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!! CFD Vision 2030 

–! !BCA"D+?/(3"3/"E>F>")G"H+G"=,0'63(G"I*2G+(6"J$/+7,KL"#/-MN++0L"I(2OP1N73,+GLQQQR""

!! Main challenges for CFD to move beyond current status: 
–! 4S-7+,3"N2,0*7,K"/T"',63+20G"3'()'*+,3"8/96"973N"67K,7U-2,3"(+K7/,6"/T"6+?2(2</,"
–! %+6N"K+,+(2</,"
–! D/)'63,+66"2,0"2'3/.2</,"/T"V:W"67.'*2</,6"
–! 4S-7+,3"'6+"/T"XIV"7,T(263('-3'(+"
–! %2,2K7,K"Y+(G"*2(K+"2./',36"/T"0232"
–! %'*<Z076-7?*7,2(G"2,2*G676"P"/?<.7[2</,"

!! Hybrid RANS-LES and wall-modeled LES seen as best prospects 

!! Can LBM provide a contribution to address these challenges? 
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Aeroacoustic Predictions
NASA ERA Project
 
"! Simulation-based airframe noise predictions 

!! Simulated geometry: As!built 18% scale Gulfstream model 
!! Baseline configurations 

#! 39º flap deflection, main gear removed 

#! 39º flap deflection, main gear deployed 

!! Most flap and gear concepts simulated prior to wind tunnel 
testing 
#! ROLD, FENoRFins, FLEXSEL, etc. 

#! Solid and porous versions of knee, wheel, brake fairings 

!! Sample quiet configuration 
#! FENoRFins plus fully treated main gear 

"! Accomplishments 
!! Predicted farfield noise for baseline and quiet configurations in 

good agreement with14x22 measurements 
#! Established computational simulations as an accurate predictive tool 

#! Paved the way for application to full-scale 

Flap 39º, main gear on configuration 

Simulated instantaneous pressure field for baseline and quiet configurations 
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Baseline v. quiet Configurations
Flap 39º, main gear on configuration 

Simulated instantaneous pressure field for baseline and quiet configurations 

9%3-:?+-"9%3-:?+-"
Baseline Quiet 



!"#$%"&'()'(%*'+"C@"

B:%)"]'?3-",-1@.*'+"&'+.-)/3"

\NH#%3#6'.>$31-K%O3(2#7%7H'"$%H#6#%K'66#7,'$.%;'%;H#%713((#7;%H'(#7%3$.%M$%.-31#;#6%;#7;#."

LE,#6-1#$;%]^E__%UN% R'"#6C@ZU%!-12(3)'$7%

B6#`>#6" ,Y6Pa" Bb]>a" B6#`>#6" ,Y6Pa" Bb]>a"

$cE%3-:?+-"Z".'+.-)/d"Y0>L6"e19f"cUNG;"Z"\VNG;d \_X" \_g" \_h" i_\" i_j" \_g"

$cE%3-:?+-"Z".'+.-)/d"&6"ekf" W_VV" 8V_XV" 8V_\V" U_jV" 8V_jV" 8V_iV"

$cE%3-:?+-"Z".'+.-)/d"&P"ekf" 8U_Wh" 8W_jh" 8U_hV" 8U_Ug" 8U_\U" 8U_\i"

0::"3?<@:%*'+3"C-(-".%((?-1"'@/")(?'("/'"C?+1"/@++-:"/-3/3"

C@L[!L@% SZ@:% CL&'SCB&!%



!"#$%"&'()'(%*'+"CA"

B:'C"&'+/(':"

!'26K#%
0b00"WVUW8\W\g"



!"#$%"&'()'(%*'+"C\"

A%?:",@11-("C?/5"0.*2-"B:'C"&'+/(':



!"#$%"&'()'(%*'+"C]"

0-('1J+%<?.">?<@:%*'+"'4",-%:?3*."\P"b.-">5%)-3"

6?l"

P(%H"

='<-+/"

\P"b.-">5%)-3")('2?1-1"EJ"]0>0mM:-++"



!"#$%"&'()'(%*'+"C^"

\P"b.-">5%)-"Z">@(4%.-"B:'C"[?3@%:?;%*'+"

(-%n%.5<-+/"

D?+1"A@++-:"Y?:"B:'C" L'C-(B6YD">N?+"B(?.*'+"6?+-3"



!"#$%"&'()'(%*'+"C_"U
o

B%+"]'?3-F",&W"B%+mYM["&'+pH@(%*'+"



!"#$%"&'()'(%*'+"C`"U
g

B:'C"(-3@:/3"E-/C--+"('/'("q"3/%/'("Z"
.'<)%(?3'+"C?/5"]0>0"<-%3@(-<-+/3"

