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Simulation and modelling of turbulent
separated flows — steps from DNS towards
classical and ML-enhanced RANS closures
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JSASS/IAXA
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— QOverview —

> Background
...the “Turbulence Problem” and its remedies

> Simulations
...DNS of turbulent separation bubbles

> Basic findings
...physical, modelling concepts

> ML-based RANS-model development
...using DNS as benchmark

> Summary
...recap, review

> “Preview of Coming Attractions”
...proposed JAXA-NASA partnership

2

This document is provided by JAXA.



FHAIZERTTEB SRR 5B JAXA-SP-23-009

> Background
...the “Turbulence Problem” and its remedies

Background: The “Turbulence Problem”

Recall, the effect of turbulence is usually:

— Very profound (enhanced drag, heat transfer, ...)
— Extremely difficult to capture — requiring either:

(1) accurate models, or
(2) access to huge computers

WRT (1): Governing equations are nonlinear, such that transport
equations for mean gquantities — which are typical guantities of interest
(e.g., (u;) = u; — ;) — contain unknown “Reynolds stresses”, - (u;u;),
which must be approximated via model(s). (Thus, from mathematical
point of view, since number of unknowns > number of equations, the
“Turbulence Problem” is actually the “Turbulence Closure Problem”.)

NB. Models of turbulent separation are especially troublesome

WRT (2): The ratio of the largest to the smallest spatial (and temporal)
scales in turbulent flow is proportional to (a power of) the Reynolds
number = exact (unsteady, three-dimensional, eddy-resolving)
numerical solutions face severe Reynolds-number constraint...

This document is provided by JAXA.
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The Turbulence Problem...
The Reynolds-number constraint

Note increase of range of scales with increasing Re:

Re = 1414 Re = 2828

A
% . O

Vorticity contours from turbulent boundary layers at two Reynolds numbers Re.
(Vertical planes shown are normal to the free-stream velocity, and cover the same area
measured in local boundary-layer thickness. [DNS results courtesy of Dr. R. Johnston,

University of Southampton]).

Computational Remedies to the Turbulence Problem

RANS: ‘Reynolds-averaged Navier Stokes’ (Adapted from Ferziger 1984)
LES: ‘Large-Eddy Simulation’
DNS: ‘Direct Numerical Simulation’ Resolve everything
DNS
‘log(expense)’
LES
Model unresolved/subgrid scales
Ay RANS/LES
,]\ Hybrid: Use LES where grid allows (e.g., ‘DES’)
RANS D{u) /Dt = —a(u'u"y /ox — aU'v'y /By + ...,
with model for —(u’v’), etcviae.g., S-A, k-c, ...
Correlations, ¢ = C/(Re). P Pri(Ma)
= e), Prt = Pri(Ma ‘ '
Integral methods [~ dfg ! L H 9[ dU, L C Iog(1/usage)
o TR = 5

This document is provided by JAXA.
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Direct Numerical Simulation (DNS)

DNS is the branch of Computational Fluid Dynamics (CFD) devoted to “exact”,
high-fidelity solutions of three-dimensional, unsteady Navier-Stokes equations

Differs from conventional CFD in that the turbulence is explicitly resolved —
rather than modeled by a Reynolds-averaged Navier-Stokes (RANS) closure

Differs from Large-Eddy Simulation (LES) in that all spatial and temporal scales
—including the very smallest ones — are captured (removing need for a
subgrid-scale model)

Serves as a “numerical experiment” producing a series of non-empirical
solutions, from first principles, for a virtual turbulent flow

Drawbacks 58 ff ®

— Very expensive, limited to moderate Reynolds numbers, simple configurations

Benefits &Fff ©
— Provides complete knowledge, unaffected by approximations, at all points within the domain,
at all times within the simulation period

— “Full editorial control” of the equations/boundary conditions/parameters allows creation of
“clean” well-defined flows, and direct access to cause-effect relationships

— DNS is therefore ideal for addressing basic research questions regarding turbulence physics
and modeling

7

> Simulations
...DNS of turbulent separation bubbles

This document is provided by JAXA.
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DNS of turbulent flat-plate separation bubbles*

(Recall the importance of smooth-body separation, and the challenge it poses
for RANS models; cf. Vision CFD2030 Study, Slotnick et al. 2014)

Reattachment

Mean spanwise vorticity, streamlines:

13121110 9 8 7 6 5 4 3 2 41 0 1 2 3 4 5 6 7 8 2
X (Case CO0)

Separation/reattachment induced by transpiration profile — Note prolonged Zero Pressure Gradient (ZPG) region

Transpiration profile Without displacement effect
0.2 r—TT—Tr—T"—"T"—"T"T" """ 1
Algorithm (Spalart et al. 1991): I /
* Jacobi/Fourier discretization o1E P <
*  Mixed RK3/CN time advance V. U oF S % 1os
*  “Fringe” inflow/outflow Pt s 1" G
* Transpiration via irrotational 01 X
freestream - |
Y7 ra—— ; 0
Wall pressure Symbol
(note displacement effect) denotes point

of separation

*Cf. Spalart & Coleman (1997), Na & Moin (1998), Abe et al. (2012), Abe (2017) ©

DNS of turbulent flat-plate separation bubbles: Cases

Case Sweep Transpiration type ["'e atend
[ 1 [ anglec (PG history) of ZPG region
[deg]
A0 S

uction & blowing 1035

[CRS18] . (2PG/sudden APG/sudden FPG/ZPG)
BO 0 Suction & blowing 876
[CRS18] (ZPG/gradual APG/gradual FPG/ZPG)
co 0 Suction & blowing 1744
[CRS18] (ZPG/gradual APG/gradual FPG/ZPG)
C35 35 Suction & blowing 2052
[CRS19] (ZPG/gradual APG/gradual FPG/ZPG)
DO 0 Suction only* 1479
[C21] (ZPG/gradual APG/gentle APG)
EO 0 Suction only
[C21] (ZPG/gradual APG/gentle APG)
2 L L L LA LA L AL LA L B
End of ZPG .=, Cases DO, EO
0.1 Y
K VNS )
=L 0 e \ — @)
2 \ i
Sg \ /7

0.1 £

s N
Cases A0-CO, C35
0.2 L T e s e

0 5 10 15 20 25

"Refs: “CRS18/19” = Coleman, Rumsey & Spalart (JFM 2018/2019);
“C21” = Coleman (NASA TM-20210020762)
*Cf. Wu et al. (2020)

10

This document is provided by JAXA.



FHIMIZE S0 BR RS R R TAXA-SP-23-009

DNS of turbulent flat-plate separation bubbles: Cases*

Case PG history Re at end Nx - Ny - Nz
of ZPG region

ZPG/sudden APG/sudden FPG/ZPG 1035 0.98 x 10°
(2D/unswept)

BO ZPG/gradual APG/gradual FPG/ZPG 876 0.98 x 10°
(2D/unswept)

Co ZPG/gradual APG/gradual FPG/ZPG 1744 4.72 x 10°
(2D/unswept)

C35 ZPG/gradual APG/gradual FPG/ZPG 2052 9.44 x 10°

(3D/swept)

DO ZPG/gradual APG/gentle APG 1479 4.72 x 10°
(2D/unswept)

EO ZPG/gradual APG/gentle APG 3069 37.75 x 10°
(2D/unswept)

Structures: Surface shear:

W<

©

Red is negative

y location
(Q criterion,
subdomain of Case A0)
*Data at NASA Turbulence Modeling Resource (TMR): https://turbmodels.larc.nasa.gov 1

Check upstream conditions...

