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Abstract—A method of dynamic mesh based airfoil optimization
is proposed according to the drawbacks of surrogate model based
airfoil optimization. Programs are designed to achieve the dynamic
mesh. Boundary condition is add by integrating commercia software
Pointwise, meanwhile the CFD calculation is carried out by
commercia software Fluent. The data exchange and communication
between the software and programs referred above have been
accomplished, and the whole optimization process is performed in
iSIGHT platform. A smplified airfoil optimization study case is
brought out to show that aerodynamic performances of airfoil have
been significantly improved, even save massive repeat operations and
increase the robustness and credibility of the optimization result. The
case above proclaims that dynamic mesh based airfoil optimization is
an effective and high efficient method.
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|. INTRODUCTION

IRFOIL design is a crucia and core technology in the

overall design process of flying vehicle, especialy for the
High Altitude Long Endurance (HALE) aircraft such as Gobal
Hawk. Usually high aspect ratio straight wing is employed for
that vehicle, selecting an appropriate airfoil is extremely
important for improving the overall aerodynamic performance
for that. Recently, airfoil design methods can be categorized as
forward design optimization and inverse design method. The
forward design optimization method is achieved by
continuously modifying the airfoil shape curve to reach optimal
aerodynamic goal (lift coefficient, drag coefficient, lift-drag
ratio, etc.), while aerodynamic condition is given initially for
inverse design method, and meet the requirements aerodynamic
goa by gradually changing the geometry and calculating gas
flow equations [1-4].

The forward design optimization method is utilized for this
paper, which the commonly procedure is surrogate model based
optimization. A number of sample is available by Design of
Experiment (DOE) after parameterize of airfoil, surrogate
model (Kriging model, RSM model, etc.) is constructed based
on that sample set.
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Surrogate model rather than actual airfoil model is driven by
some optimization algorithm, for which optimal airfoil can be
obtain. However, the accuracy of surrogate model constructed is
affected by the size of sampling, while the sampling scale is
related to number of parameters. Difficulties of CFD operation
and caculation in reality limit the size of sampling, thus
accuracy and credibility of surrogate based optimization should
be repeatedly verified. In this paper, CFD simulation isdirectly
driven by optimization algorithm.

Firstly airfoil parameters are given by optimizer and airfoil
shape is generated, secondary dynamic mesh is constructed and
boundary condition is added to the mesh, finally CFD
simulation processis carried out and the result is submit to the
optimizer, a next iteration is programmed by optimizer
according to its optimization strategy. The overal above
process can be fully automated.

Thefinal result of that processisthat after airfoil parameters
and constraints are given by designer and airfoil optimization
goal is set, an optimized airfoil can be achieved by only starting
the process and persisting a certain time.

II.THE OVERALL PROCESS

The basic process of dynamic mesh based airfoil
optimization referred consists of four modules. Firstly is the
dynamic mesh module, which is accomplished by ¢ language
programming. The import document for this module is the file
Hicks.dat which descripts the Hicks-Henne parameters. The
export document is the file OutMesh.x, which is a Plot3D
format grid file generated according to Hicks-Henne airfoil
parameterize method. The initial aerofoil grid file inMesh.x is
required, which is also a supporting Plot3D format document.

Secondary is the boundary condition generated module,
which is working through secondary development of
commercial software Pointwise.

Theimport document is the export document of prior module
whichisaPlot3D format grid mesh file. The export document is
a CAE file Airfail.cas with boundary conditions that can be
directly used for CFD caculation. An auxiliary Pointwise
Glyph2 script file *.glf that define the boundary condition is
require.

The third module is air flow field calculation module, which
is working by secondary development of commercial software
Fluent. The import document of thismoduleisthe export file of
the prior module which is Airfoil.cas. The export document is
the iteration history file of lift coefficient cl-history and drag
coefficient cd-history.

The forth module is the optimize module, that a commercial
integration platform iSIGHT is employed.

Theimport document is the export document of prior module
which forms the optimization goals. The export file is the
Hicks-Henne airfoil parameter file for the first module which
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forms the optimization variables.