,"r"UVV"k"(s<%$"

,"r"oVk"(s<%$"

,"r"XVk"(s<%$"

[-
:'
.?
/J
"3)

-.
/(
%"

A(
?)
)-

1"



!"#$%"&'()'(%*'+"!B"W
V

B%(8p-:1"+'?3-"(-3@:/3"

Measurements from: 



!"#$%"&'()'(%*'+"!C"

G?H5">)--1"0)):?.%*'+3"

+-68631#%&'-7#%

!09%:3;3%

<2=#;%<'2$.36>%

?$7;#3.>%@'3.7%

A#;%0%B$7;3((3)'$%
&'-7#%

C3$%&'-7#%

D'6;#E%
F#$#63;'67%

+-68631#%&'-7#

G-*HI@-J%:#7-*$%

BK-$*%

9'$;6'(%!2683K#7%0%
!,'-(#67%

C('"%9'$;6'(%
F6'2$.%L=#K;%

+#6'%@'3.7%:3;3%
47;3)K5%

!)$*%9'66#K)'$%

G-*HI@-J%:#7-*$

BK-$*

9'$;6'(%!2683K#7%0%
!,'-(#67

+#6'%@'3.7%:3;3%
47;3)K5

G-*H%!,##.%U-$*%
:#7-*$%

L$*-$#%B$;#*63)'$%

U-$*%<'.>%C3-6-$*%

B$(#;%:#7-*$%

UN%9'66#K)'$7%

&3K#((#%:#7-*$%

+J%<'.>%:#7-*$%
R6',2(7-'$%

+#6'.>$31-K7%

C3$%&'-7#C3$%&'-7#<2=#;%<'2$.36>

!)$*%9'66#K)'$

G-*H%!,##.%U-$*%
:#7-*$

+J%<'.>%:#7-*$

A#;%0%B$7;3((3)'$%
&'-7#

A#;%0%B$7;3((3)'$%
&'-7#



!"#$%"&'()'(%*'+"!!"

Y@/:?+- ""
!! Motivation: CFD Applications in Aerospace 

!! Overview of PowerFLOW Projects at NASA 

!! Theory & Background 
–! #$%"
–! &'()'*+,-+"./0+*"
–! 12**"3(+23.+,3"
–! 453+,67/,"3/"3(2,6/,7-"8/96"

!! Transonic Code Validation and Application Examples 
–! :',02.+,32*";2*702</,6"
–! =,0'63(72*">??*7-2</,"452.?*+6"

"



!"#$%"&'()'(%*'+"!@"

Boltzmann kinetic theory describes fluid behaviour based on particle 
density distribution function 
 
 
 
Boltzmann Equation: 
 
 
 
 

•! LHS represents advections of particle distribution in space at fixed velocity 
for each c 

•! RHS defined the collision process that involves inter-particle interactions 

•! Collision process can be modeled as simple relaxation to its equilibrium 
state  (e.g. the BGK form*) 

Q?+-*."/5-'(JF"9%3?.3%

( ) ( ) !="#+
$

$ tcxfctcxf
t

,,,, !!!!!

)%(*.:-"+@<E-("1-+3?/J"%/"*<-"/"%+1"
)'3?*'+"$"C?/5"2-:'.?/J"!""( )tcxf ,, !!

Bhatnagar et al. 1954 
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( ) ( ) ( )txtxftcxf iiii ,,1, !!!!
!="++

!Chen & Doolen 1998  **Qian et al. 1992., Chen et al 92  

BGK form of collision: 

Lattice Boltzmann Equation  : 

( ) ( ) ( )[ ]txftxftx eq
iii ,,1, !!!

!!="
#

Discretization in space and time, using a finite set of discrete particle velocity values to represents the 
hydrodynamic properties*: 

D3Q19 lattice 

6'C-("'(1-("69#"<'1-:""(-.'2-(3"/5-"]%2?-(8>/'N-3"-t@%*'+"%/"/5-"+-%(:J"?+.'<)(-33?E:-":?<?/aa"
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•! Macroscopic quantities are direct results of the 
moments of particle density distributions  

•! W+,673G"

•! ;+*/-73G"

•! a"

•! Pressure obeys the thermally perfect gas law  

( ) ( )txftx
i

i ,, !! !="

( ) ( ) ( )txfctxutx
i

ii ,,, !!!!! !="

!"=P RT=!
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#! No-slip/freeslip BCs are achieved via bounce-back/specular-
reflection process* 

#! Momentum flux across the fluid-solid interface corresponds to 
surface pressure and wall shear stress* 

#! Generalized slip algorithm has been formulated to realize 
turbulence wall boundary conditions (slip velocity with imposed  
wall frictions) 

( ) ( )
, ,

ˆˆ   ~   out in
w m m n n

m Pgrams out n Pgrams in
pn t c f c f!

