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Summary of cases completed

PADBLEES: 8 Alpha=16,

Fully turb, | Fully turb,
grid study | grid study

1a (full gap) yes yes .
1b (full gap w adaption) yes yes T(?pICS of .
: this presentation
1c (partial seal) yes yes
HL-CRM 1d (partial seal w adaption) yes yes

Pold PO’c Polar, w
’ < e transition
5 o prediction

2a (no nacelle) yes no no
2b (no nacelle w adaption) yes no no
2c¢ (with nacelle) yes no no
.../ 2d (with nacelle w adaption) yes no no
JSM
2D
Verification
study
< —— 3 yes

DSMAG661 Airfoil
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Introduction of “Cflow"”

Kawasaki original CFD tool

Cflow =

Grid Generator

+

Non-orthogonal Octree AMR

+layered grid

Flow Solver

B Cflow has been validated in various workshops.

2016

2010-2016 2013
BANC I-1V HiLift-PW2 DPW6
Unsteady flow Steady flow
B & Kawasaki
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Overview of grid systems

Case | GridSystem | Solver | Comment __

1la, 1c
1b, 1d
2a, 2cC

2b, 2d

B3-HLCRM_UnstrHexPrismPyrTet_PW

Single grid is applied to
Cflow all AoA.
D-JSM_UnstrMixed_JAXA Solver

CflowGrid (Unstructured Hexahedra)

CflowGrid (Unstructured Hexahedra) §|I|n,2:)eAgnd is applied to

Details about Cflow Grid were presented in GMGW-1.

( CflowGrid (HL-CRM full gap

Non-orthogonal Octree Flow Adapted

F’:ratid

Sectional Grid 0.999
HL-CRM full gap, eta=0.552, AoA=8[deq] E
0.97

© 2017 Kawasaki Heavy Industries, Ltd. All Rights Reserved ._{ Kmsakl
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Summary of code and numerics used

_ ‘o112 Solver methods

Governing Equations RANS

Spatial Discretization Cell-centerd finite volume method
with 2nd-order accurate reconstruction based on MUSCL

Inviscid Flux SLAU (Simple Low-dissipation AUSM scheme)
Viscous Flux 2nd-order accurate central difference

Time Integration MFGS implicit method
with local time stepping

Turbulence Model SA-noft2

B Reference for Cflow details

1. Nagata, T., Ueno, Y., and Ochi, A., “Validation of new CFD tool using Non-orthogonal Octree with Boundary-fitted
Layer Unstructured Grid,” 50th AIAA Aerospace Sciences Meeting, (AIAA 2012-1259).

2. Ueno, Y., Nagata, T., and Ochi, A., “Aeroacoustic Analysis of the Rudimentary Landing Gear Using Octree
Unstructured Grid with Boundary-fitted Layer,” 18th AIAA/CEAS Aeroacoustics Conference, (AIAA 2012-2284).

3. Yasuhiro Ito, Mitsuhiro Murayama, Atsushi Hashimoto, Takashi Ishida, Kazuomi Yamamoto, Takashi Aoyama,

Kentaro Tanaka, Kenji Hayashi, Keiji Ueshima, Taku Nagata and Akio Ochi, “"TAS Code, FaSTAR and Cflow Results
for the Sixth Drag Prediction Workshop,” 55th AIAA Aerospace Sciences Meeting, AIAA SciTech, (AIAA 2017-0959).

4, Atsushi Hashimoto, Takashi Aoyama, Yuichi Matsuo, Makoto Ueno, Kazuyuki Nakakita, Shigeru Hamamoto, Keisuke
Sawada, Kisa Matsushima, Taro Imamura, Akio Ochi, and Minoru Yoshimoto. "Summary of First Aerodynamics
Prediction Challenge (APC-1)", 54th AIAA Aerospace Sciences Meeting, AIAA SciTech, (AIAA 2016-1780).
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Case 13, 1b
- HL-CRM (full gap)

Grid Convergence

":“_ .i“’_... = 0.97
,&“.“ﬂL-CRM full gap,

\ ] CflowGrid (Medium), AoA=8[deq],
Total Pressure ratio

NS
B Kawasaki
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Grid size

HL-C
fu

B 3 sizes of grid is computed for both B3 and Cflow Grid.

500

Number of Cells
[x 10°]

Cflow

s

(Cas 1N

Cflow Grid is flow-adapted.