In general, the overall process of the design m®de that,
the dynamic mesh module works according to theihishape
define by optimize module, CAE file is created byuhdary
generation module, aerodynamic result is reachldoy field
calculation module and submit to optimize module.

Hicks.dat

ParaMesh.exe inMesh.x

OutMesh.x

PointWise *glf

{SIGHT

Airfoil.cas

Fluent

CL/CD

A

Fig. 1 The overall process

I1l. DYNAMIC MESHPROCESS

The optimized baseline for airfoil optimization ihe
standard airfoil available such as NACA seriesodirtsually
shape deformation in the optimization process apptabe
small range, that a unify topology can be emplogéscribe the
mesh. Whereas, an initial grid mesh is requiredtferdynamic

Where e(k) as &k)=In0.5/Inx, ,0sx, <1 ,
% (k=1,2,3,4,5§ as 0.15, 0.3, 0.45, 0.6, 0.75, 0.9.

Coefficients of perturbation function make up thesidn
variables, together with the baseline airfoil tdedmine a new
airfoil shape. The new airfoil coordinates are dedi by 12

coefficientsD =[a,,---,a,,] as follows

is given

k=6
yup = yupO +Zak fk (X)
o @)
ylow = ylowO +Zak+6 fk (X)
k=1
Where y,,, ¥, is the upper and lower surface vertical axis of
new airfoil, andy,,,, Yo the vertical axis of baseline airfoil,

k is the coefficient numbersy, is the shape coefficient

parameters, the 12 variable should be no moretib#1. Fig 2
shows the comparison of Hicks-Henne airfoil curvel ahe
original airfoil curve.
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Fig. 2 Comparison of Hicks-Henne airfoil curve @udginal airfoil
curve

mesh process, the shape deformation mesh is gederat The core process of airfoil parameterization method

according to initial grid mesh and airfoil shapegraeters.

A. Airfoil parameterization

Recently quite a number of airfoil parameterizatioethods
are available, such as Hicks-Henne shape functiethad,
orthogonal basis function method (OBF), CST metliekier
curve parameterization method, PARSEC method,Fetcthe
above parametric approach, only Hicks-Henne shapetibn
method is a perturbation based method, that & perturbation
functions are superimposed to the baseline aigfiod forms a
new airfoil. This particular principle makes Hickienne
method naturally applying to dynamic mesh proc&ss]|

The shape of Hicks-Henne airfoil is constructedbbgeline
airfoil and perturbation function. Usually standaaifoil is
adopted as baseline airfoil, and Hicks-Henne sHapetion
adopted as the perturbation functiifx) .

{xo'zs(l— x)e ™ (k=1)

f =
(%) (= 2

@)

sin® (mx®))

® Input design variable® =[a,,-,a,,] .
® Output the upper and lower curvg,, Y, of new
airfoil.

B.Initial Mesh generation

Topologies available that suitable for airfoil flofield
calculation are “O” topology grid, “C” topology griand “H”
topology grid, etc. The initial mesh is use as iaseline of
dynamic mesh process, which should has a good treésssas a
consequence. Grid topology should be as simpl®ssilge, in
case the flow field can be definitely described.e Tgrid
topology should also be of favorable orthogonale T®”
topology grid can meet all the need above and ntekéetter
choice.

Commercial software Pointwise is utilized to geterthe
initial grid in this article.

® The core process of initial mesh generation:

® Input the geometric parameters of baseline airfoil.

® Output the Plot3D format mesh grid.

1874



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:6, No:9, 2012

Fig. 3 Display of grid topology
C.Grid deformation

1. Plot3D format grid file

The Plot3D file is a format of structured grid filleat was
popularized by NASA's CFD visualization softwarenl®
structured surface grids are supported for exfdvis file type
will not export unstructured grids or i-blankingri mesh is
save to a *.x file analytically, which is logicakyear and easy to
read, and benefit for the follow-up dynamic mesbgoamming.
In this article, initial Plot3D file is generateg Bointwise [8].