" "

# $
= + %& '

( )
* *F ! !

Pgrams

facets
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!! Properly constructed LBE models can recover N-S physics, … and 

beyond! 
!! LBM is a very accurate solver with extremely low numerical dissipation 

–! V/,Y+-</,"76"+52-3"0'+"3/"3N+"*7.73+0"076-(+3+"Y+*/-7<+6"
!! Very efficient for performing time dependent flow simulations 
!! A very robust solver due to realizability, and stability condition is a 

priori guaranteed   

!! Plus …. Special Features of LBM Implementation in PowerFLOW 
–! E+2("92**"?NG67-6"J6'(T+*"-/,-+?3R"

–! #$%Z;#4F"3'()'*+,-+"./0+*"
–! ;2(72)*+"(+6/*'</,"
–! 4S-7+,3"?2(2**+*"7.?*+.+,32</,"
–! 453+,67/,"3/"6'?+(6/,7-"6?++06"
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!! LBM-VLES turbulence model concept 

–! F7,K*+"3'()'*+,-+"./0+*"T/("2**"8/9"-/,07</,6""
–! D+6/*Y+0"3'()'*+,3"63('-3'(+6"2(+"67.'*23+0"07(+-3*GL"',(+6/*Y+0"6-2*+6"2(+"./0+*+0"
–! F')K(70"-/,3(7)'</,6"2(+"2--/',3+0"T/(")G"2,"+b+-<Y+"(+*252</,"<.+"6-2*+"

!! Modification of turbulent flow relaxation time 
–! W+(7Y+0"T(/."2"6G63+.2<-"(+,/(.2*7[2</,"K(/'?"JDEcR"?(/-+0'(+"

–! 9N+(+"""""76"3N+"<.+"6-2*+"/T".+2,"8/9"J63(27,L"697(*L")'/G2,-GL"aQR"
–! 4b+-<Y+*G"(+0'-+6"+00GZY76-/673G"7,"(+K7/,6"/T"N7KN"Y/(<-2*"8'-3'2</,6"J+QKQ"6+?2(23+0"

(+K7/,6R"
–! V/,-+?3'2**G"67.7*2("3/"WW4F"P"F>F"

!! LBM-VLES contains HOT to account for non-linearity of the Reynolds stress 

( )1( , ) ( , ) eq
i i i i if x c t t t f x t f f

!
+ " +" # = # #
! ! ! ( )1( , ) ( , ) eq

i i i i i
effective

F x c t t t F x t F F
!

+ " +" # = # #
! ! !

( )....,,~     ,~1
1        ,

2

2

0 hsturbturbeffective
T

kC !!!"!
!#

$$$$ µ %=
+

=+=

!~

Chen, H., et al. "Expanded analogy between Boltzmann kinetic theory of fluids and turbulence.“,!JFM, 2004.
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!! Surfel Concept 

–! >()73(2(G"/(7+,32</,"P"6N2?+"/T"
+*+.+,36"

–! E+2("92**"F2.?*7,K"
!! All needed weights pre-

computed based on near wall 
volume elements  

!! Ensure Conservation 

–! %/.+,3'."+5-N2,K+"
!! Correspond to changes in 

pressure and friction  

–! F+-/,0"d(0+(">--'(2-G"
–! 453+,0+0"92**"./0+*"T/("N7KN"D+e"

!! Including pressure gradient 
effects 

!"#"

?+.'<?+H"
)%(*.:-3"

(-u-./-1"
)%(*.:-3"
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Once surface grids and regions of refinement are defined, volume grid 
generation is fully automatic 
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!! Rigorous Theory based on Hermite Expansions    (Shan 
et al, 1998, 2006) 

–! I(/i+-</,"/T"#$%"7,"X+(.73+"I/*G,/.72*6"
!! Expansion coefficients are the moments of distribution function 
!! No assumption on small Ma# or constant Temperature 

–! &(',-23+"3N+"+5?2,67/,"3/"-+(327,"/(0+("

–! D+?(+6+,3"6/*'</,"7,";+*/-73G"F?2-+"
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!! High order multi-speed LBE models (D3Q27, D3Q39, 
D3Q125 …) 

!! Hybrid approach to couple with thermal dynamics field 
 

Nie, X.B., Shan, X., and Chen, H., “Lattice-Boltzmann/Finite-Difference Hybrid Simulation of Transonic Flow”, 
AIAA-Paper 2009-139

P\zUg"='1-:"
=%{^V_i"""c=%:'.%:^V_ggd"

 

