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ABSTRACT

The design optimization of airfoils has been carid@t to enhance aerodynamic performance of ratsirsg the Response
Surface Method (RSM) and a Navier-Stokes equatidwves. A multiple RSM has been developed for easy simultaneous
handling of various constraints, originated frora ttesign requirement of airfoils for those appiara to the rotorcraft. In
addition to the description of aerodynamic shapeaidoils by using the Hicks-Henne functions, timean camber line is
parameterized to improve the design sensitivittheoaerodynamic pitching moment of airfoils. Theoggnamic performance
is predicted using the KFLOW, a Navier-Stokes eiguasolver with shear stress transport turbulenodeting. Aerodynamic
performance measures of designed airfoils are credpto those of initial airfoils to show the fleitity in handling

constraints and the improvement of aerodynamicperdnce of airfoils with the proposed method.

1. Introduction Method (RSM) is proposed in this study. The respansfaces

The airfoil design for its application to the rotdade is not

an easy task mainly due

are generated for each performance measure ofrtbi [8].

to complex aerodynamicAfter conforming the required accuracy of each oesp

environments around the rotor. To cope with largel a surface, it is used for airfoil design optimizatidh

unsteady variation in Mach number and the anglattafck
along the span-wise location of the blade, more tihmee
different airfoils are designed and distributedngldhe radial
position of a blade with different design requiretsefor each
airfoil [1]. An airfoil for inboard section shoulttave high
maximum lift coefficient to retard unfavourablels&dffect at
low Mach number. On the other hand, an airfoiltfprregion

should have high drag divergence Mach number [Bo Ahe

airfoil thickness should be considered to improvee t

manufacturability of blades.
In this study five shape functions based on thék$ildenne
functions to are adopted to describe the surfacenggy of

airfoil. In addition four shape functions are usedorder to

allow the camber changan airfoil design tool is required to

have high flexibility and accuracy in handling cdexpdesign

requirements. For this purpose, a multiple Resp&hséace

The random optimization method is adopted in thidysto
find the optimum design point. Two different caséglesign
parameterization with or without camber variatioa applied
and compared to show the effectiveness of the shaotion

which allows the camber variation.

2. Numerical M ethod
2.1 Airfoil Design Requirements

Airfoil aerodynamic design requirements for itsorotaft
application should reflect complex operating cdodg of
blades and are mainly determined from previous réeqee
and knowhow. Main design goal of airfoils is to ioge both

the hover Figure of Merit, FM, and the equivaleftitd-drag

ratio, (L/D). , of the rotor at high forward speed when airfoils

are distributed along radial position of the rdwade. Airfoil

aerodynamic design requirements can be definechbglating



the above mentioned aerodynamic performance measfire
the rotor into the those for the individual airfoduch as lift
(C), drag(G), and pitching moment coefficients iCas a
function of Mach number and angle of attack. Tororp the
hover FM airfoils should have high lift-to-dragica{L/D) [5,

6]. The enhancement of (L/Dat high forward speed can be
achieved by retarding the drag divergence Mach eumb
(Mpp) especially at the advancing side of blade tiporegnd
by delaying the airfoil stall at inboard sectionls@ the
pitching moment should be as low as possible irerotd
minimize the strength requirements of mechanicaitrob

system including pitch link rods.

Table. 1 Airfoil Design Requirements and the BaseAiirfoils

AERODYNAMIC PERFORMANCE

MEASUREMENTS SECTIONS

CONFIGU&RARIONS 1 2 3
My at ¢ =0 > 0.75 0.85 0.91
lc,| at Mm=07 > 0.005 0.01 0.01
L/D at M =06 > free 64 76
Cpx 8t M =04 > max 1.20 11

Max t/c, % 12 9 7

Baseline airfoil OA 312 0A309 OA 407

This paper follows the airfoil design requiremesitsilar to
those defined through the Aerospatiale’s experiefi¢eas
shown in Table. 1. Three airfoils are assigned niooard
section (section 1), mid section (section 2), d@pdsection
(section 3), respectively. Theyds lower than 0.01 for all
airfoils [7] and airfoils for the inboard portiorf ootor are
thicker than that of tip section to enhance stafiracter and
improve manufacturability. The favourable rang&/f, L/D,
and maximum lift coefficient (Qn.x are allocated for each
airfoil.