_

-

‘./,

B3
(Case 1a)

Coarse

4[ Sectional Grid @ n=0.552 ]

Medium
Grid Level

Fine

Coarse

© 2017 Kawasaki Heavy Industries, Ltd. All Rights Reserved B Kawasaki
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Grid convergence — CD-CDi, CL

HL-C

fu
[ CD-CDi } * CDi=CL2/(T1Ae), A=9.0, e=1
Fine {33 Medium {< Coarse
0.1000 2.5
0.095 _ _ _ 24 |—CHow AoA=16[deg]
CflowGrid has lower drag and higher lift than B3. .ZZE>.B@ = B3 = g
0.090 2.3 e
- - @
0.0850 - 2.2
B3 —Or T -
65 cnts 0.0800 O AoA=16[deg] 2.1
é /\ - = o
A 0.0750 - 2.0
) Voo 7 Cltlow
30 cnts L_0.0700 B3 e 1.9
0.0650 gretnreessis .‘X 1.8 CflOW oA=8Idaal
. /. . TA\NJT'Y vluvul
- #—="TCflow —AoA=8[deg] A —ag ==
0.0600 1.7 B3
0.0550 1.6
0.0500 1.5
0.0E+00  5.0E-06  1.0E-05  1.5E-05  2.0E-05 0.0E+00  5.0E-06  1.0E-05  1.5E-05  2.0E-05
1/(N2/3) N 1/(N2/3)
Discrepancy between B3 and Cflow seems to come from pressure drag (next page).
B Kawasaki
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HL-C
fu

Grid convergence - CDv, CDp

B Friction drag coefficient (CDv) and pressure drag coefficient
(CDp).

0.0500 0.0900 )
| cov | | cDp-CDi |
0.0450 0.0850 :
Difference of CDp - CDi
0.0400 0.0800 is dominant to the =
0.0350 0.0750 discrepancy of CD-CDi. |=
0.0300 1 Difference between B3 and Cflow [ 0.0700 B3 =9
A on skin frinction (CDv) is small 3 R
©0.0250  relative to that of pressure drag. o 00650 = oF AI:ZI oA=1bideq;
= O
0.0200 | © 0.0600 A e
00150 — WE@—fE@-r---- @ 65 cnts ﬁ,,.a
Cflow B3 B3 | _—e
0.0100 0.0500 — j"‘" AoA=8[deg]
0.0050 solid line AoA=8[deg] 30 cnts ﬁ‘j}..---—/ SElow
dashed line: AoA=16[ded]
0.0000 0.0400
0.0E400  5.0E-06  1.0E-05  1.5E-05  2.0E-05 0.0E+00  5.0E-06  1.0E-05  1.5E-05  2.0E-05

1/(N~2/3) 1/(N~2/3)
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Case 2a-2d
— JSM (Nacelle ON/OFF)

B Kawasaki
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Computational mesh

JAXA Grid |
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CL

Lift curve

3.0

2.8

2.6

2.4

2.2

2.0

1.8

1.6

1.4

1.2

Mach 0.172
Re[-] 1.93 x 10° Nagelle Nagelle-

| JAXA Grid | | Cflow Grid |

CL
)
o

i
/ NEEE 5 /

—O—WTT (Naccelle ON) - corrected CL of CflowGrid drops ealier
—o—WTT (Nacelle OFF) - corrected 1.6 Ul P e
f —@—CFD (Nacelle-ON) 14 f
{ —=— CFD (Nacelle-OFF) g)
! | | ! 1.2
0 5 10 15 20 25 0 5 10 15 20 25
AoA[deg] AoA[deg]
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Surface flow AoA=10.47[deg]

3.0

> EXP

2.8
26
2.4 KA Grid

2.2 |

CL

ow Grid
2.0

1.8
1.6 }

1.4

1.2

0 5 10 15 20 25
AoA[deg]

Skin friction coefficient Cf ,

| JAXA Grid|

Separation at downstream side of #8 bracket.
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Surface flow AoA=18.58[deg] Piin, 8

3.0

? EXP

2.8
2.6
KA Grid Qilflow

2.4

2.2 |

CL

ow Grid
2.0

1.8
1.6 —— _‘_ ! I I

1.4

1.2

AoA[deg]

Skin friction coefficient Cf

| JAXA Grid|

Largely separated at downstream
side of #6 bracket.

