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OPTIMAL SHAPE DESIGN OF A S-SHAPED SUBSONIC INTAKE USING NURBS
B.J. Lee' and C. Kim™

An optimal shape design approach is presented for a subsonic S-shaped intake using aerodynamic sensitivity
analysis. Two-equation turbulence model is employed to capture strong counter vortices in the S-shaped duct more
precisely. Senmsitivity analysis is performed for the three-dimensional Navier-Stokes equations coupled with
two-equation turbulence models using a discrete adjoint method. For code validation, the result of the flow solver is
compared with experiment data and other computational results of bench marking test. To study the influence of
turbulence models and grid refinement on the duct flow analysis, the results from several turbulence models are
compared with one another and the minimum number of grid points, which can yield an accurate solution is
investigated. The adjoint vaviable code is validated by comparing the complex step devivative resulls. To realize a
sufficient and flexible design space, NURBS equations are introduced as a geometric representation and a new grid
modification technique, Least Square NURBS Grid Approximation is applied With the verified flow solver, the
sensitivity analysis code and the geometric modification technique, the optimization of S-shaped intake is carried out
and the enhancement of overall intake performance is achieved. The designed S-shaped duct is tested in several
off-design conditions to confirm the robustness of the current design approach. As a result, the capability and the
efficiency of the present design tools are successfully demonstrated in three-dimensional highly turbulent internal flow
design and off-design conditions.

Key Words : Computational Fluid Dynamics(CFD), Aerodynamic Shape Design, Optimization, Discrete Adjoint Variable Method,
NURBS, Intake Design
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Fig. 1 Evaluated NURBS Control Points and Surface Mesh
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Fig. 2 Surface Modification using Approximated NURBS Function
(Left : Baseline Mesh, Right : Modified Mesh)
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Fig. 5 Grid Topology for Flow Analysis of RAE2129
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Fig. 11 The Comparison of Mach Contours in the Symmetric Plane
(DC Minimization with a Constant MFR, L:Baseline,
R:Designed)

Fig. 12 Shape and Streamlines Comparison (DC Minimizatio
U:Baseline, L:Designed)

e 2orfe

fo I pR %2 © ¥R ro
2
)
2
>
>
oo
ol T
ok,
pacd
N
a3l
as
2
R
fo
m
2
o d

N
AA M7 gol F3E 4 A Ak miy) e
23 % 4 A9E 29 =27) 10° 2] complex step
= AFEdY vug Feto AScH2] AdH 3Eg
60°, 120°¢] FAlZbo Uigt distortiono] whek Fujzk £
T2 ARSI Table, 2014 2z 243
Wgel TS complex step W Al
AR FAR AA H5EEe MY
FRo @ Jousth), 5 vhelrt A=)
B T el FA JA(74th, 108th), ule] &
AT AH(144th), Az HH(l66thyoll ] Melslg om, 7}
At o2 489 W4 ik ool

T ATk AR 4 AL BN complex step
[e]

o 2 oyl 2o
4 UW
= 5 oo
TR
o o
38

o JE
N ok
&

2

4 4w

T

fo o,
=
o o
=
2
2
rlo
2

=)
Me 9
X
B
url
i)
i)
e
i
o o
tlo
e
4

4.2 DC Minimization with Constant Mass Flow Rate
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Table. 2 Validation of the Sensitivities

Design
Variable 48 62

Method AV Complex AV Complex
PR -8.4454E-2 | -8.4463E-2 | -7.3632E-4 | -7.3605E-4