Numerical optimization problem for airfoil desigequires
careful selection for objective and constraint fiows in order
to meet all design requirements shown in Tablehk dirfoil
for section 1 is designed by defining, JGx as the objective
function. The previous design experiences show the
simultaneous achievement of both )ax and high My is not

easy. For the airfoil of Section 2, the drag cogfit is

2.2 Airfoil Shape Functionsand Design Variables

The Hicks-Henne functions are well known for itsogrin
surface generation of airfoils with relatively simalimber of
parameters and widely used in various airfoil desigdies. In
this study five shape functions are adopted to gémaipper
In addition threan

chamber is expressed with four additional shapetifums in

and lower surfaces of each airfoil.

order to enhance design sensitivity of chamber ghda the
Cu. Therefore, 14 design variables per airfoil areduin
design optimization. The Hicks-Henne functions uded
airfoil surface generation are expressed in Eq8))8] and
shape functions for the chamber distribution afindé as in
Eas (4)-(5).
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Fig. 1 Diagram of shape functions for mean cariniger |

Fig. 1 shows shape functions for camber distriloutibhe

upper surfacey, and lower surfacey, of an airfoil can be

minimized with the fixed Mp of 0.85. The design requirement

parameterized as

for the Gy, L/D, and (Q) max are treated as the constraints. The
airfoil for tip section is designed by minimizinget G at

Mach number of 0.91.

5 4
Yo = Yo +Zdi,L i+ Yeo +Zdn.cgn 6)
i=1 n=1

5 4
Yu = Yuo +Zdi,u fi +Yeo +Zdn,cgn
i=1 n=1



where Y, o, Yeor Yuor Yoo represent coordinates for upper later method to avoid the numerical difficultiesttwiNLP
and lower surfaces and camber distribution for ithigal solvers. For this purpose one design variable ve@o
airfoil. Therefore, an airfoil can be design by atetining generated using the random number generator. ko tes
the following design variables vector violates one of design constraints or itegates poor
d=[d,,,,ds,,dpy,,dgy, i, v, dyc ] @) airfoil performance than that with the previoustlsedection of
=[d,,d,,dy,---,dy,]" the design variable vector. This process is coatinuntil the

improvement in objective function value is lesst tie given

2.3 Multiple Response Surface Method tolerance. This process guarantees the automéstastion of

The RSM is widely used in optimization problem wiinge all design constraints,

number of design variables since the influenceachevariable
on the objective and constraint functions can Iséyeeflected

without complex manipulation. The RSM approximates |

Shape Function |

numerical or experimental database with minimurorerr the I
least square sense [4]. Fig. 2 shows the desigregsousing | S"”""f"a'”y |
the multiple RSM. With an initial baseline airfoihe design (Navierfgttggs code)
variables are all zerod£0). In this study 200-points of design
variable vector d, k=1,---,200) are used to generate <+~ Gpdate D-optimal data pojpt¢—
Response surfaces (RS). Each componerfi=d,--,14) of ! ! ! !
design vectod, (k=1,--+,200) is generated using the random V) ) ) o)
number generator,. If the maximum thickness vanatith a ' ' ' !
design variable vectod, is greater than 10% of initial Error(R?) No
thickness, the corresponding vectdk is discarded and Yes
regenerated. Terust Aerodynamic

After defining all required 200 points of designrighle !
vectors, the flow solver, KFLOW, computes aerodyitam Advanced Aftol Desion
characteristics defined in Table. 1 for all airfodnfigurations Fig. 2 Diagram of design process
defined byd,, (k=1,---,200)to build the aerodynamic database
for the current design variable skt 2.4 Flow Solver

The RSs for each of P, (C)max L/D and Gy are The aerodynamic coefficients of airfoils are présfic
generated. In this study the quadratic functiorthef design ~ using the KFLOW which resolve the 2-D compressible
variable vector is used to build each RS. To resahe  Navier-Stokes equations with the-« Shear Stress
required accuracy of the response surface, thesdpeiween  Transport (SST) turbulence model. The viscosityffiobent
data points in data base and the approximateds/akiag the ~ predicted using the SST turbulent model can conside
response surface are compared. Whenever the émoydS  major transfer characteristics of turbulence skeass, related
is greater than the given tolerance, 10% amongdtsign  to flows with adverse pressure gradient. The RBB'S (Flux
variable vectors are discarded and replaced with vectors.  Difference Splitting) and 2nd order unwind MUSClhemes
This process is continued until all errors of eR&his less than ~ are used for spatial discretization and the dialggeth ADI
the tolerance. scheme is applied to get an accelerated steadyssthition [9].

