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Efficient CFD tool 

 What is an efficient CFD tool? 

 Maximize data productivity including pre- and 

post-processing 

 Maximize computational performance on a 

computational resource 

 

 

 



Original CAD data 

Surface data 

Grid generation 

Flow computation 

Visualization 

Data analysis 

Manual repair 

Manual grid generation 

Low-speed CFD code 

Job management 

Manual visualization 

Manual database 

construction 

Bottleneck Solution 

Reduction of manual 

process with an automatic 

grid generator “HexaGrid” 

Reduction of computational 

time with a fast flow solver 

“FaSTAR” 

Reduction of manual 

process using a workflow 

system integrated with 

database “J-SiP (JAXA 

Simulation Portal)” 

Bottleneck of CFD work 

CFD work process 



HexaGrid/FaSTAR 

Automatic Grid generator “HexaGrid” 
・ Automatic grid generation using CAD geometry 
・ Just input several parameters (<10) 
・ Complex geometry 
Multi-block ~ 1 month → HexaGrid ~ 1-2 hours 

Fast flow solver “FaSTAR” 
・ Fast compressible flow solver with unstructured grid 
~1hour/case using 100 core, 10M  grid 
(10 times faster than Fluent) 



HexaGrid 
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Cartesian grid      → High speed generation 

Unstructured grid      → Complex geometry 

HexaGrid : Full automatic grid generator based on hexahedral grid 

Cartesian grid is 

generated in the domain. 

Body-fitted layer grid is generated 

near the solid surface 

(Layer grid is hexahedral) 

Cartesian grid with layers 



Outline of The Grid Generation Method 

(1) Generate Cartesian grid (2) Delete unused 
Cartesian grid cells 

(3) Snap Cartesian grid 
surface to body surface 

(4) Capture sharp features 
of body surface 

(5) Generate prismatic grid (6) Smooth grid 

Input: body surface in STL (Stereolithography) format: a set of triangles 

solid fluid 



Prismatic grid generation 

Grid surface snapped 

to solid surface 

Prismatic grid generation 

Grid smoothing  

Thickness of first layer and 

expansion factor are given 

by the input parameters 

Hashimoto, et al. AIAA paper 2009-1365 



Input parameters 

 Domain (max and min of x, y, z) 

 Max and min cell sizes on the surface 

 Layer parameter (thickness of first layer, 

expansion factor) 

Full Automatic grid generation using a few control parameters 

+ CAD data 

   (STL format) 

gap 
overlap 

intersection 

Handling of Low-quality STL data (non-water-tight data)   

Multi-component STL data  

Lahur, AIAA paper 2005-5242 



Approximate feature line 

Approximate Feature Capturing 

Feature capturing use surface grid approximation  
(in the old method, STL data was used)  
 better resistance to STL defects 

Face of grid surface 

Approximate feature node 

2-Plane Model to capture feature curve 3-Plane Model to capture feature point 

Lahur, AIAA paper 2012-154 



Feature capturing  

STL data 

Grid surface 

Without feature capturing 

With feature capturing 



Mesh Refinement Control 

• Start with one big element (= computational domain) 
• Cartesian grid is generated by means of successive local refinement 
• Each refinement divides a cell isotropically into eight child cells 
• Refine the element using 3 criteria 

(1) Region refined by solid surface 

(user defines max cell size) 

(2) Region refined by solid surface 

with large curvature 

(user defines min cell size) 

(3) Refinement box 

(user defines box 

position and cell 

size) 



Original 

Rotate the model and 
add refinement box  

Refinement Box (Sonic boom) 



Refinement Box (Wake) 

With RB Without RB 

Hashimoto, et al., AIAA paper 2010-4669 



Multi-component data 

HexaGrid can generate on the multi-component data 

 Set different attributes on each component 

 Set an attribute of laminar or turbulent flow 

Blade Sting Turbulent transition 

Blue: Laminar 

Red: Turbulent 



FaSTAR 



Target performance 

Wind Tunnel Testing（2weeks） 

200case/day x 8days =1600cases 

Since it is difficult to carry out CFD for all 

cases with the current technologies, we set 

our target as 1/5 data of them. 