© 2017 Kawasaki Heavy Industries, Ltd. All Rights Reserved B Kawasaki
Powering your potential




)}
In
gs
m
esh

|

Cflow G
r

[

|

J
AXA Gr

[

R
N
W N
,,,4/,%.%.,,,?
T 3 o
S R
?.aﬁ?f?ié?ﬁ?ﬁ?
2@.??4?, 2?2?
?.??9’51 245?-5?
Zop’—fﬁ”/ 4455-5—5
a’tﬁtﬁrﬂtr l—’aff/f N
,2.5?.?1?0 W ;.:?.
R

O
a
e

N

SR

s

3

i?.,?,?

R RO

R o)
e

S o
.i?..._—.
.:E.f.—a

W
S

.cof-—v 151-—
5;5-—9 ,_,55.-!—55 e =
.,,_..,Z ?_??,.422
7 .;%%%ﬂﬁ ﬂ”.%?,ﬁ, 3%%”%3’
b, . ?ff?’, é’?f?,?,%.:2&?2;,
N %@eﬁ%ﬁ% ,4?22,,,?
W 4%%@%%%4 N R
RN 3
4%%% ,%2%,, 3
zée%%»z
%Z? a
%.Zz,f
y %/fef,,%
AN AR
a/%
4///?5
’ZZ,
R
N

S
T
R
W

T

,,%/ﬁ
N /,,%z,,%%a
/tf’//lﬁ/}tft’lﬂtf

N
W
i

G

lar
10 JAXA G
ri

in
gsu
rfa
o mosh d
s
ity

s sl

b

’frﬂf
AW,
)
R
R
MR
8]

SRR

% R
.y
R
W
W
b aa,,,,,
p b e
4?%2—4 .jﬂﬂ
A

S
N

e
2.2,?1
,22;

S
W I

S

W
22%»
W

RN
..:?E.E
oy
=

Wy
W

is fi
finer than

Su
P
sh

Iyllu.f
N
"~

& -

¥l

A

Vi ATA

O

/] 7\

uﬂ uﬁﬂnﬂﬂhﬂi

PAVAYa LY. 7 #7

LK AT AT -

Eﬂﬂisusﬂuquusiudﬁ XA

¥l Fdl
AT u.ﬂ.m :
b

B
R

Po
weri
rin:
£
your pot
enti
ial

S
2

iy,
Tt
ERN
=1

Ty,

vy,

o,
YA
v

)
v:‘
v,

C]
20
17

Ka
W,
asa
ki H
eav
y In
d
ustries
’ Ltd
Al
Ri

ght
s R
esel
rved



Total pressure ratio @ No.6 bracket

JAXA Grid o Peseure ratio Cflow Grid

0.97

Wing lower surface ! _ Volume mesh density
' is finer than JAXA Grid.

Y-const. plane

Wing upper surface
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Effects of initial condition N?’,g&

B Effects of initial condition were investigated at AoA greater
than 18.54[deqg].

® Two results are compared.
« Impulsive start
« start from the results of AoA=14.54[deq].

3 JAXA Grid (start from AoA=14.54[deg])
NX—
2.8 '/ Qh/ JAXA Grid (Impulsive) | JAXA Grid CL was
26 ,ﬁ; \ :|:| greatly improved.
2.4 ‘\7% N
2.2
e /N
2 Cflow Grid (start from AoA=14.54[deg])
Cflow-Grid-(Impulsive) Cflow Grid CL was much lower than
16 impulsive start.
1.4
1.2
0 5 10 15 20 25
AoA[ded]

© 2017 Kawasaki Heavy Industries, Ltd. All Rights Reserved
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Effects of initial condition on surface flow .. -

Cflow Grid]|

[ Impulsive }
Start

Separation was supressed P
in JAXA Grid. 2 7

Start from
AoA=14.54[deq]

Flow was separated at another
bracket in Cflow Grid.
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Summary and Future Works

B HL-CRM full gap (Grid convergence) case

® Results of Cflow Solver using B3 Grid and Cflow Grid were
presented.

® Grid convergence was obtained in both grids.

® B3 grid had higher drag than Cflow. Lower grid density of B3
near flap gap and outer flap edge might induce flow separation.

B JSM case

® Results of Cflow Solver using JAXA Grid and Cflow Grid for both
Nacelle-ON/OFF configurations were presented.

® CL of Cflow Grid droped earlier than experiment. This was
caused by separation near wing tip.

® Effects of initial condition was investigated. Starting lower AoA
result improved flow field in JAXA Grid but not in Cflow Grid.