ZPG station

13-12-11-10/9 8 7 6 5 -4 2 2 -1 0 1 2 3 4 5 6 7 8

Experiment
25 _— e B E T & F §F & 1T 1 & & |co|es (|196| LI —
i y ] ® paTs 588;
] ™= =S 1.5 A Schiatter & Orlu (2010)
i E @ [m] gRS1 f::agases A0, B0, CO E
< ] H E @ z Case E0O B
g ] .
A
] 14 @ i & .
Qt 5] g . 3 @ ® £%
] T 3
e ]
] Cf 4 E® 3
. — — — - CaseCO:R,=1744 ] © ]
6 ettt Case C35: R, = 2052 B @ E
1 Case EO: R, = 3069 1 + ]
] e, Schlatter & Orlu (2010): R, = 3030 1 @ L
0 — — T = R R S S o A
10° 10’ 10? 10° 1000 2000 3000 4000
v R,

. . Conclusion: Reasonably well-defined,
(Also good inner-layer agreement with TKE budgets - . . .
from Schlatter & Orlu (2010) ZPG BL DNS) canonical ZPG BL upstream of separation.

Supports suitability as benchmark for
testing RANS-model concepts and closures

This document is provided by JAXA.
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> Basic findings
...physical, modelling concepts

13

Basic findings, regarding:

1. Impact of pressure gradient on
mean/turbulence energy transfer

2. Validity of Stratford scaling
RANS-model performance
Effect of sweep

14
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1. Pressure-gradient dependence of Reynolds-stress “structure”:
Effect of non-parallel streamlines on measures of turbulence “efficiency”?

Compare “structure parameter” a, = -(u'V')/TKE versus (P.«e/S) / TKE (which are equivalent in
parallel U(y) shear flow) — these are measures of Reynolds stress structure = “efficiency” of

turbulence’s ability to affect mean momentum. Note large deviation from “standard” 0.31, and that
a, goes down in APG, other one goes up!

(Note expanded vertical scale)

(Contours in regions where |Q,| ~ 0 not plotted)

||
(Pre/S) / TKE

09485 | X X

(0.9,48.5)°
(6.1,54.6)° (0.15,45.8)° (6.1,54.6)°

(flow angle,strain angle)
=(0.15,45.8)°

Conclusions:

1. Experience/results from parallel-flow turbulence may be misleading
2. Coordinate-independent measures are essential!

2. Validity of Stratford zero-stress velocity scaling (U~/y)?

Profiles at separation and reattachment (unswept cases — swept results considered below):

Case A0
Case B0
Case CO

30 ——

T T T T T T T

20

Slope and offset from
earlier(!)C;= 0 Couette-

> No symbols = separation Poiseuille DNS
- e B (ETMM11/Flow, Turb & Comb 2017)
0 | l L L L | L 1 L | L -I
0.5 1 0 2 4 6 8
v (yu V)2
Implications:

* Prolonged C;= 0 region NOT required!
» Stratford theory sound and relevant — but
NB: scaling applies at C,= 0 stations only 1

This document is provided by JAXA.
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3. RANS-model performance

Solutions via CFL3D, using mean 7 , )
DNS profiles as inflow BC TR .

4 - —+ — low-Re SA

low-Re SARC

..Reynolds-stress
field is “enough”!

Match 0 in ZPG

Findings:
BL: sep too early
k-¢ (Abid): no sep
SA/SST/RSM/etc.: somewhat too early and too deep,

anq together>. . )
(Recovery difficult in its own right) Implies danger when using range
of models to bracket errors 17

i|> As expected, found elsewhere

4. Effect of sweep
Instantaneous wall shear stress

Mean 1,=0
J l 0 0.002 0.004 0.006 0.008 0.01
W (0u/dy)w <0

Unswept (Case CO): T, contours

Q, Swept (Case C35): 1, contours

2
z
-vp

40 5 0 " 5 10

Q, Swept (Case C35): T, contours

18
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4. Effect of sweep:

Impact of turbulence on the Independence Principle (IP)

(Recall IP holds exactly for laminar BL on an infinite swept wing, for which
chordwise, wall-normal components are independent of spanwise component)

0.008 T

T, 0.007 _ Swept, total

Cr=5 B
/> ! %Ugo o.ooe;

0.004 |
(WRT chordwise freestream) [
0.004

3t
0.002 |

) 0.001 | Unswept v
Violates C

Swept, chordwise

T T T T T

...but satisfies it here!
(where pressure dominates)

Independence oF

Principle here...

-10 -5 0
(where skin friction dominates)

5 10

x (chordwise)

19

4. Mean velocity developm

Looking from upstream direction:

ZPG — APG region:

1.0 1.0 e
;! | [o x/¥=-85 ] [ : i J= s 06(CL~0) ]
Ly v ] -—--6 i i i }§ —— ]

: | ' e s - i i EELE
5, O8F i 1 1} S ] 08 L I i
x 1R 1 1 I -1 A 5 1
S o - ] [ R T ]
0.6 H ™! ‘ I e —15~0) | 0.6 - : oo S — 1037 |
] I : ‘ \\"- “Separation” [ . VoA {.{. | - ]
-~ | | | ‘ . Ly -\, & {I. i
041 : & | \"./ (wrt x) 04t | W 1
[ & | | i ]
| o I [ |
02fy 1 1 02 H .
- | i B i
L | i _‘/ y i .’ i
[{ | : ‘ , i E A ]
0 r...".r.'.|ﬁﬁ‘ﬁ7'../.|....|.... ()4; o (EE L

ent in swept TBL

FPG — ZPG region:

"."'"""I"'I""i'ﬂ"'l""
0. 0.2 0.3 0/ 0.1 0.2
@ “Reattachment” @

L to direction of flight

0.3

Note flow turns more near the wall

20
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4. Mean velocity development in swept TBL
Inner-layer scaling of spanwise component W(y)

Q+: \/[U+2 + W+2])

At (x-wise) separation

W= WH(y*)...
...Not far from ZPG log law!

60

(ZPG ref)

-~ chordwise and spanwise

?b i 1 components tend to decouple near
S 201 —— —é - separation — consistent with IP
s | ezm—m =l

TN snoumcars -5
1 i [ ]
o) x/Y=-85

' 2 TR T R
10° 10! 10° 10°
+
y

Deviation from surface shear direction

4. Mean velocity development: “Johnston coordinates”
Outer-layer/hodograph

“Inviscid skewing”
prediction

ZPG — APG region: FPG — ZPG region:

0-4"'|/|" 04 P—r—r—Tr—rrrrrr T T
- .}.:—C.:‘_’
0.2 N Lo . .
O
DR =l
0 G i AT o gl
[ ol L L L L L
0 0.2 0.8 1.0

1 to local edge velocity
|l to local edge velocity

Inviscid skewing controls mean velocity in outer layer
22
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4. Mean velocity development: Validity of Stratford zero-stress
velocity scaling (U~/y) for swept-wing flow?...