 

1600case x (1/5)= 320case 

Pre-WTT CFD（one month = 20days） 

20day/320case=1.5hour/case 

The CFD results are 

used for model 

design and test 

planning. 

1hour/case 

Complex geometry 

Drag prediction of High-Re flow 

Unstructured grid 

RANS equations 

JAXA Supercomputer System(JSS)  

3000CPU (12,000core) scalar computer  

100 cores 



Target performance 

If we could achieve 1hour/case of NSU3D, we could use 10M grid  

10M grid 

Realizable computational speed → Available number of grid 

Computational time using 100CPU and 10M grid  

(2nd and 3rd AIAA CFD Drag Prediction Workshop) 
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Error estimation 

Murayama, et al., AIAA 2007-258 

TAS grid（DPW3） Fine grid 

1count ＝ 0.0001 

 

We estimate an drag prediction error using 10M grid, 

since we cannot achieve the 1cnt accuracy with current technology. 

Grid convergence error is approximately 10cnt at 10M grid 

10 count error  

For 10M grid 



Goal of this project 

 Computational time: 1hour/case 

 Unstructured grid       

 RANS equations    

 100 cores of JAXA Supercomputer System 

 10M grid points (CD error ~ 10 cnt)     

Development of fast CFD solver “FaSTAR” 

Automatic Grid generator “HexaGrid” 
(Lahur et al., AIAA 2012-0154) 

+ 
Fast flow solver “FaSTAR” 

(Hashimoto et al. AIAA 2012-1075) 

Combination of two software accelerate CFD process. 



Investigation of Unstructured grid solver 

Investigation of major unstructured CFD solver 

- TAS, NSU3D, BCFD, Edge, USM3D, FUN3D, TAU, UG3, and etc 



Computational schemes 

Equation Euler/Full NS 

Turbulence model SA, SST, EARSM, DES*, LES* 

Transition model SST(g-Req)  

Discretization Cell-center, Cell-vertex 

Grid type Hybrid (Hexa, Pyramid, Prism, Tetra) 

Data structure Face-base 

Reordering Cuthill-Mackee 

Inviscid flux HLLEW, HLLE, Roe, AUSM+-UP, SLAU 

Gradient Green-Gauss, Least-square, GLSQ 

Limiter 
Hishida, Venkatakrishnan, 

Birth-Jespersen, minmod 

Reconstruction MUSCL, U-MUSCL 

Viscous flux Edge-normal 

Time integration 

Convergence 

acceleration 

LU-SGS, Low-speed preconditioning 

Local time stepping, Multigrid*, GMRES* 

Domain decomposition METIS 

Parallel computation MPI 

* Under development 



Grid types 

Multi-block structured grid with Gridgen 

・Manual generation（1 month） 

・Only hexahedra 

・High-quality, but depends on skill 

Tetrahedral unstructured grid with TAS-Mesh 

・Surface grid: manual, Volume grid: auto （1 week） 

・Hybrid grid (Hexa, Pyramid, Prism, Tetra) 

・Support complex geometry 

Hexahedral unstructured grid with HexaGrid 

・Full automatic、No skill dependency（1day） 

・Hybrid grid (Hexa, Pyramid, Prism, Tetra) 

・Hard to control grid sizes 

FaSTAR can support various types of grid using cell-center and cell-vertex. 

Cell-center: Control volume is consistent with grid cells 

                    Suitable for grids with hanging nodes 

Cell-vertex: Suitable for tetrahedral grids 



Design FaSTAR package 

FaSTAR ( FAST Aerodynamic Routines) 

Grid (MEGG3D, HexaGrid, Gridgen) 

Computational conditions 

Pre-Process 

Solver 

Post-Process 

Aerodynamic data 

Visualization data (Fieldview, Tecplot, Paraview) 

・Domain decomposition 

・Area, volume  ・Connectivity 

・Reordering  

・Flow Solver 

・Data for visualization 

Compact code 

Separating processes 

Improvement of development efficiency 

and code maintenance 



Development method 

 XP（Extreme Programing） 

 Simple design 

 Refactoring 

 Small release 

 Pair programing (?) 