The following piece of pseudo-code describes theéb the
data found in a Plot3D file should take:

C.....nmax is number of networks

C.....ni(n) number of points in the i direction ftre nth
network

C.....nj(n) number of points in the j direction ftre nth
network

C.....nk(n) number of points in the k direction filve nth
network

integer ni(nmax), nj(nmax), nk(nmax)

real x(imax,jmax,nmax),

& y(imax,jmax,nmax),

& z(imax,jmax,nmax)

write(1) nmax

write(1) ( (' ni(n), nj(n), nk(n) ), n=1,nmax )

do 10 n =1, nmax

write(1) ( ( x(i,j,n), i=1,ni(n) ), j=1,nj(n) ),

& ((y(ij,n), i=1,ni(n) ), j=1,nj(n) ),

& ((z(ij,n), i=1,ni(n) ), j=1,nj(n) )

Continue

2. Generation of dynamic mesh

The mesh deformation is small and grid topologysdoet
change in the airfoil optimization process, thusiraple and
efficient linear interpolated method is utilized ffynamic mesh
generation.

The specific process is that: the initial Plot3Dnfat airfoil

mesh is employed as baseline; the wall boundadirectly
superimposed on the Hicks-Henne perturbation astems (2)
according to Hicks-Henne parameterize method, Hitdsne
perturbation is then evenly distributed to the ahdirection of

the“ O topology grid.
g e

Fig. 4 lllustration of dynamic mesh

The core process of dynamic mesh generation:
® Input the Hicks-Henne parameters and the initial
Plot3D format mesh grid.
® Output the new Plot3D format mesh grid.

IV. SETTING BOUNDARY CONDITIONS

The Plot3D format grid file can not be used for CFD
simulation, boundary condition is required. Usuallp types
boundary conditions are needed for “O” topologylgane is
“wall boundary” which is set to airfoil boundanhet other is
“pressure-far-field boundary” which is set to theegnal grid
surface.

In this paper Pointwise software is utilized forttisg
boundary conditions. Because airfoil optimizatioa an
automatic process, manually setting boundary cmmdis not
proposed, whereas a piece of script code with éinguage
Glyph2 is required. Glyph2 is the scripting langeiafpr
Pointwise v16. It is an extension to the tcl progning
language that allows access to the commands aitiégof the
Pointwise application, and offers the ability tdacamnate all or
part of the CFD meshing procdds

It should be noted that using the following step oacord a
piece of Glyph2 draft code of setting boundary dtiowis:
“Menu / Script /Begin Journaling”. With the purposé the
program’'s simplicity and script execution reliatyili the
redundant syntax should be removed from the Glygieft
code, and refined script program is available asvatbelow.

Meanwhile, the automation process of setting bognda
condition with Pointwise can use the following atcode. Run
Pointwise in batch mode by typing
$pointwise_home_path/hw/bin/tclsh  MyScript.glf athet
command line (Linux) or DOSprompt (Windows) where
pointwise_home_path refers to the Pointwise iretiath
directory and hw refers to the platform on whichirdwise is
installed (i.e. win32, linux). An instance shows:

"$pointwise_home_path\Pointwise\PointwiseV16.04Rd\w
32\bin\tclsh.exe" "E:\AirfoilOptimal\imPortPlot3DI.

The core process of setting boundary conditions
® Input the Plot3D format grid file.
® Setting solvers and dimensions.
® Setting boundary conditions and adjusting orient
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1 # Pointwise Vie.
2
3 package require
4
5 pw: :Application
6 pw::Application
7 pw: :Application
]

9 pw::Application
10

11 set _TMP (mode_1)
12 § TMP(mode 1) in
13 § TMP(mode 1) re
14 §_TMP (mode_1) co
15 § TMP (mode_1) en
16 unset _TMP (mode
17 pw: :Application
18

19 pw: :Application
20 pw::Application
21

22 set TMP(PW 1) [
23 set _DM(1) [pw::

1]
1 st S R R R S s

24 Begin

3 HHH R R R R

4 package require PWI Glyph 2.3

5 pw::Application reset

6 set report var "Temp"

7 set scriptDir "E:/AirfoilOptimal/"