GJE(?1"P\z\g"='1-:"=%<%$^W_V"
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!! Motivation: CFD Applications in Aerospace 

!! Overview of PowerFLOW Projects at NASA 

!! Theory & Background 
–! #$%"
–! &'()'*+,-+"./0+*"
–! 12**"3(+23.+,3"
–! 453+,67/,"3/"3(2,6/,7-"8/96"

!! Transonic Code Validation and Application Examples 
–! :',02.+,32*";2*702</,6"
–! =,0'63(72*">??*7-2</,"452.?*+6"

"
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A(%+3'+?."&'1-"[%:?1%*'+"q"0)):?.%*'+"

9:D%$'aa(#%

S+L%_b__%+-68'-(%

!H'Kc%'O#6%U#.*#%

9S/%

N63$7'$-K%<21,%

C2$.31#$;3(%D3(-.3)'$7%

<2=#;%

A#;%&'-7#%

C3$%&'-7#%

C('"%9'$;6'(%

B$.27;6-3(%+,,(-K3)'$7%

<2=#;

A#;%&'-7#

C3$%&'-7#

C('"%9'$;6'(

B$.27;6-3(%+,,(-K3)'$7
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WP"&P["]';;:-"cP]>dF""
>@E83'+?.mA(%+3'+?.m>@-)(3'+?."B:'C"&'+1?*'+3"

!"#$%"&'()'(%*'+"

1-+3?/J"

)(-33@(-"

<%.5"

!! &'+2-(H-8P?2-(H-"
]';;:-".'+pH@(%*'+""

!! &'<)%(-1"C?/5"
%+%:J*.%:"UP"?+2?.?1"
u'C"3':@*'+""

!! >?<@:%/-1"%/":'C"
2?3.'3?/J"%/"2%(?'@3"
u'C".'+1?*'+3""

3@E3'+?." /(%+3'+?." 3@)-(3'+?."
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&'::?3?'+"'4"%"L:%+%(">5'.N"C?/5"%"B?+?/-"D-1H-"
>-/@)"
Shock Tube Setup 
S-M. Chang and K-S. Chang: On the shock-vortex interaction in Schardin’s problem,  Shock Waves, 10:333-343, 2000 

High Pressure Low Pressure 

4 1 

Finite Wedge 

Fixed Wall 
Fixed Wall 

Outlet 

Initial Conditions: 
 
P4/P1 = 4.0, T4/T1 = 1 
 

Boundary Conditions: 
 
No-slip walls 
Outlet pressure P1 
Re 50000 

Grid Resolutions: 
Coarse           h/128 
Medium           h/256  
Fine            h/512 

  

h h 
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Animation of the plane shock moving over the finite wedge (Animation time 0.001 s) 

 
Planar shock moves  

at Mach 1.34 

&'::?3?'+"'4"%"L:%+%(">5'.N"C?/5"%"B?+?/-"D-1H-"
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t = 91 µ sec 
 t = 0 corresponds to the instant, when the planar shock first collides with the finte wedge 

#$)-(?<-+/"

.'%(3-" <-1?@<" p+-"

&'::?3?'+"'4"%"L:%+%(">5'.N"C?/5"%"B?+?/-"D-1H-"
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t = 128 µ sec 
 t = 0 corresponds to the instant, when the planar shock first collides with the finte wedge 

&'::?3?'+"'4"%"L:%+%(">5'.N"C?/5"%"B?+?/-"D-1H-"
"

#$)-(?<-+/"

.'%(3-" <-1?@<" p+-"



!"#$%"&'()'(%*'+"A!"

t = 151 µ sec 
 t = 0 corresponds to the instant, when the planar shock first collides with the finte wedge 

&'::?3?'+"'4"%"L:%+%(">5'.N"C?/5"%"B?+?/-"D-1H-"
"

#$)-(?<-+/"

.'%(3-" <-1?@<" p+-"
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AOA (Angle of Attack)= -2° 

L_ref 
6° 

>-/@)"

>@)-(3'+?."P?%<'+1"0?(4'?:" " ""

7.2* L_ref 

3.6 * L_ref 

Constant Grid Distribution 

Inlet  Outlet 
Frictionless 
 Walls 

L_ref       = 1 m 
Area_ref = 1 m^2 

2D-Turbulent-Simulation  
Moo       = 1.4 
Re         = 3.24E+07 

Uoo 
T_ref 

Diamond Aifoil 

P_ref 

VR-Interface 

P_ref         = 100000 Pa 
Rho_ref     = 1.161 kg/m^3 
T_ref         =  300° K 
AOA          = -2° 
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>@)-(3'+?."P?%<'+1"0?(4'?:"

Grid 
Resolution 512 per chord (coarse) 
Voxel-Size 1000/512 = 1.95 mm 
Total Voxels               1.46 Mill. 
Fine Equivalent Voxels  1.01 Mill. 