 Version control: Subversion + Trac 

 Document: Doxygen 

 Test: Jenkins + Python script 

 Coding rule 



Data structure 

FaSTAR  employs a face-base data structure 

Face 

Cell B Cell A 

Only index from a face 

number to neighboring 

cells ”face2cell” is stored. 

 

Face-based data 

Cell 

Face 

face2cell (1:2, i_face) 



Data structure 

Almost all computation is carried by the face loop 

such as computation of gradient, time integration. 

 

 Simple coding  

 Cell-center and cell-vertex can share main codes 

Do i_face = 1, n 

 

i_cell_A = face2cell (1, i_face)    

i_cell_B = face2cell (2, i_face) 

 

flux = Riemann_solver ( q(1:5,i_cell_A), q(1:5,i_cell_B) )  

 

flux_sum(i_cell_A) = flux_sum(i_cell_A) + flux 

flux_sum(i_cell_B) = flux_sum(i_cell_B) + flux 

 

End do 

Sample code (flux computation) 



Problems on coding 

 Cache-miss 
 30% improvement by Cuthill-Mackee reordering 

 10% improvement by prefetch 

 Cache-miss is not uniform and depends on local grid connectivity. 
Therefore, this causes unbalance between computational nodes. 

 OpenMP (threading) 
 It is believed that, between CPU cores, communication with OpenMP is 

better than MPI. Since number of CPU cores is going to increase, 
OpenMP is promising.   

 However, the recursive access is not supported. (two threads may 
access the same variable at the same time. The reduction of OpenMP is 
very slow.) Therefore, we have to modify the code (e.g. coloring). But it 
causes slowdown by ~30% (cache-miss of coloring). 

 Speed up of Flat-MPI and MPI+OpenMP is almost same up to 
768CPUs(3072cores).  

 Flat-MPI is default for now. 

 SIMD (single instruction multiple data) 
 Indirect access is not supported. 

 Recursive access is not supported. 



Computational Speed (1) 

FaSTAR：      1.78 sec/iteration 
Fluent：          20.88 sec/iteration 

FaSTAR Fluent 

Model ONERA-M6 (540,000 cells) ONERA-M6 (540,000 cells) 

Equation Steady Compressible Euler Steady Compressible Euler 

Solver Density Based implicit Density Based  Implicit 

Gradient Least Squares Cell Based Least Squares Cell Based 

Flux HLLE 2nd  order Roe-FDS 2nd order 

CFL ５ ５ 

The number of iteration is almost same 

FaSTAR is ten times faster than Fluent 
FaSTAR achieves 10% of theoretical peak 

Comparison with Fluent 



Computational Speed (2) 

Equation RANS Euler 

Grid 6.7M 6.7M 

CPU 100 100 

CFL 30 10 

Iteration 10000 10000 

Computation time 01:15:50 00:41:33 

M=0.75 
Re=1.5x105 

SA model 

HexaGrid 25minutes 

Surface Cp 

→1.8 hour / case for 10M grid 
   (without Multigrid) 



NASA-CRM (FaSTAR+HexaGrid) 

M=0.85, Re=2.3x105, AoA=3deg 
V(2,0), 4level-multigrid 

Cartesian grid 3.0M 
Layer grid       5.6M         Total 8.6M 

The CFL number is increased from 0.1 to 20 in the first 500 steps 

for single- and multi-grid computations for stability. 

Semi-coarsening 

(Normal direction only) 

Coarse grids are generated by octree data of Cartesian grid. 

Layer grids are agglomerated in the normal direction (semi-coarsening) 

So, grid quality is maintained for the coarse grids, too.    

Hashimoto AIAA 2014-240 



NASA-CRM (FaSTAR+HexaGrid) 

+0.5cnt 

-0.5cnt 

1.6H(SG) 

1.1H(MG) 

The multigrid acceleration is not good as the structure grid cases. 

One of reasons is the semi-coarsening of the layer grids. 