The airfoil design is started with the RS functiofikere are The C-type computational grid with the 321x65 poirg
2 different approaches to design optimization. ®rie use the ~ generated and modified whenever a new airfoil shiape
general nonlinear programming (NLP) solver anddtieer is  defined. In this research the spring analogy canisepplied

to use the random optimization method. This stuslysuthe — to regenerate computational grid during shape desigcess



[10]. This approach provides an efficient generatid new
grid with equal level of smoothness and orthogonals those

of the original grid system.

3. Applicationsto Airfoil Design

In this study two different cases of design paraniedtion
are applied and compared the design results of aigdil for
section 1~ section 3. Two cases are classified nitpg on
whether the shape function for camber is includedat. In
case the shape function for camber is not incluttedresults
in figures are marked with P.M. which represents dbneral

method of previous researchers.

3.1 Airfoil Design for Section 1
Fig.3 shows the comparison of the shape of thelibase
airfoil and those of the designed airfoils. KU T&presents the

design result with camber change. The results, K&JALM. ,

without camber change has nearly the same chambdf

distribution as that of the baseline airfoil, whidbnotes the
Hicks-Henne functions defined in Egs (1)~(3) hardhange
camber distribution. Fig.4 compares the lift caidiints. The
designed airfoils has (Jmax greater than that of design
requirements of (Omax =1.7. The lift curve slope is nearly the
same as that of the baseline airfoil. In this desigse, the
design requirement for L/D is not applied sinca tonstraint
can restrict the increase in (G

Fig. 5 depicts the ratio L/D of the airfoil sectioplotted
against the angle of attack. The maximum L/D isieacd
around the angle of attack of 3 degrees. The re§itJ 112
is similar to the baseline airfoil while KU 112_P.khows the
ratio L/D decrease as the angle of attack is furitmereased.
This result represents difficulty in simultaneoogprovement
of both the ratio L/D and (Qmax Fig. 6 shows the variation of
drag and moment coefficients with varying Mach nemKU

112 airfoil has the lower £ and the higher b (defined

asyc, /om = 0.1) compared to those of the baseline and KU

112_P.M. airfoil. Furthermore KU 112 airfoil has ttee
moment characteristic than that of the baselinikiAll of
the designed airfoils satisfy the design requirdméor Mpp
and Gy.

The designed airfoil with camber change shows bette

performance compared to that without camber chantfet it

shows higher Mpand lower G.

3.2 Design optimization of Section 2

Fig. 7 shows the airfoil shape change after design
optimization. The plot for KU 109 airfoil representhe
camber variation from that of the baseline airfoil.

Fig. 8 compares the lift coefficients. The desigrédoils
has greater (Qnmax Satisfying the design constraints of)Gax
=1.2. The lift curve slope is nearly the same a tf the
baseline airfoil. Fig. 9 shows the ratio L/D of théfoil
sections plotted against the angle of attack. Themum L/D
is achieved around the angle of attack of 4 degrees

Fig. 10 represents the variation of drag and moment
coefficients with varying Mach number. The, 6f KU 109
airfoil show gradual increase at Mach number of @tdle the
Cp of KU 109_P.M. airfoil has increased rapidly. Thg &f
KU 109 airfoil is close to zero over the Mach numizge to
Mpp. All of the designed airfoils satisfy the design
quirements of Mp> 0.85 and | Cy | < 0.01.

3.3 Design optimization of Section 3

Fig. 11 shows the comparison of the shape of tiseline
airfoil and those of the designed airfoils. KU 18id KU
107_P.M. airfoils show significant change in thefates
compared to the baseline airfoil,.

The objective function is minimum the,@t Mach number
of 0.91. Both KU 107 and KU 107_P.M. airfoils vit#da Myp
constraint as shown in Fig. 1Mlach number of 0.91 is quite
challenging value compared to that of the basalirfeil. The
Cw of designed airfoildully satisfies the design requirement,
but improvements are much lower than the resultSaafion

3.2.

4. Conclusion

The design optimization of airfoil for the applicat has
been carried out for its applications to rotorcesfing multiple
RSM and the flow solver of Navier-Stokes equatidme shape
functions which allow camber change are proposesht@nce
design sensitivity of camber. By adding these fonst the
airfoils with better performance can be designéek fesults of
this study show a multiple response surface mettand be

effectively applicable for the aerodynamic desifaidoils.
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