Consider: Swept case (Case C35) at “separation” & “reattachment” stations:

1 30 [T T T T T T T T T T T T T T T ] E
| — | up=[v(dP/dx)/p]1/3| : '

_ 20f '
y o5} 1 Ulu, ] / \ :
] 10F ‘ =

- ” From C, = 0 Couette-
coouration g Poiseuille DNS
Ly g Re:ttachment 0,:
o ! L ! L | ! ! L ! /: L L L | L ! L 1 L L L | ! ! L | L j
0 0.5 1 0 2 4 6 8
(yu, /v)?

Message: Stratford scaling “too fragile” to survive skewing, probably because the

spanwise shear dominates the turbulence
23

4. Skewing versus APG:
Impact on “structure”, “efficiency” of turbulence

0.5 —T T
] s==s= Unskewed/2D (Case CO)
Skewed/3D (Case C35)

0.4 B
(PrelS) | TKE Za

Max (overy) 0.3

0.2+
ar = |TXZ| /TKE Symbols: separation,
reattachment points
01 L L L L | L L L L |
-10 -5 0
[t ol = p (U'V)2 + (vw)2)12 x (chordwise)

Implication: Effect of APG is dominant = sensitizing RANS closures to APG is the primary need

This document is provided by JAXA.
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Basic findings — Summary

* \ Impact of pressure gradient on mean/turbulence energy transfer:

— APG improves efficiency of turbulence wrt momentum transport

 |Validity of Stratford scaling:

— Works well for 2D, at separation

* |RANS-model performance:
— Beware “fallacy of group behavior”

* | Effect of sweep:
— Not as important as effect of APG

General modeling concepts, assessment...

Q. Possible to use DNS to improve RANS models
via Machine Learning (ML)?
A.TBD...

25

> ML-based RANS-model development
...using DNS as benchmark

26
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ML-based RANS-model development

I.  NASA Symposium on Turbulence Modeling:
“Roadblocks, and the potential for Machine
Learning”, July 2022

27

I. Symposium on Turbulence Modeling: Roadblocks, and
the Potential for Machine Learning — AKA “PRS*2022”

* In honor of Philippe Spalart’s many contributions to the subject

Objectives:

— Assess state of RANS (and transition) modeling, and role of
Machine Learning (ML)

— Collaborative Testing Challenge (CTC) — single model
applied to five TMR benchmarks:
* 2D zero-pressure-gradient (ZPG)/flat-plate boundary layer
» 2D fully developed channel at high Reynolds number
* Axisymmetric subsonic jet
* 2D NASA wall-mounted hump/separation

e 2D NACAO0012 airfoil (x4 AoA)
28
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I. Symposium on Turbulence Modeling: Roadblocks, and
the Potential for Machine Learning

Summary:

— There have been many isolated successes of ML in turbulence
modeling, but with very narrow focus

— The turbulence modeling/CFD community had not received any
useful ML-based model (by Summer 2022)

* Fundamental requirements — e.g., Galilean Invariance — sometimes
violated (out of expediency or lack of knowledge)

* Fully published details needed

¢ More “universal” models needed — ones that do not “fix” what is not
broken (cf. CTC)

— Later events (publications, conferences, feedback) suggest Symposium had
beneficial impact, in terms of addressing short-comings, lessons learned —
e.g., need to capture multiple flows, quest for “do-no-damage” generality

— For further details, see Rumsey & Coleman (2022), NASA/TM-20220015595

29

Il. Towards RANS model improvements of separated flows

* Focus: Effect of PG-induced separation & reattachment. Begin with
prolonged APG (recall behavior of (P;/S)/TKE in swept and unswept cases)

* Approach:
— Use Field Inversion (Adjoint-based) Machine Learning (FIML; Parish & Duraisamy 2016),
with Neural Network (NN) and Case EO as first benchmark (2D/unswept, highest R;)
— Solve Adjoint problem via NASA’s FUN3D to determine modification 3 to Spalart Allmaras
(SA) model needed to match C;(x) profile: Pg, < B(x2) - Poy
— Model needs strong increase in production to prevent premature separation, but recovers
well after reattachment

0.004 F End of ZPG Cp E 05

0.0035 F Jo7
0.003 - Jose
Jos

—fov4 C z

Benchmark (LoRe SA/Case EODNS) - (0.3
SA (LoRe) 1

0.0025

0.002 |

0.0015 F

0.001 F Jo2

0.0005 | sees 0.1

_0_0005:.”....J....l....\.‘..l.:_m
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Our Assumptions

A general RANS-model correction should:

1. Involve one-to-one mapping between “features” f; and NN-trained
correction f3,,, such that

BNN(fi) - Bactual 2 0,

where “features” are physically meaningful, nondimensional modeling
parameters (production/dissipation, strain/vorticity ratio, etc.)

Therefore, choice of features is critical...

2.  “Remember” characteristics learned in one flow when same
characteristics are found in another — and have no effect where
not needed

= choice of features is critical!

31

General feature-design framework

* Propose features f; [e.g., P/g, etc.]

*  Train B(f;)=NN(f,), use in FUN3D

} APG-induced separation

 Control

| Curvature-induced separation,
shear-layer-affected reattachment

Apply to other canonical
flows (NASA TMR), complex
configurations (NASA CRM)

32
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Step one: FIML for prolonged APG (Case EO as benchmark)

* Strategy:
— lIsolate critical, “essential” region of (x,z) correction

— Demonstrate using (x,z)-coordinates as “features” to train NN: B(x,z) = NN(x,z)
— Use B(x,z) = NN(x,z) to reproduce improved C{x) (FUN3D with SA+NN)

x,z) from full Adjoint “Essential” B(x,z):
B( 7 ) ° J B( 7 ) White symbols = BL edge

End of ZPG

X
NN training: B(x,z) = NN(x,z) / 0004 -

0.0035 [

> _Using only “Essential” B(x,z):
0.003 |

0.0025f
o002
BNN L 1 — Cf 00015 |
0001 |
0.0005

1T 1 0

-0.0005 L

Bactual 33

Implication: APG wake-region upstream of separation is critical

Step-one features: Based on SA quantities

* SA working variable/Reynolds number, y: F, = 100/(+100)
* SA wall function, f: F, = 1/(f,+1)

* SA Reynolds number, d?S;,/v: F; =1000v/(d?S;,+1000v)

* Prod-Diss ratio: F, = P, | /(| Dsp| +|Pspl)

* SARC function: F; = f,,

 Limiter: S/Q > 1 0.004r T
0.0035F -
SN SA+ML (LoRe)
3.00 0.003 F N e SA (LoRe) |
Symbols: result of NN trainin s \ DNS
e ’ e 0.0025}
2.50 s \

G o002}

BNN 2.00

0.0015} N
: \

0.001 f

0.0005} \
g \ =l

1.00 125 150 175 2.00 2.25 2:’:0 2.75 3.00 -0'00056‘ — ‘5‘ : ‘10‘ — ‘15‘ — ‘20‘ — I25‘ — ‘30

Bactual X
34
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Step two: Apply these five features to ZPG flat plate

Recall APG flat plate: Control: ZPG flat plate:
0.004 0.006
0.0035F J—‘—‘—'—J i
E \ SA+ML (LoRe) |
0.003 \ ------ SDAN(SLuRe) 0.005 : o
0.0025F \ ‘ & ‘ - sa
0.002
G : \ Cr o008
0.0015
0001f A \
0.0005 A 0.003F ~—__
0 \-”/ i I p—
00005 —~——5——95""95"""35 25 30 0.002; 05 1 15 >
X X

S/Q > 1 limiter needed

No damage to key prediction! ©

35

Step three: Apply five features to NASA Hump

0.008

0.006 F

06 08 7 12 o002k | N ﬁ
X |
o }/r/

o
o
o
=
Fm

.