><%::-3/"H(?1"3?;-"
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>@)-(3'+?."P?%<'+1"0?(4'?:
" " " " " " " " "
" " " " ""

Pressure Distribution for Moo 1.4 and AOA  -2 

compression  
waves 

expansion waves 
1 2 

3 4 
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>@)-(3'+?."P?%<'+1"0?(4'?:" ""

1 2 

3 4 

,-3':@*'+".'%(3-" "r"hUW")-(".5'(1"
,-3':@*'+"<-1?@<"r"jXo")-(".5'(1"
,-3':@*'+"p+-"""""" "r"UVWi")-(".5'(1"

Angle of Attack AOA °
Inflow Mach Number Moo

Analytic-Solution
Grid Coarse Medium Fine

Lift Cl [-] 0.1471 0.1474 0.1463 0.1473
Drag Cd [-] 0.0165 0.0165 0.0165 0.0165

Pressure Relation P1/Poo[-] 1.0502 1.0501 1.0502 1.0502
Pressure Relation P2/Poo[-] 0.7821 0.7819 0.7820 0.7838
Pressure Relation P3/Poo[-] 1.2823 1.2820 1.2821 1.2841
Pressure Relation P4/Poo[-] 0.9551 0.9555 0.9530 0.9553

Mach Number M1 [-] 1.3617 1.3637 1.3661 1.3650
Mach Number M2 [-] 1.5616 1.5625 1.5652 1.5690
Mach Number M3[-] 1.2109 1.2165 1.2215 1.2152
Mach Number M4 [-] 1.4241 1.4260 1.4267 1.4310

-2.0
1.4

Turbulent-Simulation
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!! Part of NASA’s 40% challenge 
!! Includes shock-induced separation, widely-used dataset for 

many years, axi-symmetry removes 2D questions  
!! RANS typically overestimates separation bubble by 20-30% 

0$?3J<<-/(?."A(%+3'+?."9@<)"

RANS typically overestimates separation bubble by 20-30% 

Bachalo, W. D., Johnson, D. A., “Transonic, Turbulent Boundary-Layer Separation Generated on 
an Axisymmetric Flow Model,” AIAA Journal, vol. 24, no. 3, pp. 437-443, 1986. 



!"#$%"&'()'(%*'+"A`"

0$?3J<<-/(?."A(%+3'+?."9@<)"

!! Volume cut shows 
location and sharpness 
of shock 

!! Skin friction contours 
indicate flow 
separation 

!! Iso-surfaces of !2 
highlight resolved 
turbulent fluctuations 
in wake 

b+3/%+/%+-'@3"(-3@:/3"
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0$?3J<<-/(?."A(%+3'+?."9@<)"
`8[-:'.?/J"L('p:-3"

Reference Results from : Rumsey, C. L., “Turbulence Modeling Resource,” http://
turbmodels.larc.nasa.gov 
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0$?3J<<-/(?."A(%+3'+?."9@<)"
L(-33@(-"%+1">N?+"B(?.*'+"P?3/(?E@*'+"

•! Unsteady flow in separation after shock captured 

•! Improved prediction of separation length and skin friction compared to standard 
RANS 

&)"

&4"

!H'6;#6%7#,363)'$%
(#$*;H%
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937#%]% 937#%d% 937#%e%% 937#%]Y%

=%"e8f" V_XjX" V_jWg" V_j\" V_jh"

0'0"e|f" U_oUio" W_ihVo" W_Xoj\" W_jUij"

,-"eUVXf" h_j" X_h" X_h" X_W"

&%3-"U"
+'"35'.N""

937#%]%

V_XjX"

U_oUio"

h_j"
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937#%]% 937#%d% 937#%e%% 937#%]Y%

=%"e8f" V_XjX" V_jWg" V_j\" V_jh"

0'0"e|f" U_oUio" W_ihVo" W_Xoj\" W_jUij"

,-"eUVXf" h_j" X_h" X_h" X_W"

&%3-"X"
<'1-(%/-"35'.N""

937#%d%

V_jWg"

W_ihVo"

X_h"
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937#%]% 937#%d% 937#%e%% 937#%]Y%

=%"e8f" V_XjX" V_jWg" V_j\" V_jh"

0'0"e|f" U_oUio" W_ihVo" W_Xoj\" W_jUij"

,-"eUVXf" h_j" X_h" X_h" X_W"

&%3-"g"
3/('+H"35'.N""

937#%e%%

V_j\"

W_Xoj\"