8 pw::Grid import -type PLOT3D -format ASCII \

S -precision Single -report Sreport var [file join $

10 ##########4##  Set CAE solver and Dimension

11 set listl [pw::Application getCAESolverNames]
12 pw: :Application setCAESolver [lindex $1istl 3] 2

13 Boundary condition
14 set Wall [pw::BoundaryCondition create]

15 5Wall setName "Wall"

16 SWall setPhysicalType "Wall"

17 SWall setId 3

18 set dom [pw::GridEntity getByName "dom-1"]

19 set conl [pw::GridEntity getByName "con-1"]
20 $Wall apply [list [list Sdom $conl]]

21 set Farfield [pw::BoundaryCondition create]
22 SFarfield setName "farfield"

( T o

2 (cx-gui-do c| 1[(cx-gui-do cx-activate ] . 0 n n n

3 (cx-gui-do c| 2 (cx-gui-do cx-set—text{ 1 [file

¢ (cx-gui-do c| 3 (cx-gui-do cx-activate{ 2 read-case

5 (cx-gui-do c| 4 (cx-gui-do cx-activate{ 3 WingMesh.cas
N 7 6 Reading "E:2| 5 (cx-gui-do cx-set-text{ 4gq

7 18360 qua| 6 (cx-gui-do cx-activate{ 5grid
LS 8 36516 2D | 7 (cx-gui-do cx-set-text| ¢ scale

204 2D | 8 (cx-gui-do cx-activate; 7 1.000

10 204 2D | 5 (cx-gui-do cx-activate{ 2 1.000

11 18564 nod| 10 (cx-gui-do cx-activate{ 9%q

12 18564 nod| 11 (cx-gui-do cx-activate{ 10 define

13 12 (cx-gui-do cx-activateq i1l models

14 Building... | 13 (cx-gui-do cx-activate| 12 viscous

15 grid, 14 (cx-gui-do cx-activateq 12 spalart-allmaras

16 materia| 15 (cx-gui-do cx-activate{ 14 yes

17 interfa| 16 (cx-gui-do cx-activate{ 15 g

is domains| 17 (cx-gui-do cx-activate{ 16 energy

15 mixture 18 (cx-gui-do cx-activateq 17 yes

20 zones, | 19 (cx-gui-do cx-activate{ 18 yes

21 farfield-5| 20 (cx-gui-do cx-activateq 19 yes

22 wall-4 21 (cx-gui-do cx-set-list{ 20 yes

23 interior-3| 22 (cx-gui-do cx-activateq 21 yes

24  dom-1 23 (cx-gui-do cx-activate] 22 q

25 shell c| 24 (cx-gui-do cx-activate{ 22 materials

26 Done. 25 (cx-gui-do cx-set-1ist{ 24 change-create

27 (cx-qui-do c| 26 (cx-gui-do cx-activate{ 25 air

28 27 (cx-gui-do cx-activate{ 26 air

28 Grid Check 28 (cx-gui-do cx-activate{ 27 yes

30 29 (cx-gui-do cx-activate{ 28 ideal-gas

31 Domain Exte| 30 (cx-gui-do cx-activate{ 2% no

32 x-coordinl 31 (ex—mmi-do cx-activated 30 no

Fig. 6 FLUENT 6.3 Text Command

VI. iSIGHT BASEDINTEGRATION

24 unset _TMP(PW_1)
25 set TMP(PW 2) [
26 unset _TMP(EW_2)
27 pw::Application

28 pw: :Application

29

23 SFarfield setPhysicalType "Pressure Far Field"
24 SFarfield setId 4

25 set con3 [pw::GridEntity getByName "con-3"]

26 SFarfield apply [list [list Sdom Scon3]]

27 i Orientation Reverse
28 set dom [pw::GridEntity getByName "dom-1"]

30 set CN(1) [pw::q 295 Sdom setOrientation IMaximum JMinimum
31 set TMP(PW 3) [f 30 ####344443444 Export cae file
32 set CN(2) [pw::( 31 set dom [pw::GridEntity getByName "dom-1"]

Fig. 5 lllustration of Glyph2 code

V. THE AUTOMATION OF FLUENT

Fluent is a general flow field solver, CFD simubatiis
carried out for the CAE file, which achieve the tibefficient,
drag coefficient, lift-drag ratio of deformed aiiffaJust like the
process of setting boundary condition, the CFD wdaton
requires automation rather than manually settingorder to
reach automation of Fluent, it can record a sérigtvo ways:
one is “Menu/File/Write/Start Journal” the other
“Menu/File/Write/Stat Transcript”.