:

!

.

N
owvwn
gg2

=
-

“Extra” production here...
P — ...not sufficient to correct problem here... ®

36
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General feature-design framework

*  Propose features f; [e.g., P/g, etc.]
* Train B(f)=NN(f), use in FUN3D

Curvature-in separation,
shear-layer- reattachment

Apply to other canonical

flows (NASA TMR), complex .
configurations (NASA CRM) Currently SearChmg for

“smarter” features...

37

\V4

V4

V4

\V4

\VA4

— Overview —

Background
...the “Turbulence Problem” and its remedies

Simulations
...DNS of turbulent separation bubbles

Basic findings
...physical, modelling concepts

ML-based RANS-model development
...using DNS as benchmark

Summary
...recap, review

“Preview of Coming Attractions”
...proposed JAXA-NASA partnership

38
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Summary

* DNS used to reveal impact of pressure gradients on structure of
turbulence, utility of Stratford (C; = 0) scaling, and effect of sweep
on separated boundary layers

* Resulting database used to quantify performance of RANS models,
and serve as benchmark for ML-based alterations

* Efforts to produce viable, generalizable RANS models via ML reveal
critical role and challenge of selecting appropriate features

* The search continues...

39

> “Preview of Coming Attractions”
...proposed JAXA-NASA partnership

40
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Proposed JAXA/NASA collaboration
Simulation of Aerodynamic Turbulence

Participants:

JAXA: Dr Abe Hiroyuki, Dr Atsushi Hashimoto, Dr David Lusher, Dr
Andrea Sansica

NASA: Dr Gary Coleman
Topics — DNS of:
I. High-speed/compressible wall-bounded turbulence
Il. Turbulent vortex core
Tools: OpenSBLI Framework’

Outcomes: High-fidelity benchmarks, assessment/
calibration of RANS models, for high-speed wall-bounded
flows, and rotating wakes/vortices

tD. Lusher et al. (2021) “OpenSBLI: Automated code-generation for heterogeneous computing
architectures applied to compressible fluid dynamics on structured grids”, Comp. Phys. Comms.

I. DNS of high-speed/compressible
wall-bounded turbulence’

Supersonic turbulence between adiabatic (top) and isothermal (bottom) walls (cf. Morinishi et al 2007):

— | L —— Turbulent Prandtl number:
T L T T T TT

Streaks above isothermal wall: IRE

OpenSBLI compressible channel flow DNS near-wall streaks: aif2s (2201x787x1237) b\
A
NEMA
Pry =
152 N N
0o .
] ] ~
109  — Case F2/AW side, Re, = 560 \
07
5 2 1 = = — — Case F2s/AW side, Re. = 609

06-| =—=+=—-+=— Case F2s/IW side, Re; = 1984
] Case F2/IW side, Re, = 2234

-~ 0 100 200 300 400 500 600
Time: 0.012500 P I,
Semilocal” scaling
(Huang et al 1995)

Pr, - 0.85 with increasing Re, indepedent of thermal BCs

T Cf. Lusher & Coleman (2023): “Numerical study of compressible wall-bounded turbulence — the effect of thermal wall conditions
on the turbulent Prandtl number in the low-supersonic regime”, Intl J Comp Fluid Dynamics 42
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Il. DNS of turbulent vortex core

|dealized delta-wing/airliner vortices

(From Kuklu et al. 2020)

Strategy: Capture evolution of single structure

from “roll-up” of mixing layer. NB: Thin mixing layer
contains developed turbulence, which is well represented

in both DNS and RANS before affected by rotation/curvature

43

Proposed JAXA/NASA collaboration
Simulation of Aerodynamic Turbulence

* To be continued...

44
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Please contact author at
with queries, comments

Thank you very much!

HUNESITTWVELT!
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.

® Koichi YONEMOTO (Dr. Eng.)

m Tokyo University of Science (Commissioned Professor) ff
Faculty of Science and Technology, Dept. of Mechanical Engineering -
Space Systems Laboratory "
m SPACE WALKER Inc. (CTO: Chief Technical Officer) ‘.
Personal Data ‘ !

Date of Birth : July 28th, 1953
Place of Birth : Tokyo

Education and Career

Commissioned Professor at Tokyo University of Science (TUS)
Founded SPACE WALKER Inc.
Professor at Kyushu Institute of Technology (Kyutech)
Visiting Researcher of ISAS (Institute of Space and Astronautical Science)
£ Ministnl of Education (Current JAXA)
Kawasaki Heavy Industries Ltd. (Aerospace Company Company)
| Commercial and Military Aircraft Development ;
| Reusable Space Transportation System (HIMES, HOPE-X, RVT etc.) , . HIMES
Graduated Postgraduate School of Engineering at the University of Tokyo \akegntry, Test
= 1978~1980 University of Stutt artillnstitute of Aircraft Design)
and DFVLR (Institute of Turbo Machine at KéIn: current DL g
= Doctor of Engineering (the University of Tokyo/ Aerospace Engineering)

Major = Aerodynamics = Flight Mechanics
= Navigation, Guidance and Control = Cryogenic Composite Fuel Tank
= System Engineering of Aircraft and Space Transportation System

Current Research Next Maritime Patrol
= Reusable Space Transportation System (Suborbital Spaceplane) Aircraft P-X Reusable

Rocket RVT
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SPACE WALKER Inc.
S DA NE ps://space-walker.co.jp/corporate-profile
Establishment December, 25%, 2017
HEAD QUARTER:
Shimbashi 3-16-12 3FIr, Minato, 105-0004 Tokyo, Japan
SPACE TRANSPORTATION DEPT.:
+ Office in TOKYO UNIVERSITY OF SCIENCE
Noda Campus, Building No.3, 2" Fir
Business (Yamazaki 2641, Noda, 278-8510 Chiba, Japan)
Locations Composite Materials Technology Dept.:
- Office in KURE INDUSTRIAL PROMOTION CENTER
KURE SUPPORT CORE
(Agaminami 2-10-1, Kure, 737-0004 Hiroshima, Japan)
Manufacturing Plant in NIHON TAISHOKU Co., Ltd
(Tashiromen 198, Tabira, Hirado, 859-4812 Nagasaki, Japan)

m B 1,116 Million ¥ (including CE Stock Acquisition Rights and CB
as of June 30t", 2022)
Design, Manufacturing and Operation of Reusable Suborbital
Activities Spaceplanes
Manufacturing and Sales of Space Development Related Components
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Agenda