® The separation issue seems to be grid dependency. This detail
causes will be investigated in future work.

© 2017 Kawasaki Heavy Industries, Ltd. All Rights Reserved
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Kawasaki, working as one for the good of the planet

“Global Kawasaki”
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Case 1a,b - HL-CRM

Grid Convergence

17KT008677

B4 Kawasaki
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Grid Convergence - CL, Cm HL-C

fu
2.5 -0.350
- AoA=8[deg]l 1]
B\@ /./ ®
2.3 o= 0360 | B3e] .
. t] S = o @ . /P. //
Cflow ! ,
2.2 -0.365 |[Cftow—— —
! /
2.1 -0.370 ! i
— € ! /
© o U 7
2.0 -0.375 . &
CfIOWI » 4 R2
1.9 -0.380 e 3
@]
— , A ATl |
18 | Cflow AoA=8[deg] 10.385 ! “MoA=16[deg]
S g—uag /
1.7 B3 —e -0.390 !
1.6 -0.395
1.5 -0.400
0.0E+00  5.0E-06  1.0E-05  1.5E-05  2.0E-05 0.0E+00  5.0E-06  1.0E-05  1.5E-05  2.0E-05
1/(N"2/3) 1/(N~2/3)
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Grid Convergence - CD, CD-CDi HL-G

fu
| cp-coi |

* CDi=CL2/(mrAe), A=9.0, e=1

0.3000 0.1000
0.0950
0.2800 B3
L i i 0.0900
- E]? S,
0.2600 =l 0.0850 =0
Ctlow AoA=16[deg] | B3 -1
0.0800 Or = AoA=1 ﬁ[dpcl]
o 0.2400 - -
© Q Cflow -+~
2 0.0750 =
0.2200 © 03
' 0.0700 == S===r
——*
0.2000 0.0650 =
= AcA=8[degd]
AOA=8[d ag] 0.0600 GCHOW
0.1800 flow B3
———— -® 0.0550
0.1600 0.0500
0.0E+00  5.0E-06  1.0E-05  1.5E-05  2.0E-05 0.0E+00  5.0E-06  1.0E-05  1.5E-05  2.0E-05
1/(N~2/3) 1/(N~2/3)
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Total Pressure Ratio @ AoA=16[deg] HL-

Ptratio

w 0.999
e

Coarse — > Medium —— > Fine

T
‘\.Sf..\y?"

Artificial total pressure loss decreases in finer mesh.

B3

"Ny

Separation at wing root seems large relative to Cflow Grid.

© 2017 Kawasaki Heavy Industries, Ltd. All Rights Reserved
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Surface streamlines with Cp @ AoA=16[deg]

Coarse — > Medium —— > Fine

B3

© 2017 Kawasaki Heavy Industries, Ltd. All Rights Reserved
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Surface streamlines with Cf @ AoA=16[deqg]

Coarse — > Medium —— > Fine

Cflow

B3

B Kawasaki
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Total Pressure Ratio @ a=16°
(CflowGrid, Medium)

.-‘ﬁ

Step 24000 Ptratio z
Time 0.00000 [y 0999
Mach 0.200

Re  3.26e406 b g7

Alpha 16.00

Beta 0.00 y

Turb sam 4
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Total Pressure Ratio @ a=16° HL.

(B3, Medium) )

Wake seems to be disipated aro

B e A N S B S g

Step 24000 Ptratio
Time 0.00000 | 0999
Mach 0.200
Re 3.26e+06
Alpha 16.00
Beta 0.00
Turb sam

eta=0.552
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HL-

Surface Cp around Flap Gap (Medium)

[ CflowGrid }

© 2017 Kawasaki Heavy Industries, Ltd. All Rights Reserved
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HL-

Surface Cp around Root Gap (Medium)

[ CflowGrid }
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Case 1c¢c,d - HL-CRM

Partially Sealed Flap

17KT008677
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A = (Cflow Grid) — (B3 Grid), Medium

0.020

0.015

ACL

0.010

0.005

0.000

0.001

0.000
-0.001
-0.002
-0.003
-0.004
-0.005
-0.006
-0.007

ACm

8 16
AoA[deg]

8 16
AoA[deg]

© 2017 Kawasaki Heavy Industries, Ltd. All Rights Reserved

m A(gapped)
B A(sealed)

® A(gapped)
M A(sealed)