The script can be reloaded to realize Fluent autioma
However GUI interface should be open in the sefirugess for
these two methods, which on one hand reduce theatipg
efficiency, on the other hand may interrupt theoenation
process in case of the operator’s operating winddwk In this
paper FLUENT 6.3 Text Command is utilized, whiclofisigh
efficiency and does not rely to auxiliary GUI.

The drawback is that it can not generate the cordntiap
automatically, and should try several times to esstully fulfill
setting.

Meanwhile the automated operation of Fluent canthsee

batch mode script as follow:
"G:\Program Files\Fluent.Inc\ntbin\ntx86\fluent.&x@d -i
WingFluent.jou
The core Process of Fluent automatically execution

The airfoil optimization in this article is a simglobject
optimization problem, with Hicks-Henne parameters a
optimization variables and lift-drag ratio’s maximuwas single
object, which is typical simulation software basgidcrete
optimization problems. Commonly, iSIGHT is utilizéar the

integration of numbers of software, and performing
optimization process.

find : Hick

max: K )

st{-0.01< Hick < 0.01i= 1,2- ,1

iSIGHT, a platform developed by Engineous Softwéne,,
is one of the most powerful computer aided enginggiCAE)
software. It efficiently integrates digital techogy, reasoning
techniques and design exploration technology. A ddt

. traditional manual work can be complete automatedhis

'Ssoftware, which substitute for huge repetitive, oerone
digital processing and design process of engingela@signers,
that iSIGHT is known as “software robdt®.

As shown in Fig 7, “ParaMesh” is dynamic mesh megdul
“Pointwise” is boundary setting module, “Fluent’fisw field
solver module, “Cl/Cd” is the lift-drag ratio calation module,
“Save History” is post-processing module which sgvihe
CFD simulation results and calling Tecplot script finish

graphics processing, “AirfoilOptimal” module is the
optimization module.
AirfoilOptimal

o—»@—»é—)@—» @ —>@PhH—>o

ParaMesh Pointwise Fluent Clicd Save History

® Input CAE file. Fig. 7 Integration process
® Check grid and scale.
® Set solver, materials, boundary conditions, opegati ~ The core process of iSIGHT based integration:
environment, initialization, etc. ® Set input and output parameters and automatically
® Set reference values and output the lift coefficien execution script for all modules.
and drag coefficient history values. ® Set parameters exchange relations for all modules.
® Set optimizer.
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VIl. OPTIMIZATION CASE STUDY
The baseline airfoil of this optimization case iIBGA6412.
The flight environment is sea level withahgle of attack. Initial

mesh grid is “O” topology structured grid. SolvdrFuent is
“Spalart-Allmaras”, the rest of flight conditionseaset in the
following table.

TABLE |
FLIGHT CONDITIONS
Parameter Quantity
Density p =1.225kg/m3
Chord Length L=1m
Velocity v=20m/s

Dynamic viscositypy = 1.78938e-005 Ns/m2

Reynolds number Re = 1.3692e+006

Pressure 101325 Pa
Sound of speed 340.294 m/s
Mach number 0.05877

A. Design of experiment

Sensitivities of all the 12 parameters on the diidifadrag
ratio is find out using design of experiment (DOfgthod,
some parameters will be removed if the sensitiistysmall.
Firstly, 100 Latin-Hypercube samples are collectuj then
sensitivity is analyzed. The result is shown belttwcan be
illustrated from the chart that, the sensitivity arh

Hicks-Henne parameteiaf, shown in equation (2)) is greatest,

while 7" Hicks-Henne parametel{shown in equation (2)) is

smallest. However none of these parameters isamfginsmall
sensitivity that can be ignored. Thus, all the EHtameters
should be included in the options of follow-up omtation.