1. Suborbital Spaceplane Development
2. Experimental Winged Rocket

3. Aerodynamic R&D Issues
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1. Suborbital Spaceplane
Development

SPACE J/WALKER 5
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® Development of Suborbital Spaceplane
v Unmanned Dual Mission for Science and
Small Satellite Launch
v" Common Shape for Space Tourism Service

2027 2029

TSTO
2025 (Two-Stage-To-Orbit)

Spaceplane

Space Tourism
Cargo Transportation —

Experimental
Winged —
Rocket....oms s

VIRES#015 Dual Mission

u Gravity / Small Satellite
Science Launch 2=

SPACE / WALKER
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® Expendable Rocket and Reusable Spaceplane

Expendable
Rocket

Direct |

Operational
Cost

Manufacturing

Disposal Cost

(Environmental
Pollution)

SPACE / WALKER

Reusable Space Transportation System ¢ « -
B Sustainable Social Infrastructure
W Reliability and Safety for Passenger

Transportation ‘-'

Expansion of the New Frontier to Space
* Living on Moon and Mars
* Point to Point Hyper Speed Transportation
(Airbreathing Engine)
Reusable Space
Transportation Syste,

Indirect
Operational Cost

Refurbish and Direct
Operational Cost

Fuel Cost

Depreciation Cost
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Reusable System

v’ Composite Structure and
Cryogenic Tanks

v’ Automatic Flight Control «
SPACE WA

SPACE / WALKER

¢

DYNAMIC
INVERSION <T

N DIOXIDE v

Carbon
Neutral Propellant

AIRFRAME S
NAMICALLY DISTRIBUT|
- il

v Liqu‘efied Bio Methane

-
-
b
o o S
®
.

This document is provided by JAXA.



FE55IEIRAR ) e B A ZE Al S o L — v a HT U AR U LR SR 29

55t FDC/41t ANSS [ Y 74 — ERNRN—R F'L — > DRI FH) b R FEIZ DU T/ @
100,000 i i 65—
RaiJin () Mission 050 of o -_ ----- S
i y 0 . -
® Small Satellite of 200 [!(g] g 1090 —Searink(SpaceX) and — - S
® Sun-synchronous Orbit of [ OneWeb Satellite | ¢ agget ma
. i atelllte
700 [km] Altitude % 1,000 I
g .
E I
2 100
l l
10
M=10kg 10kg<M=100kg \Jookg<Mszsokg /250kg<M5500kg 500kg<M=1000kg
—_— . — - - 10’000 < PO BN RN BN RN B \
5 | Altitude Lower
g 1000 | Iz than 750km
s : |
[ 1 .
s 100 . I
3 I .
Elon Musk’s Starlink § 10 . 1
Satellite-Internet Service z | .
https://www.wsj.com/articles/elon-musks-starlink- . |
satellite-internet-service-battles-dish-over-airwaves- 1 l .
11657359181 . H=500km 500km<H=750km/ 750km<H=1000km 1000km<H
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FuJin & RaiJin RaiJin

M Gravity / Small Satellite

Science Launch NagaTomo

[ Wass fkgl | Fuin® | Rain® [ NapeToma”]
By | sosi | 1315

| 24687 | 16844
Propulsion H__lm
N2 |

Gas

Composite
Airframe

SPACE WALKER

Composite LOX Composite LNG
Tank Tank LOX/LNG
Engines

Total Initial Mass | 47,510 54,009 | 36,204 |
No.ofEngines | 7] 5

“1100kg Payload to 150km Altitude

“2 200kg Satellite into Sun-synchronous Orbit of 700km Altitude
"3 6 Passengers with 2 Pilots/Crews

*4 Carbon Neutral Bio-methane Propellant

"5 Payload and External Carrier

"6 Expendable Upper Stage 10

SPACE / WALKER
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® Engine and Propulsion System Integration

Composite Composite
Avionics A B LNG Tank

v LNG
7 1 Engines

View C-C“V' 7

Inter-tank Propulsion System (Rear Propulsion System)
SPACE / WALKER 11
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® Cockpit and Cabin Design of NagaTomo

cremrsEeAl

SPACE / WALKER
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® Vision of Future Space Transportation System

2020 pu I 2030 W 2020~

Industry-University R&D Manned Orbital Spaceplane with

) 'S - Combined Airbreathin
5 Experimental Sy borbital Spaceplane and Rocket Engine -

% Winged Rocket

rip
on the Earth
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HIMES HOPE/HOPE-X WIRES
(Highly Maneuverable (H - Il Orbiting PlanE (Winged REusable Sounding
Experimental Space vehicle) eXperimental) vehicle) Tokyo University of Science
Space Walker Inc. & Partners

National Aerospace Lab. Kyushu Institute of Technology
ntjAgency

HIMES s the Roots of
Suborbital Spaceplane

JAXA (Japan Aerospace Expl, "
and IHI Collaboration

WALKER
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Suborbital Spaceplane “FuJin” &, “RaiJin” & :

and “NagaTomo” &k &will be operated at the
Spaceport of Hokkaido/ Taiki Town
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® Technology Issues and Challenges

Technology | ssues |

1 Integration + Airframe/System Integration & GSE’s, Operation

+ System Optimization Methodologies
(Vehicle/Propulsion System/Trajectory)

Manned/Unmanned Fault Tolerant System (NGC,
Structure, Engine-Propulsion System,
Mechanical & Electrical Equipment,
Communication System)

Reusability (Reliability, Health Monitoring, Thrust
Augmentation, Reignition),
Clean Propellant

+ Failure Tolerant Navigation System
Real-time Optimal Trajectory Generation and
Guidance

+ Adaptive Attitude Control Theory

2 System Design*

Fault Tolerance
System

LOX/LNG Engine*

5 Autonomous
Flight System*

Composite
6 Airframe &

Propellant Tanks*

+ Complex Airframe Composite Moldln?2
+ LOX Compatible Composite Tank (CFRTP-PC)
+ Super-pressure Composite Gas Tanks

Public-private council led by Cabinet Office/
7 Legalization _l:[lini§try of Land, Infrastructure, Transport and
ourism

SPACE / WALKER

aki
Powering your potential

Landing

R G R R EEBEIC DU T/

Partner’s Responsibility
SPACE S/ WALKER

susye

@ﬁ Umversny of SPACE S/ WALKER

Science

Toray Carbon Magic

Inel @ AR WATER

SPACEWALKER _ IHII ‘TORAY” (

IHI @ AIR WATER

Realize your dreams

ST
$

Tokyo o
Un|vers|ty of B Kawasaki
Science Powering your potential

B Kawasaki

Powering your potential

“TORAY’

Toray Carbon Magic
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I

e
@
R

Since 185

® Legalization

B Commercial Manned Suborbital Space B Political Survey Committee on Space and Ocean
Transportation Research Group Development (Liberal Democratic Party, Special
(2018 Nov. — 2019 Mar.) Committee)
Organizer : SPACE WALKER, PD Aerospace
Secretariat  : Japan Space Forum Fifth Recommendation (:\
Chair Person : Ms Naoko YAMASAKI (Former Female Astronaut) (Issued on 2019, May 14) 'g ;
Issues : * Current overseas and domestic Development “2.2 Expansion of space utilization V‘ '. A
: . . s (\ )
status of reusable space transportation in industry and science”
. Legal issues and Ieglslatlon process <Summary>