X_h"
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937#%]% 937#%d% 937#%e%% 937#%]Y%

=%"e8f" V_XjX" V_jWg" V_j\" V_jh"

0'0"e|f" U_oUio" W_ihVo" W_Xoj\" W_jUij"

,-"eUVXf" h_j" X_h" X_h" X_W"

&%3-"UV"
2-(J"3/('+H"35'.N"

937#%e%% 937#%]Y%

V_jh"

W_jUij"

X_W"
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K'367#% /#.-21% C-$#% [IM$#% [[IM$#%

,-3':@*'+"c.-::3"m".5'(1d" hgW" ooo" U\\\" WVVV" \VVV"

['$-:3"eUV\f" X\" U\o" \VV" XXj" UhVV"

&Lw5"" \V" Xh" UXV" ioV" UooV"

D%::.:'.N"'+"\W".'(-3"e5f" U" W" h" Uh" \X"

&%3-"UV"
.'%(3-"

!"#$%"&'()'(%*'+"!"#$%"&'()'(%*'+"

K'367#%

hgW"

X\"

\V"

U"



!"#$%"&'()'(%*'+"\^"

A(%+3'+?."B:'C"'2-("/5-",0#"WoWW"%?(4'?:"

K'367#% /#.-21% C-$#% [IM$#% [[IM$#%

,-3':@*'+"c.-::3"m".5'(1d" hgW" ooo" U\\\" WVVV" \VVV"

['$-:3"eUV\f" X\" U\o" \VV" XXj" UhVV"

&Lw5"" \V" Xh" UXV" ioV" UooV"

D%::.:'.N"'+"\W".'(-3"e5f" U" W" h" Uh" \X"

&%3-"UV"
<-1?@<"

!"#$%"&'()'(%*'+"

/#.-21%

ooo"

U\o"

Xh"

W"
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K'367#% /#.-21% C-$#% [IM$#% [[IM$#%

,-3':@*'+"c.-::3"m".5'(1d" hgW" ooo" U\\\" WVVV" \VVV"

['$-:3"eUV\f" X\" U\o" \VV" XXj" UhVV"

&Lw5"" \V" Xh" UXV" ioV" UooV"

D%::.:'.N"'+"\W".'(-3"e5f" U" W" h" Uh" \X"

&%3-"UV"
p+-"

[IM$#%C-$#%

U\\\"

\VV"

UXV"

h"
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K'367#% /#.-21% C-$#% [IM$#% [[IM$#%

,-3':@*'+"c.-::3"m".5'(1d" hgW" ooo" U\\\" WVVV" \VVV"

['$-:3"eUV\f" X\" U\o" \VV" XXj" UhVV"

&Lw5"" \V" Xh" UXV" ioV" UooV"

D%::.:'.N"'+"\W".'(-3"e5f" U" W" h" Uh" \X"

&%3-"UV"
`8p+-"

[IM$#%

WVVV"

XXj"

ioV"

Uh"
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K'367#% /#.-21% C-$#% [IM$#% [[IM$#%

,-3':@*'+"c.-::3"m".5'(1d" hgW" ooo" U\\\" WVVV" \VVV"

['$-:3"eUV\f" X\" U\o" \VV" XXj" UhVV"

&Lw5"" \V" Xh" UXV" ioV" UooV"

D%::.:'.N"'+"\W".'(-3"e5f" U" W" h" Uh" \X"

&%3-"UV"
``8p+-"

[[IM$#%

\VVV"

UhVV"

UooV"

\X"
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937#%]% 937#%d% 937#%e%% 937#%]Y%

=%"e8f" V_XjX" V_jWg" V_j\" V_jh"

0'0"e|f" U_oUio" W_ihVo" W_Xoj\" W_jUij"

,-"eUVXf" h_j" X_h" X_h" X_W"

937#%]%

V_XjX"

U_oUio"

h_j"



!"#$%"&'()'(%*'+"]!"
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937#%]% 937#%d% 937#%e%% 937#%]Y%

=%"e8f" V_XjX" V_jWg" V_j\" V_jh"

0'0"e|f" U_oUio" W_ihVo" W_Xoj\" W_jUij"

,-"eUVXf" h_j" X_h" X_h" X_W"

937#%d%

V_jWg"

W_ihVo"

X_h"
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937#%]% 937#%d% 937#%e%% 937#%]Y%

=%"e8f" V_XjX" V_jWg" V_j\" V_jh"

0'0"e|f" U_oUio" W_ihVo" W_Xoj\" W_jUij"

,-"eUVXf" h_j" X_h" X_h" X_W"

937#%e%%

V_j\"

W_Xoj\"

X_h"
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A(%+3'+?."B:'C"'2-("/5-",0#"WoWW"%?(4'?:"