[® Corrolation Graph of k- sl

No:9, 2012

What can be illustrated is that lift-drag ratidnsreasing by
iteration number, and the increasing quantity bexamiight
after 500th iterations. The optimal lift-drag ratieaches at
866th iteration.

e

BRIET]

EEE

Fig. 9 History of lift-drag ratio

Table Il show the Hicks-Henne parameters wherdliétg
ratio reaches optimal.

TABLE Il
OPTIMAL HICKS-HENNE PARRAMETERS
Parameter  Quantity Parameter Quantity
Hickl 0.00825 Hick7 -0.00129
Hick2 0.004787 Hick8 0.004161
Hick3 0.008506 Hick9 0.004237
Hick4 -0.0001 Hick10 0.004959
Hick5 0.004904 Hick11l -0.00246
Hické 0.007081 Hick12 0.009582
Table Il is the comparison of lift coefficient, aly

coefficient, lift-drag ratio of initial airfoil an@ptimized airfoil.
It can be illustrated that the lift-drag ratio ineses 7.9340%
after optimization.

3[#]

TABLE Ill
COMPARISON OFINITIAL AND OPTIMIZED AIRFOIL
Parameter Initial airfoil Optimized airfoil
Lift coefficient (CI) 0.88372 0.95587
Drag coefficient (Cd) 0.01225 0.01228
Lift-drag ratio (K) 72.11171 77.83303
Lift-drag ratio increase 7.9340%

%, % M S %, N,

Fig. 8 Sensitivities of parameters

B. Global optimization

Optimization options of the optimizer that
“AirfoilOptimal” module is setup as: Multi-Islan GA
Sub-Population Size 10, Number of Generations T@&ing
into account that the optimization process abova wserial
process and can not execute parallel, the Numbksiaids is
chosen 1. The overall iteration number is 1000 #otdl
duration is 25:38:58. Figure below shows the histddift-drag
ratio.

Fig 10 is the comparison of initial airfoil curvadoptimized
airfoil curve, it can seen from the chart that @ave increases,
thickness decreases, trailing edge becomes movec:tor the

isoptimized airfoil. These changes also meet the ntiateflow

theory about airfoil.

0.1F /’
ok
I I I I

1 1
0 0.2 0.4 0.6 0.8 1
Fig. 10 Comparison of initial airfoil curve and opized airfoil curve

Original NACA6412
Optimal NACA6412
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Fig 11 shows the pressure distribution and x corepbn [5]

velocity of initial airfoil and optimized airfoil.

0.2 02

04 ) 1 1 1

1 1 1 1 1
0 02 04 0.6 08 [ 02 04 0.6 08
Pressure of original NACA6412 Pressure of optimal NACA 6412

04 1 1 1 1 1 1 04 1 1 1 1
0

02 04 06 08 02 04 06 08
x velocity of original NACA6412 x velocity of optimal NACA 6412

Fig. 11 Comparison of aerodynamics between ingtiibil and
optimized airfoil

VIIl. CONCLUSION

Standard airfoil such as NACA series airfoil is éoyed as
the optimization baseline in this article. The ngrid mesh is
generated by linear interpolation of initial grieesi. Pointwise
is used for automatically setting boundary condgioand
Fluent is utilized for CFD simulation, some oth@spprocess
have been complete in this airfoil optimizationtfaem, which
including data communication between multiple pchoe and
commercial software. The entire process is supgotig
iISIGHT platform. Compared with traditional surrogahodel
based airfoil optimization, operation process psmubin this
article can reduce huge amounts of manual samplection,
and assign the repetitive work to “software robd®&IGHT,
which enable the designers concentrate higherdenssearch

(6]
[7
(8]

(9]
[10]

such as increasing the CFD calculation accuracye Th

optimization process is clearer in this operatiamd the
optimize result is more credible, which is prove ke an
effective method for airfoil optimization.
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