¢ In order to promote commercial sub-orbital flight, a public-
private council is organized by the Cabinet Office, Ministry of
Land, Infrastructure, Transport and Tourism, JAXA and other
related ministries and agencies

B Public-private council for
B Commercial Suborbltal Flight Legalization

* 2019, June 26 . The 1t Committee Meeting
* 2020, May 28 . The 15t WG Meeting on Future Issues
* 2021, July 14 . The 2" Committee Meeting
* 2021, May 27 . The 2" WG Meeting on Future Issues
« 2021, September 1 . The 3" Committee Meeting
SPACWALKER + 2022, December 7 . The 4th Committee Meeting 1 7
55% FDC/415t ANSS [ % 77— E'Z N X ~N—2X U — > DERER) G ERTRFEIZDOU T 3 ‘W"%ﬁ_
&

2027 2028 2029 2030 2031 2032
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Vince 168>

Toal v P 0 AENEOEDDDG
Exgenmental W‘ng dRucket WIRES#O 5 Wln ed REusable Soundln vehicle,
[
Sustaining Design

Prefiminary Design Detall Design

"FuJin/RaiJin/NagaTomo" (Science Mission/Small Satellite Launch/Space Tourism)

[ [ POR. [ GOR#
Preliminary Design Preliminary Design Preliminary Design Detail Design Detail Design Sustaining Design Sustaining Design
(Part2) (Part 2)- Extention - (Part 3) (Part 1) (Part 2) (Part 1) (Part 2)

WRESH016-A

Wind Tunnel Tost) 44 Wind TarmaT Test

® Development Plan
(Propeliant a7 Propeiiant Test } DLRQOQEGH!.OH L
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2. Experimental Winged
Rocket
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Initial Mass 1,000 [kel ounding rocke

Max. Thrust 17.8  [kN] .

Combustion Time 30 [s] = — — 9
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B Experimental Winged Rocket WIRES#015 (2/6)
® Nominal Trajectory & Fauding Pott
2000 1
z \&
E‘D 1500 | ’ ' 4 Deceleration
g \ Chute
; 1000 F Deployment
E so0t /
D
(Ground Track) | | | Release
Enocine e . /0 1000 2000 3000 D%ﬁﬁlltta;alt)ion
. Cute- off _}{_}(&ch)peranonfaumh P oin: Do:vn range [n:] ' 3RS ;ydsté’m
£ 5000 F ] O Main Chute
—4000 Drogue Chute Deployment 5
< 3000 ¥ Main Chute Depl t /
2 2000 o POyment
= ‘]' 000 T Air Bag Deployment
< 0 hd A A A A A ’ 3-Rings
0 50 100 150 200 250 300 350 B e
SPACE J/WALKER Time [s] (Time History) 21
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B Experimental Winged Rocket WIRES#015 (3/6)
® Onboard Subsystems

.. Deceleration
Avggcs P,,"::',',’m Hfaﬁzs LNG Tank LOX Tank Chute

—n——— R —

Flush-type = PO i |
Air Data N2 Gas N '
Sensing System Tankx2 FrontAirbag LOX/LNG Engine
v Composite Airframe and Tanks
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B Experimental Winged Rocket WIRES#015 (4/6)
® Telemetry Command and Down Link

Communication Flow

1 Uplink

@Nominal Downlink
(Emergency Uplink
@Command to Launch Site
(®Data from Launch Site
(®Ignition Command
(@Monitoring Data (Control Center)

® 1® 1D @ @ @

| Parabolic Antenna | | Parabolic Antenna | %&:::::3;&:?"@
A Video Monitoring
©01 v v AT Mobile Launcher
| 1 | | 1 | | 1 | T = = = > Wireless
Emergency _| 1 v v —> Wird
T PC y D@6,

A
(for Telemetry) I:;fmm,) ) @ Roser | ©D.®.® PC
Al > (Server)

Contr¢l are.
Monitoring PCs
@ © @,@ 4 Ry 4 Launch Site
Rocket Status Prop.System PWeb camera)
Mobile Flight
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‘5 Experimental WinN ed Rocket WIRES#015 (6/6)

Flight Demonstration in Germany ;-

Demonstratign Flight will be
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3. Aerodynamic R&D Issues

3.1 Aerodynamic Characteristics Estimation
Using CFD

3.2 Aerodynamic Interference and
Separation Analysis

3.3 Highly Maneuverable Supersonic Airfoil

3.4 Multi-disciplinary Design Optimization
(MDO)
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3.5 Differential-Pressure Type FADS (Flush
Air Data Sensing) System with Two-
stage Reference Pressure Chamber

3.6 Thermo-fluid Analysis of High Pressure
Gas Tank

3.7 Release Behavior of Deceleration Chute
in Wake Vortex

3.8 Landing Impact Mitigation Airbag with
Multi-vent Holes
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O
3.1 Aerodynamic Characteristics Estimation Using CFD
B Trim Capability and Flight Profile (1/2)

Fujikawa, T., SW-R-SD-2021-001Fb #{k+4 4 &> S 8(L 4 77 }), Dec. 31, 2021.
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B Trim Capability and Flight Profile (2/2)
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B Comparison of WTT Results with CFD Analysis (1/6)

Piran, A, et. al. “Comparison of Wind Tunnel Test Results of
o WTT MOdeI and C FD MeSh Suborbital Spaceplane FuJin with CFD Analysis,” IAC-22-D2.7.6,
Sep. 21st, 2022.
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Bl Comparison of WTT Results with CFD Analysis (2/6)
® WTT Flow Visualization
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Py, = O
8
)
A
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Bl Comparison of WTT Results with CFD Analysis (3/6)
® Flow Solver and Meshing

Flow solver : FaSTAR (unstructured CFD code)

Meshing : Mixed-Element Grid Generator in 3 Dimensions (MEGG3D)
CFD Parameters Selection
Discretization Cell-centered, finite volume
Accuracy Unstructured Monotonic Upstream-Centered Scheme for
Conservation laws (U-MUSCL, second order accuracy)
Time integration Lower-Upper Symmetric Gauss-Seidel (LU-SGS)
Advection term scheme Low-Dissipation Advection Upstream Splitting Method

(SLAU, M<=1.3);
Harten-Lax-van Leer-Einfeldt (HLLE, M>=1.6)

Turbulence model SA-noft2
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Bl Comparison of WTT Results with CFD Analysis (4/6) b

® CFD Flow Visualization

97m
Elements
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Bl Comparison of WTT Results with CFD Analysis (5/6)
® Lift and Drag Characteristics
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® Pitching Moment Characteristics

T T T r T r
« -« M13CFD = M2 DLR WTT
o1f 4 M1.3 DLRWTT = M3 CFD
' + -« M1.6 CFD ~— M3 DLR WTT
0.0 | i\ i— ML6DLRWIT =+ M4CFD
~ M2 cFD ~— M4 DLR WTT
-0} ~.0e=10"°
—02|
—03l}
—0.4} i
N
N
SN
N
0.5} N
N
$
X
o6l i H N
~
~10 0 20 30 20