We used 64 cores (16 quad-core CPUs) of JAXA Supercomputer System (JSS) 

→0.8 hour / case for 10M grid and 100 cores  with Multigrid 
  We achieved the target performance 1hour/case. 



Steady flow simulation 



DAHWIN 

Automatic grid 
generation 

Fast CFD solver 

①Aerodynamic 
database with CFD 

④Detailed CFD 

CFD（Digital WT） EFD（Analog WT） 

 
 
 
 
 
 
 
 

③Acceleration of 
PIV processing 

⑥EFD/CFD  
integrated database 

②Test planning 
Model Optimization 

Wall／Support 
Interference 

⑤Integration of EFD 
and CFD  

(Data Assimilation) 

③Monitoring 
via Internet 

③WTT 

Digital/Analog Hybrid Wind Tunnel (DAHWIN) 

Watanabe, et al., AIAA paper 2014-0982 



CFD applications of DAHWIN 

Sting interference 

Turbulent transition 

Wing deformation 

Uncertainty quantification 

（grid, turbulence model） 



DAHWIN 

Watanabe, et al., AIAA paper 2014-0982 



Interference of WTT 

Error due 
To WTT 

Error due 
To CFD 

  CL CD Cm 

Support interference (sting) -1% -4% -10% 

Support interference (blade) -1% -1% -1% 

Wing deformation -5% -4% -7% 

Wall Interference -1% 1% 0% 

Grid 4% 5% 10% 

Turbulence model 4% 5% 7% 

Support 
Interference 

Model 
deformation 

    Wall 
Interference 



NASA－CRM 

 A standard model employed in 4th and 5th 

AIAA Drag Prediction Workshop (DPW) 

 Many wind tunnel experiments: NTF, NASA 

Ames, JAXA, ETW 

 

 

 

NTF wind tunnel testing 

Wing-body configuration 
without tails is used for DPW5 



CommonHex 
HexaGrid 

M=0.85 
Re=5×106 

CL=0.5 
 
SA-R 

NASA-CRM 

140M cells 
Murayama et al. 
AIAA paper 2013-49 



CommonHex 

HexaGrid 

CommonHex 3.25deg 

HexaGrid 3.25deg 



CFD Education 

 Aerospace Education Support Forum 

(11/08/2012) 

 JAXA provides CFD tools (HexaGrid and 

FaSTAR) for academic research 

 CLpack (GUI) is developed for lecture at 

university 

 



OpenVSP 

 Combination with OpenVSP enable a 

concept design study with Navier-Stokes 

simulation 
Design Grid Computation 

OpenVSP HexaGrid FaSTAR 

3D printer Visualization 

Aerodynamic data 

(Lift, drag, and etc) 



Unsteady flow simulation 



Dynamic analysis (1) 

■ Dynamic stability analysis of Standard Dynamics 

Model (SDM)  
 Dynamic derivatives are computed by quasi-steady and unsteady 

methods. The URANS method is employed for the unsteady 

simulation.  

 Unsteady simulation predict dynamic coefficients better than quasi-

steady simulation. 
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Dynamic analysis (2) 

Pitching(Mach1.2) Rolling(Mach1.2) 

■ Dynamic stability analysis of S3CM (D-SEND#2)  
 D-SEND#2 is a flight testing project of low-boom supersonic transport. 

Dynamic derivatives are computed by quasi-steady and unsteady 

methods.  

 The obtained data is compared with DATCOM and F-4 data. 

 



DES of massive separation 

※M. Shur, P. R. Spalart, M. Strelets, and A. Travin, 1999, Detached-eddy simulation of an airfoil at high angle of attack 

Exp.※ DES(3D) RANS(2D) 

CD 1.15 1.134 1.049 

CL 1.15 1.126 1.031 

RANS(2D) DES(3D) 

Vorticity contours 

DES(3D) 

RANS(2D) 

Surface Cp 

Aerodynamic coefficients 

• Massive separation of NACA0012 is computed with 

Detached Eddy Simulation (DES) . The angle of attack 

is 45deg. 