0.0000

-0.0010

-0.0020

-0.0030

ACDp

-0.0040

-0.0050
-0.0060

-0.0070
8 16
AoA[deg]

black line : ACD (Total)

H A(gapped)

B A(sealed)
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A = (gapped-flaps) - (sealed-flaps), Medium_

0.050

0.040

0.030

ACL

0.020

0.010

0.000

0.005

0.000

-0.005

ACm

-0.010

-0.015
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B3 CflowGrid B3 CflowGrid
8 16
AoA[deg]
_. ||
B3 CflowGrid B3 CflowGrid
8 16
AoA[deg]

ACDp

0.0050

0.0040

0.0030

0.0020

0.0010

0.0000

black line - AC

CflowGrid

8

B3

AoA[deg]

CflowGrid

16
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Case 2a-d JSM
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CL-CD

Mach
Re[-]

0.172

1.93 x 106

| D-JSM_UnstrMixed_JAXA |

3.0

2.8

2.6

2.4

2.2

CL

2.0

1.8

1.6

1.4

1.2

@

\Dw*“

| CflowGrid |

CL

—O—WTT (Naccelle ON) - corrected
——WTT (Nacelle OFF) - corrected
—@—CFD (Nacelle-ON)
—=— CFD (Nacelle-OFF)

0.1000 0.2000 0.3000 0.4000 0.5000 0.6000
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AoA[deg]

3.0

2.8

2.6

2.4

2.2

2.0

1.8

1.6

1.4

1.2

s
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4

0.1000 0.2000 0.3000 0.4000 0.5000 0.6000

CD
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CL

CL-Cm

Mach 0.172
Re[-] 1.93 x 106

| D-JSM_UnstrMixed_JAXA |

3.0

2.8

2.6

2.4

2.2

2.0

1.8

1.6

1.4

1.2

| CflowGrid |

3.0
2.6 o
2.4

7 1
2.2

S
I
A
l

CL

i N
7 N a
Ih
ffl
i{//
] / —O—WTT (Naccelle ON) - corrected
o ——WTT (Nacelle OFF) - corrected
—@— CFD (Nacelle-ON)
—=—CFD (Nacelle-OFF)
| | | |
-0.6 -0.5 -04 -0.3 -0.2 -0.1 0.0
Cm
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Case 3 - 2D Verification Case
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Grid Convergence - Cl, Cd

O Cflow
—&— CFL3D
CI ~ -&— - FUN3D
0.162
; Cflow
0.16 ]
E 0 O
-
o £y
0.158:- < -
0.156 | ~
- Finer >
0.154 | ~a
I (NS YAV O L N O W N LA J
0'1520 0.005 0.01 0.015 0.02
h=sqrt(1/N)
{ O Cflow
‘ —&— CFL3D
Cd p — -A— . FUN3D
/
0.008 /
/
/
/
o L
8 0.006 //
v 7
0.004 —% 5 counts , Cflow
0.002 - =
|

0

T S R T T I S [ [ I |
0.005 0.01 0.015
h=sqrt(1/N)

0.02

0.018

0.016

CD

0.014

0.012

0.01k
0

Cdv

0.0086

CDv

0.0085

0.0084

Cflow

O
I —&— CFL3D
Cd ~ -&— - FUN3D

Cflow

I | S WSO SO (PO [FU NSO U S S NYR GO (P yp e |
0.005 0.01 0.015 0.02
h=sqrt(1/N)
O Cflow
L —&8— CFL3D
FUN3D

g AR

| Cflow 9 |1 count

00 O

00005 001 0015 002
h=sqrt(1/N)
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y/c

ylc

Wake (U-velocity )

[ 5th Finest } [ 4t Finest } [ 3rd Finest }
0.06 0.06 0.06
0.04 0.04 — 0.04-
0.02 0.02 - 0.02 -
o - S or s o
-0.02 -0.02f -0.02 -
-0.04 - -0.04 d -0.04 g
B Y- R R R 00 TS T 6T 0 05 T B YT AR R
u/Uref u/Uref u/Uref
[ 2nd Finest } [ Finest
{}.06_- {}.06_-
0.04 0.04
0.02f 0.025-
of 2 of All CFL3D results are Finest Grid.
-0.025- -0.025-
-0.04 -0.04;
00y GG 6T 6 68 T B I TR R T IR R
u/Uref u/Uref

© 2017 Kawasaki Heavy Industries, Ltd. All Rights Reserved B Kawasaki
Powering your potential