10
Angle of Attack [deg]

SPACE J/WALKER

55t FDC/415t ANSS [H 74— EZILRN I—X TL— 2 DEGHERI LR FRFEIZ DU T/
I

Bl Comparison of WTT Results with CFD Analysis (6/6)
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3.2 Aerodynamic Interference and Separation Analysis
B Definition of Satellite Launch Configuration

Otsuki, T., et. al. “Aerodynamic Interference and Separation Analysis of a Two-
Stage Spaceplane for Small Satellite Launch,” IAC-22-D4.2.8, September, 2022.
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B CFD Solver

X%y,
P
Fi
3!
SONST

Calculation method of FaSTAR Fe=TAIR

CFD Code -

Governing equation Compressible Navier-Stokes equation
Turbulence model RANS Spalart-Allmaras-noft2-R
Spatial discretization Cell center method
method Harten—Lax—van Leer—Einfeld
Time integration Lower Upper Symmetric Gauss—Seidel Implicit
method method
Grid generation HexaGRID
Calculator JAXA Supercomputer System generations 2 and 3

T
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B Pressure Distribution and Aerodynamic Characteristics
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B Longitudinal 3DoF Flight Simulation
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3.3 Highly Maneuverable Supersonic Airfoil "
W Multi-Objective Optimization e ko o e ey £ e
by Multi-Fidelity EGO S0z it Hamaton Symposiim onAeespacs
EGO Algorithm
® Supersonic Airfoil Optimization :
by Expansion/Compression Ootimizer
Waves Adjustment P
Gene
4 {:_\.C. (Agrgﬂ;;namic Center) Airfoil
orwar ifting Geormet
i . : ry
v' Maximizes Lift to Drag Ratio Few
sample| Surrogate
® EGO (Efficient Global CFD or Model
Optimization) Algorithm Panel Method Objective
Feedback
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B Definition of Airfoil o
Shape edge Various Airfoil

L.E s &’/z\\//)
(Fixed) (Fixed) i
Control Point(upper) <\’/>
® Control Point(lower)
® CFD Solver CFD Analysis Parameter
Software FaSTAR
Meshing Construct 2D(O-Grid)
Governing Equation Navier-Stokes Equation
Turbulence Model SA-noft2

Analysis AoA 0~20 deg. 4 step
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B Optimization Results (1/x)
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B Optimization Results (2/3)
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B Optimization Results (3/3) -
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3.4 Multi-disciplinary Design Optimization (MDO)
B Gradient-based Optimization

Fujikawa, T., et. al. “Application of Multidisciplinary Design Optimization to the Development of an Unmanned
Suborbital Spaceplane by Industry-Government-Academia Collaboration,” IAC-22-D2.7.9,x71209, Sep. 21st, 2022.
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B Aerodynamic Characterlstlcs Estimation by Multi-fidelity

Method
Cbaseline(M: a) + EZ (x, M)az + El(x: M)a + Eo(x, M)

Cmod (X, M ’ C()
Aero coefficient of

Aero coefficient of

modified shape or baseline shape from

mated vehicle wind-tunnel test
Aerodynamic analysis using panel method is applied to

x © Vehicle design variables

M : Mach number

a : Angle of attack ‘
C,,C4,C, are constructed

Modification
(quadratic function of «)

300 different shapes before optimization

Cp M3.0, a=10deg Cp
05

MO0.3, a=10 deg

Panel methods

Subsonic ! Linear potential flow theory
with compressibility correction

Supersonic : Modified Newtonian for windward
Prandtl-Meyer expansion for leeward
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B Flight Profile of “FuJin” (Science Experiment)
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| MDO ReSUItS Satellite-launch vehicle| Science-experiment vehicle Space-tourism vehicle
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v e e e ww v e s e e e N
Initial mass 54 t 48 t 36t
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3.5 Differential-Pressure Type FADS (Flush Air Data
Sensing) System with Two-stage Reference Pressure
Chamber

B Pressure Ports (1/3)

Tsunoda, T., et. al. “Differential-Pressure Type
Flush Air Data Sensing System with Two-Stage
Reference Pressure Chamber,” The 2022 Asia-

ery : r Front View View A-A
Pacific International Symposium on Aerospace
Technology, Oct. 12-14, 2022. @® Air Data Pressure Ports 9 Ports
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B Pressure Ports (2/3)
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B Pressure Ports (3/3) e
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FADS Manufactured by 3D Printing
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B CFD Analysis of Reference
Pressure Chamber

CFD analysis conditions.
Reference pressure

Solver p Simple Foam measurement points :
Turbulence Model RANS (k — g)
Pressure-velocity Coupling SIMPLE method
Method
Kinematic Viscosity 2 5
Coefficient v [m”/s] 1.0x10
Density p [kg/m?3] 1.25
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SERSITY
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e e—
B Air Data Estimation Algorithm
Differential pressure at each port, Ap;
P—D Reference-chamber pressure, p™
v

—— = &(a, B, M) sin? 0 + cos? 6

P
b

o

R

q I Construction of absolute pressure at each port, p; = Ap; +p™
& : Calibration Coefficient | Estimation of angle of attack, a,, from p; ‘
¥

| Estimation of sideslip angle, S., from p; and a, ‘

Ref. Whitmore, S. A., Cobleigh, B. R. and
Hearing, E. A., Design and Calibration of Estimation of Mach number, M, static pressure, p,,, and
the X-33 Flush Airdata Sensing (FADS) compressive dynamic pressure, q., from p;, a,, and ,
System, NASA/TM-1998-206540, 1998. ¥

Correction of aerodynamic attitudes,

a=a,—da(a,), . B =B —0B(Be)

Establishment of health-monitoring flags, fi and fiow ‘

¥
OUtpUt: a, ﬁv M, Poorqcs ffail and flow
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B Nominal Flight Profile and Pressure Error Model

oKY0y,
Iy =0
8
)
A
SONFT6>

— 300 =08
£ 20 506
3 £ 04
%;IOO/V\ ;0:/\/\
< % w0 s 1oo§ % 3 s 75 10
- Tm:e[s] ’ . ) Tlu:e[s] i Item Value

o 1 APTA APT B DPT
:_/\ " Range  [kPa] [0, 30] [0, 120] [-10, 10]
<20 2 o

¢ = Tmff[sl mOIWE 0 B T"jf[s] 7 1 Full scale [kPa] 30 120 20
: 3 2 (FS)

A _ZM Error (30) [Pa] 30 (=0.1%FS) 120 (=0.1%FS) 20 (=0.1%FS)

5-10 e -
s Pl R ATP :Absolute Pressure Tube
S DPT : Differential Pressure Tube
'Z;ASO 25 50 5 100
Time [s]
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B FADS Error Analysis
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3.6 Thermo-fluid Analysis of High Pressure Gas Tank
B Experimental Winged Rocket WIRES#015

Deceleration

Avionics LOX Tank Chute

Flush-type
Air Data
Sensing System
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N
B High Pressure Gas Behavior at Exhaust/Adiabatic Expansion
Temperature |§  Velocity Temperature Velocity
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3.7 Release Behavior of Deceleration Chute in Wake

Vortex
B Parachute System Deployment Test of Experimental Winged

Rocket WIRES#015 —

; S0y,
L)
)

e

Parachute System Deployment Test
(December 15, 2021)
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B Kinematic Model of Deceleration Chute (1/2)