937#%]% 937#%d% 937#%e%% 937#%]Y%

=%"e8f" V_XjX" V_jWg" V_j\" V_jh"

0'0"e|f" U_oUio" W_ihVo" W_Xoj\" W_jUij"

,-"eUVXf" h_j" X_h" X_h" X_W"

937#%]Y%

V_jh"

W_jUij"

X_W"

35'.N8?+1@.-1"3-)%(%*'+"
-$)-./-1"/'"E-"E-n-("

.%)/@(-1"?+"\P"
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\P"Y+-(%8=X"

/3KH%f% S#>$'(.7%f% +'+%

V_oi" UU_jW#X" \_VX"

>)%+I"T" U_UgX\"<-/-(3"

=-%+"0-('1J+%<?."&5'(1I"K" V_XiXVj"<-/-(3"

03)-./",%*'" \_o"

A%)-(",%*'" V_hXW"

6-%1?+H8-1H-">C--)" \V_V"1-H(--3"

A(%?:?+H8-1H-">C--)" Uh_o"1-H(--3"
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B:'C8p-:1"b<%H-3"
/3KH% NgN'%

RgR'% 6H'g6H'Y%
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>gThYi_Y%>gThYi_Y%>gThYi_Y%

>gThYi^^%>gThYi^^%>gThYi^^%
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!! DPW4 Geometry 

–! D+T+(+,-+"V:W"W232""
–!17,KZ)/0G"P"327*"

!! Supercritical wing 
!! Built to the design-shape 
!! Twist correction information available 

!! Measured at several Windtunnels 
–! #$%L"&$'L"E>F>">.+6"CCjL"k>l>"k&1&"

"

!"#$%"&'()'(%*'+"

#$%L"#$%L"#$% &$'L"E>F>">.+6"CCjL"k>l>"k&1&"&$'L"E>F>">.+6"CCjL"k>l>"k&1&"&$'
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D?+H"AC?3/"&'((-.*'+"

PowerDELTA" 

morphing 
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>?<@:%/-1"M-'<-/(J"
ETW blade sting support including rounding 
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&'<)@/%*'+%:"=-35a"&'<)@/%*'+%:"=-35a"&'<)@/%*'+%:"=-35a"

9'367#% /#.-21% C-$#%

,-3':@*'+"c.-::3"m"=0&d" Xo\" UVWi" Uh\X"

['$-:3"eUVXf" \V" oo" Wji"

&Lw5"eUV}f" h_i" Uj" \o"

D%::.:'.N"'+"\XV".'(-3"e1f" V_X" W" i_i"
* Simulated with Symmetry 
* additional resolution to resolve sting negligible 
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,-3@:/3"

M=0.85  
Re=5#106 

$=2.9° 
Q'-+?HI"9_I%+1"B%(-3I"#_"x[%:?1%*'+"'4"%"A(%+3'+?."
6%7.-89':/;<%++"=-/5'1"'+"/5-"]0>0"&'<<'+"
,-3-%(.5"='1-:yI"0b00"WVW\8WVUX_"

9%3-:?+-"
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,-3@:/3"

M=0.85  
Re=5#106 

$=2.9° 

D?+H"AC?3/"

!! DPW4 Geometry (NASA CRM model) 

Q'-+?HI"9_I%+1"B%(-3I"#_"x[%:?1%*'+"'4"%"A(%+3'+?."
6%7.-89':/;<%++"=-/5'1"'+"/5-"]0>0"&'<<'+"
,-3-%(.5"='1-:yI"0b00"WVW\8WVUX_"
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"~""

>@))'(/">*+H"

,-3@:/3"

M=0.85  
Re=5#106 

$=2.9° 

!! DPW4 Geometry (NASA CRM model) 

Q'-+?HI"9_I%+1"B%(-3I"#_"x[%:?1%*'+"'4"%"A(%+3'+?."
6%7.-89':/;<%++"=-/5'1"'+"/5-"]0>0"&'<<'+"
,-3-%(.5"='1-:yI"0b00"WVW\8WVUX_"
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M=0.85  
Re=5#106 



!"#$%"&'()'(%*'+"^]"
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!! DPW4 Geometry (NASA CRM model) 

M=0.85  
Re=5#106 
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M=0.85  
Re=5#106 

$=2.9° 
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S+L%_b__%+-68'-(%

!H'Kc%'O#6%U#.*#%

9S/%

N63$7'$-K%<21,%

C2$.31#$;3(%D3(-.3)'$7%

<2=#;%

A#;%&'-7#%

C3$%&'-7#%

C('"%9'$;6'(%

B$.27;6-3(%+,,(-K3)'$7%

9:D%$'aa(#%

S+L%_b__%+-68'-(%

!H'Kc%'O#6%U#.*#

9S/%

N63$7'$-K%<21,

C2$.31#$;3(%D3(-.3)'$7
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A(%)-;'?1%:"D?+H"B>B"&'+pH@(%*'+3"