• The DES shows better agreement with the experimental 

data than RANS. 



• High-speed buffet of NACA0012 is computed 
with Detached Eddy Simulation (DES)  

• We observed shock wave oscillations 
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DES of HTV-R capsule 

M=1.1 
α =25.7°±5.6° 

 HTV(H-II Transfer Vehicle) is a unmanned spacecraft to 

resupply the International Space Station (ISS). JAXA plan to 

add a reentry capsule to HTV (HTV-R).  

 One of the technical problems is a transonic instability. 

 With DES, we could realize the instability (negative damping) .  



Current activity 

 Parallel automatic grid generation 

 BCM + HexaGrid 

 Refinement of local thin separation 

 High resolution scheme 

 Dissipation reduction of LES region 

 

Local 
refinement 

CD 

CD(50%) 
+SLAU(50%) 



CFD Research Outlook 



Toward true NWT 

The supercomputer “Numerical wind tunnel (NWT)”  

was installed at JAXA (NAL) in 1993. 

No.1 of TOP500 in 1993-1995. 

Fujitsu VPP500 (280G FLOPS)  

 

But, it was not a wind tunnel  

in terms of accuracy and productivity. 

20cases/day @10M grid points and 100 CPU cores 

by the current system (JSS, 120T FLOPS, 2009) 

200cases/day @10M grid points and 100 CPU cores 

by the next system (JSS2, 1P FLOPS?, 2015?) 

 

This productivity is almost same as a wind tunnel 

though accuracy depend on RANS models. 

Is this a NWT??? 



Toward true NWT 

Metris of NWT 

 No sensor calibration 

 No interference correction 

 No model deformation 

 

Weakness of NWT 

 Turbulence model 

 Transition model 

 Grid dependency 

To overcome the problems, LES is used to calibrate RANS models (Multi-fidelity 

simulation). 

 Uncertainty of RANS model is the difference between LES and calibrated 

RANS. The modeling technologies such the data assimilation are needed.  

Kato’s example 

Optimization of a turbulence model by using data assimilation.[Proceedings of European Congress on Computational 
Methods in Applied Sciences and Engineering (ECCOMAS 2012),(2012)]Hiroshi Kato, Shigeru Obayashi 

SA SST SA calibrated with SST results using EnKF 



Toward true NWT 

Another requirements 

 Full automatic computation with batch 

process (automatic grid generation is 

needed) 

 Seamless computation including pre- 

and post- process 

 Fully parallel computation including 

pre- and post- process 

 

NWT 

 

CAD geometry 

Flight conditions 

Forces and moments 

Flow contours 

Parallel 

Grid generation 

Parallel 

Flow computation 

Parallel 

Visualization 



CFD Speed 

 Real-time CFD will appear in the 
near future. 

 When the real-time CFD was 
achieved, forecast would not be hard. 

 Innovation will happen when future 
can be predicted with CFD. (e.g. 
flight control with CFD) 

Present 5years 10years 15years 

10M grid 3600 360 36 3.6 

1M grid 360 36 3.6 0.36 

0.1M grid 36 3.6 0.36 0.036 

CFD computational time (second) 



CFD Speed 

 High-speed CFD is a key to breakthrough 

 Aerodynamic database generation (Numerical 

Wind tunnel) 

 Statistic Analysis (Data assimilation with 

Ensemble Kalman Filter (EnKF), Uncertainty 

Quantification(UQ)) 

 Optimization 

 Unsteady Simulation 

 Real-time CFD 

 Forecast CFD  



Summary 

 Bottleneck of CFD work 
 Manual grid generation 

 Slow CFD code 

 Efficient CFD tools 
 HexaGrid: Automatic hexahedra grid generator 

 FaSTAR: Fast compressible flow solver 

 Steady simulation 
 DAHWIN, DPW, OpenVSP 

 Unsteady simulation 
 Unsteady motion analysis of SDM, S3CM, and HRV-R 

 High-speed buffet simulation 

 Future outlook 
 Toward a true NWT 

 High-speed CFD is a key to breakthrough 
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