DC60  -6.7802E-3 | -6.7815E-3||-1.2262E-4 | -1.2262E-4
DC120 [-1.8059E-1 |-1.8064E-1[-7.2732E-2 [ -7.2700E-2
e 74 108
Method AV Complex AV Complex
PR | 6.5328E-4 | 6.5324E-4 -3.6324E-3 |-3.6342E-3
DC60 | 2.1670E-2 | 2.1654E-2 |-2.2446E-2 | -2.2467E-2
DC120 |-1.3268E-3 |-1.3266E-3 || 4.5722E-2 |-4.5742E-2
sz 144 166
Method AV Complex AV Complex
PR -24329E-3 | -2.4329E-3 | 7.0511E-3 | 7.3605E-4
DC60 3.0338E-1 | 3.0284E-1 | 2.4144E-2 | 2.4135E-2
DC120 | 2.5727E-1 | 2.5728E-1 |-5.3619E-2 | -5.3624E-2
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F:g. 18 The Comparison of U-velocity Contours(Off-Design

Condition Test, M=0.3, Alpha=0.0, L:Baseline,

R:Designed)

Table 3. Off-Design Condition Test

Condisitons | Modet | PR | MFR | DC60 | DC90
M=0.21 | Baseline |0.9453 | 1.7788 | 04964 | 0.4236
AOA=0° |Designed| 0.9610 | 1.7607 | 0.4637 | 0.4131
M=0.21 | Baseline |0.9444 | 1.7738 | 0.5002 | 04311
AOA=0° I Designed| 0.9604 | 1.7580 | 0.4696 | 0.4188
M=021 | Baseline |0.9459 | 1.7799 | 0.4877 | 04120
AOA=0° |Designed| 0.9610 | 1.7592 | 04570 | 0.4060
M=03 | Baseline ] 0.9340 | 1.8550 | 0.7629 | 0.6847
AOA=0° |Designed| 0.9483 | 1.8592 | 0.6811 | 0.6425
M=0.3 | Baseline | 0.9339 | 1.8541 | 0.7682 | 0.6912
AOA=0° | Designed| 0.9480 | 1.8569 | 0.6874 | 0.6483
M=0.3 |Baseline | 0.9338 | 1.8536 | 0.7590 | 0.6794
AOA=0° |Designed] 0.9482 | 1.8586 | 0.6762 | 0.6381
M=04 | Baseline | 0.9036 | 1.9468 | 0.8560 | 0.7364
AOA=0° |Designed| 0.9199 | 1.9564 | 0.6395 | 0.6078
M=04 | Baseline | 0.9014 | 1.9442 | 0.8573 | 0.7881
AOA=0° | Designed| 0.9197 | 1.9552 | 0.6494 | 0.6239
M=04 | Baseline|0.9007 | 19423 | 0.8551 | 0.7848
AOA=0° |Designed| 0.9197 | 1.9548 | 0.6218 | 0.5856
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4.4 Off-Design Condition Test for Designed Geometry

VATP AAE F& 7317 E4E 2HA-NA HAaES
ozx AdAle] Bds ddd Re2 AR rkeleg
HABHHA baseline 2R A 2] FEAGES Blwat
ATk wE7h -3°,0°,+3°, Rl 021, 0.3, 049 E A5
AGE4 Table. 390 YFERAATE

EE 270 i3] 4A Edo] e AsE BHo T
ok Fig. 1894 mbsks 03, W37h 009 Z-g-of gt wis
AEE detlglch 7 2d0M9) vidziA 2 sigo] A7
& W7 24 Bl A Tl vEEE g9l
[e]

LR

ot
4

rl
%0
i
I
1~n
m?.
g
g;
).
m
é
o
ot

o] A7 o] M3 %’——301]*1 fru “-f:’r% Az




66 / ST MFH S 55X

M E-AFG

(discrete adjoint variable code)Z=E ¥ stk Kol W&
AA F& Tdst7] 918l NURBSEE st 84 &
%] 57—5% Azteiglom, olHd 27 ETE T

<l

o A e AR 48 BE A BAd HEHS
2 3849 ¥ 92e s

% 7
B dA3E AL BK21(Brain Korea 21) 7174 Al
o] A7H| XU grol FYHAFTE
EaEd

[1]1 J. Seddon, EL. Goldsmith, 1985, Intake Aerodynamics,
AIAA Education Series.