•! C2((%!,3$%C(3,%4C!C5%9'$M*263)'$%

•! S#%h%^i`%/%

•! /3KH%h%Yi_%

•! @31-$36%;'%;26T2(#$K#%;63$7-)'$%4@NN5%-$K(2.#.%
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_B"]'/-"F"i_i"q"h_V"@3?+H"1?�-(-+/"3-/@)"

P(%H"23_"0Y0"

&:"23"&1"
='<-+/"23"0'0"

@NN%
C2((IN26T%
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!! Buffeting study on OAT15A Supercritical Airfoil 

–! FN/-M"92Y+Z")/',02(G"*2G+("7,3+(2-</,"7,Y/*Y7,K"*2(K+"6-2*+"7,632)7*7<+6Q"
–! I(+*7.7,2(G"!W"67.'*2</,"23"%m"BQ^@L"2,K*+"/T"2O2-Mm"@Q\nL"D+o"@+]""

–! V*/6+"2K(++.+,3"/T"2Y+(2K+"-/+S-7+,3"/T"?(+66'(+"/Y+("3N+"6'(T2-+"2,0"
2.?*73'0+"/T"/6-7**2</,"973N"+5?+(7.+,36hQ""
\S#8#6#$K#F"Ä%.t@?+"6_I"=':/'+"L_I"P-.N">_I"=%@(J"9_I">'@:-2%+/"P_I"Ç0+"

#$)-(?<-+/%:">/@1J"'4">5'.N"Y3.?::%*'+"'2-("%"A(%+3'+?.">@)-(.(?*.%:"L('p:-ÉI"0b00"
Ä'@(+%:"[':"ijI"]'"gI""WVVg_"
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!! Buffeting study on OAT15A Supercritical Airfoil (2D) Buffeting study on OAT15A Supercritical Airfoil (2D) 

R6#7726#%,'"#6%7,#K;621%'8%72683K#%7-*$3(%
^Xk%KH'6.%(#$*;H%

:(+p'+,-G"/T"/6-7**2</,"J+5?+(7.+,36Rg""()"*+"
d)327,+0"T(+p'+,-Gg"),"*+"
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^Xk%KH'6.%(#$*;H%
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!! Extension of LBM to transonic & supersonic flows 

–! >-N7+Y+0"3N(/'KN"NG)(70"N7KN+(Z/(0+("#$%"6-N+.+"
–! 4,2)*+6"67.'*2</,6"'?"3/"q%2-N"!QB"
–! I(+6+(Y+6"2**"M+G"20Y2,32K+6"/T"*/9"6?++0"#$%"Y+(67/,6"

!! Main Initial Application Targets 
–! f,63+20G"N7KNZ6?++0"2+(/0G,2.7-6"J)'b+3L"aR"
–! :*/9"-/,3(/*"
–! I(/?'*67/,",/76+g"T2,L"i+3"P"7,632**2</,",/76+"

!! Status of LBM with regard to CFD Vision 2030 Report 
–! 4S-7+,3"N2,0*7,K"/T"',63+20G"3'()'*+,3"8/96"973N"67K,7U-2,3"(+K7/,6"/T"6+?2(2</,"
–! %+6N"K+,+(2</,"
–! D/)'63,+66"2,0"2'3/.2</,"/T"V:W"67.'*2</,6"
–! 4S-7+,3"'6+"/T"XIV"7,T(263('-3'(+"
–! %2,2K7,K"Y+(G"*2(K+"2./',36"/T"0232"
–! %'*<Z076-7?*7,2(G"2,2*G676"P"/?<.7[2</,"

!! Status of LBM with regard to CFD Vision 2030 Report 
–! 4S-7+,3"N2,0*7,K"/T"',63+20G"3'()'*+,3"8/96"973N"67K,7U-2,3"(+K7/,6"/T"6+?2(2</,"
–! %+6N"K+,+(2</,"
–! D/)'63,+66"2,0"2'3/.2</,"/T"V:W"67.'*2</,6"
–! 4S-7+,3"'6+"/T"XIV"7,T(263('-3'(+"
–! %2,2K7,K"Y+(G"*2(K+"2./',36"/T"0232"
–! %'*<Z076-7?*7,2(G"2,2*G676"P"/?<.7[2</,"

&'%7-*$-MK3$;%,6'*6#77%>#;%
%
U'6c%-$%,6'*6#77%
%
+KH-#O#.%
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