The adjoint-based design method is now ap-
plied to design of higher lift/drag ratio rotor air-
foil at hovering design state of Ma=0. 6 and C, =
0.6. NACAO0012 airfoil and SC1095 airfoil are
chosen as the baseline rotor airfoils for optimiza-
tion. For each airfoil, the surface of the airfoil is
parameterized using 24 Hicks-Henne bump func-
tions, 12 of which are distributed along the upper
surface, while remaining 12 are placed in a similar
fashion along the lower surface. For the objective
function, the weight coefficient W, and W, are
equal to 1 and 40, respectively. Because the lead-
ing edge usually has more impact on the aerody-
namic characteristics, the bump functions are ar-
ranged denser in the leading edge. After around
25 steps, the optimized airfoils can be finally ob-
tained.

For NACA0012 airfoil, Fig.8 shows the
shape and pressure distribution of baseline and
optimized airfoil. After optimization, the lift/
drag ratio is improved by 5. 3% from 47. 28 to
49.80. From Fig. 8, it is also shown that the op-
timized airfoil has a minor lead edge peak and ad-
verse pressure gradient over the baseline airfoil,
leading to reduce the drag coefficient to contribute
a relative higher lift/drag ratio.

For SC1095 airfoil, Fig. 9 shows the shape
and pressure distribution of baseline and opti-
mized airfoil. After optimization, the lift/drag
ratio is improved by 6. 2% from 51. 66 to 54. 82.
From Fig. 9, it is demonstrated that the opti-
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mized airfoil has a minor peak in the leading edge
but still produce a relatively higher lift in the
middle region to keep lift unchanged, and it can
as well reduce the drag to have a relative higher

lift/drag ratio.

2.0}

Baseline airfoil
-1.5}F - - - - Optimized airfoil

-1.0}
-05}
0.0 |
0.5
1.0

1.5+
20 -

0.0 0.2 0.4 0.6 0.8 1.0
X/C

Fig. 8 Shape and pressure distribution of baseline and
optimized airfoil of NACA0012 airfoil

20t ‘ —— Baseline airfoil
-1.5} - - - - Optimized airfoil
-1.0 +
-0.5}
U 0.0
0.5}
1.0 +
1.5¢

20+t

X/C

Fig. 9 Shape and pressure distribution of baseline and

optimized airfoil of SC1095 airfoil

5.4 Aerodynamic performance of optimized rotor

After the optimized higher lift/drag ratio ro-
tor airfoil is obtained, the optimized one is then
continually applied to form three-dimensional ro-
tor neglecting the influence of twist law and plan-
form of the rotor. For the rotor, its aspect ratio
is 15. 0, and it operates at the state of Ma,, =
0.612 and Re=1. 92 X 10°. In Fig. 10, it com-
pares the hover performance of different rotors
with the SC1095 baseline airfoil or optimized air-
foil. From Fig. 10, we can obtain FM of the opti-

mized one is prior to the baseline rotor, and the

biggest FM of the optimized one has nearly 2. 5%
increase compared with the baseline rotor.

Figs. 11, 12 show the pressure coefficient
distributions on the baseline and optimized rotor
with different pitch angles of calculated Points 1
and 3, respectively. From the figures, it can be
seen that the leading edge peak of each spanwise
section of the optimized rotor is superior to the
baseline rotor. In Fig. 13, it gives the streamline
of the baseline and optimized rotor at calculated
Point 3. From Fig. 13, it is noticed that the opti-
mized rotor has less separation area when com-
pared with the baseline rotor. Through the three-
dimensional validations, it is demonstrated that
the rotor with the optimized airfoil has better

hover aerodynamic performance.

0.72
) 3
0.70 | $
1
Z 0681

0.66
—=— Baseline
—e— Optimized

0.64 : : : :
0.005  0.006  0.007 0008 0009  0.010
G

Fig. 10  Thrust coefficient and FM of baseline and opti-
mized one of SC1095 airfoil
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1.0 1.0
1.5 " " L L 15 N . s L
00 02 04 06 08 1.0 00 02 04 06 08 10
X/c X/C
(a) r/ R=0.50 (b) r/ R=0.68
16 - -16
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1 --- Optimized --- Optimized

[ ............ :

12 —
00 02 04 06 08 10

.“\

00 02 04 06 08 1.0
X/C X/c

(c) 7/ R=0.80 (d) 7/ R=0.92

Fig. 11 Pressure coefficient distributions on baseline and

optimized rotor at Point 1
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Fig. 12 Pressure coefficient distributions on baseline

and optimized rotor at Point 3

Reattachment
Pl

[ Baseline ]\

Optimized

Fig. 13  Streamline of baseline and op-

timized rotor at Point 3

5.5 Computation costs

In present, the developed code for the vis-
cous continuous adjoint optimal method is set up
on a personal computer with Intel Core i7-4770
3.40 GHz CPU. The comparison of the computa-
tional cost of gradient information is made be-
tween the finite difference method and adjoint
method for optimization of NACA 0012 airfoil’s
lift/drag ratio. The comparison results are given
in Table 1. From Table 1, it is demonstrated that
in the present design state, the computational
cost is reduced by 77%. When the number of de-

sign variables becomes larger, the advantages of

the adjoint method become more obviously.

Table 1 Comparisons of CPU time between the two methods

Number of Continuous Finite difference
design variables adjoint method/min method/min
24 2.8 12.2
36 2.8 18.1
48 2.8 24.0

6 Conclusions

The highly-efficient continuous viscous ad-
joint method, which is suitable for the multi-con-
strained problem, is developed for the aerody-
namic shape optimization of the rotor airfoil.
Then the method is adopted to optimal design of
two representative rotor airfoils with the aim of
higher lift/drag ratio. Furthermore, the opti-
mized rotor airfoil is also applied to form three-di-
mensional rotor to verify its hover aerodynamic
characteristics compared with the baseline rotor.
The following conclusions can be drawn:

(1) The continuous viscous adjoint optimal
method is more efficient than the typical finite
difference method for solving the gradient infor-
mation, and its advantages become more obvious-
ly when the number of design variables gets lar-
ger.

(2) The adjoint-based optimal method is suit-
able for the lift/drag ratio optimization of the ro-
tor airfoil in hover. After optimization, the rotor
with optimized airfoil has better hover aerody-
namic performance compared with the baseline
rotor.

(3) The present flow solver is of high preci-
sion because it can well predict the aerodynamic
characteristics of the rotor airfoil and the hover

rotor.
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