[2] Fluid Dynamics Panel - Working Group 13. 1991, “Test
Case3 - Subsonic/Transonic ~ Circular  Intake,” AGARD
Advisory Report 270.

[3] NE. May, CJ. Peace, and C.A. Mchugh, 1993, “An
Investigation of Two intake/S-Bend Diffuser Geometries
using the Sauna CFD System - Phase 1,” ARA Memo 386.

{4] RDD. Menzies, KJ. Badcock, GN. Barakos, and B.E.
Richards, "Validation of the Simulation of Flow in an
S-duct," AIAA, P.2002-2808.

[5] ES. Taskinoglu, Doyle D. Knight,"Design Optimization for
Submerged Inlets - Part 1" AIAA, P.2003-1247.

[6] W. Zhang, D. Knight, and D. Smith, 2000, "Automated
Design of a Three Dimensional Subsonic Diffuser," Journal
of Propulsion and Power, Vol.16-6, p.1132-1140.

[77 BJ. Lee, C. Kim, and O. Rho, "Aerodynamic Design
Optimization for the S-shaped Subsonic Diffuser using
Two-Equation Turbulence Model," AI4A, P.2003-3960.

[8] CF. Smith, JE. Bruns, GJ. Harloff, and JR. DeBonis,
1991, "Three-Dimensional ~ Compressible ~ Turbulent
Computations for a Diffusing S-Duct," NASA CR 4392.

[9] GJ. Harloff, B.A. Reichert, and SR. Wellbom,

"Navier-Stokes Analysis and Experimental Data Comparison
of Compressible Flow in a Diffusing S-Duct," AIAA
P.92-2699.

[10] SR.  Wellborn, B.A. Reichert, and T.H. Okiishi,
"Experimental Investigation of the Flow in a Diffusing
S-Duct," AIAA4, P.92-3622.

[11]1BJ. Lee, CS. Kim, C. Kim, O.H Rho, KD. Lee,
"Parallelized Design Optimization for Transonic Wing Using
Aecrodynamic Sensitivity Analysis," AIAA4, P.2002-0264.

[12] CS. Kim, C. Kim, and OH. Rho, 2001, "Sensitivity
Analysis for the Navier-Stokes Equations with Two-Equation
Turbulence Models," AIAA, Journal, Vol.39-5, p.838-845.

[13RM. Hicks and P.A. Henne, 1978, "Wing design by
numerical ~optimization," Jowrnal of Aircraff, Vol.15,
p407-412.

[14] EJ. Nielsen, and W.K. Anderson, "Aerodynamic Design
Optimization on  Unstructured ~ Meshes  Using  the
Navier-Stokes Equations," AIAA4, P.98-4809.

[15] Kasidit Leoviriyakit, Sanho Kim, and Antony Jameson,
"Viscous Aerodynamic Shape Design Optimization of Wings
including Planform Variables," AIAA4, P.2003-3498.

[16] JRRA. Martins, IM. Kroo, and JJ. Alonso, "An
Automated method for sensitivity analysis using complex
variables," AI4A4, P.2000-0689.

[17] KW. Lee, 1998, Principles of CAD/CAM/CAE Systems,
Addison Wesley.

[18] Les Piegl, Wayne Tiller, 1997, NURBS Book, Springer.

[19] ER. Menter, 1994, "Two-Equation Eddy-Viscosity turbulence
Models for Engineering Applications," AIAA  Journal,
Vol.32-8, p.1598-1605.

[20] S.S. Kim, C. Kim, O.H. Rho, and S.K. Hong, "Cures for
the Shock Instability: Development of Shock-Stable Roe
Schemes,” Journal of Computational Physics, Vol.185-2,
p.342-374.

[21] D.D. Baals, N.F. Smith, and J.B. Wright, "The Development
and Application of High-Critical-Speed Nose Inlets,” NACA
Report No.920.