A

. s ~ 3 .\_ J ‘/ 74 .1’ ‘ :r ~ -
\;‘:v\ ploymentBagof -

> Deceleration Chite = -
.u - -

-
-

-
O -
-

- - - ———

«
4 '
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B Kinematic Model of Deceleration Chute (2/2)
d*r
mc dtzc =F.+F,c—mg G
d*r
m, dtzr =F.+Fy—m.g (32) > X
Fre=—F¢ 33
r, =21, 4
L =Irl (3.5)
m, = ul, (3.6)
dZ
(mc + %) dtrzc =F,+F,—(m,+m,)g (3.7) Kinematic Model
m., M, : mass of chute and riser F., F,  :force of chute and riser
Tc,Tr : position of chute and riser Fre,Fer - internal forces
9 : gravity acceleration
L, : riser length
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L 3
B Deceleration Chute Behavior Simulation Result
Vbw, Vbw, M vpy
0.15 51
1000 1000 01 34
500 |f 500 0.05 17
—_ — \_\
E E
E o E o ’ 0 0
N N ,
500 -500 . -0.05 -17
1000 -1000 -0.1 -34
3500 4000 4500 00 5500 6000 6500 7000 7500 3500 4000 4500 5000 5500 6000 6500 7000 7560 -0.15 -51
x[mm] x[mm]

Trajectory of Deceleration Chute in Wake Vortex
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3.8 Landing Impact Mitigation Airbag with Multi-vent Holes
B Airbag Ventilation Mechanism

-,

oy,

o)

SR

Deceleration i i 2. All Vent Holes
Chute Bod 1. \sltta:t Holes Close in Multiple Close
Deployment p

[ 3

o

]

3

~ 7
Release
Deceleration
Ground
Ventilation
—_ Regulated Termination
[T Ventilation
-]
3 Multiple
) - v Ventilation to
3 e Q Mitigate Landing
. o Impact
= E
3-Rings
Separation Times [s]
\ Deployment, System
- =
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B Equations of Motion (1/3)

® Vehicle Equation of Motion: (P—Py)S
d
—Mg + (P - Pa)SMd—': =—-Mg+(P-P)S (1) | |

o0y,
3
p Q
N1

. . . Mg
® Gas Differential Equation: o=
PV = mRT (2) Ventilation
dpP Pdv RT dm mR dT 2
— =t =+ —— (3) | |
dt V dt V dt V dt
i i i . P: Airbag Pressure P,: Exit Pressure
® Gas Adiabatic Exp anls fon: S: Airbag Cross Section H,: Exit Entropy
dU = —-PdV +dH, + = deE (4) P.,: Atmospheric Pressure T,: Exit Temperature
2 Area p.: Exit Gas Density
vadT + dvaT (5) V: Gas Volume S.: ExitArea
_ 1 2 m: Gas Mass U.: Exit Velocity
= —PdV + dmeTe + 2 dee T: Gas Temperature M,: Exit Mach No.
1 1 m C,: Specific Heat a.: Exit Gas Sonic Velocity
dr —PSv(k—1)+ {(KTe —T)R+ 5 (k — 1)Ue}m (Volume Const)
e C,: Specific Heat
dt mR (Volume Const)
(6)
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N
B Equations of Motion (2/3)
® Gas Ventilation Equation: (P—Py)S
dm
P eSelUe (7) | |
. . . M
® Compressible Bernoulli Equations: 9
P q o=
Pe =P, (8) Ventilation
) | |
. 2 P\
Me - k-1 [( P e) 1] (9) P: Airbag Pressure P,: Exit Pressure
S: Airbag Cross Section H,: Exit Entropy
1 P,,: Atmospheric Pressure T,: Exit Temperature
Kk—1 2 2 \k-1 Area pe: Exit Gas Density
pe = P (1 + TMe) (10) V: Gas Volume Se: ExitArea
m: Gas Mass U,: Exit Velocity
P, T: Gas Temperature M,: Exit Mach No.
a e = K— ( 11 ) C,: Specific Heat a,: Exit Gas Sonic Velocity
Pe (Volume Const)
C,: Specific Heat
Ue = a, Me (1 2) ' (Volume Const)
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B Test Stand

1280mm

3600mm
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Linear Guide

55% FDC/415 ANSS [ # 7 F — ERNAN—R FL — > DER I EM R R IREEEI= D1 T @ﬁ
T N
B Equations of Motion (3/3)
® Choke Condition M, > 1; (P—Pg)$
| |
M, =1 13 Mg
e . ( ) (D:>
2 \x—1 14 Ventilation
p.=P(%)
e K+1 (14) | |
1
2 k-1
p e = p (—)K 1 (1 5) P: Airbag Pressure P,: Exit Pressure
K+1 S: Airbag Cross Section H,: Exit Entropy
P P.,: Atmospheric Pressure T,: Exit Temperature
a, = |k=£ ( 1 6) Area pe: Exit Gas Density
e Pe V: Gas Volume S.: Exit Area
m: Gas Mass U,: Exit Velocity
U, =a ( 1 7) T: Gas Temperature M,: Exit Mach No.
e e C,: Specific Heat a.: Exit Gas Sonic Velocity
(Volume Const)
C,: Specific Heat
(Volume Const)
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B Drop Test

W %252 kgf

SPACE J/WALKER 71

55t FDC/41t ANSS [ HT7F —ERIRN—X 7L — > DEF R LR EE DT/

Thanks
for Your attention |

Y, g
P~
&

= 4
'

,r,ﬁ

1 = “I_-'..I
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Figure 10 Numerical solution on wing surface ( Ma =084, Re =10, a=-1"). -
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Y. Takakura, “Direct-expansion Forms of ADER Schemes for Conservation Laws and Their Verification,”
J. Comput. Phys., Vol.219, Issue 2, pp.855-878, 2006.
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Fig. 4. Case of convex flux flg) = (1/a)¢" (a: even number).
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Fig. 6. Wave formation on convex flux f{g) = (1/2)¢*> (ADER5-D; 320 cells).
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Fig. 15. Wave formation on non-convex flux f{g) = qz/(q2 +a(l — q)z) (ADER1 and ADERS5-D; 40 cells).
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Fig. 11. Wave formation on non-convex flux f(q) = (I/S)cf (ADERS5-D; 240 cells).
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(b) Case of expansion-shock-expansion.
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for Conservation Laws and Their Verification,” 20
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Fig. 3. Wave propagation on linear flux (320 cells).
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Sawaguchi, T. and Takakura, Y.,”"Reduction of Aerodynamically Undesirable Influences Due to Engine Cooling Flow in Road Vehicle,”
Joumal of Flow Control, Measurement & Visualization, vol. 8, pp.1-24, 2020.  https://doi.org/10.4236/fcmv.2020.81001
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High-fidelity transonic
buffet instabilities

* Transonic buffet is an aerodynamic instability that
limits the flight envelope of aircraft.

* Depending on configuration, known to consist of:

a) A 2D shock-oscillation mode.
b) A 3D ‘buffet cell’ span wise modulation mode.

* Most computational studies are limited to low-fidelity
(RANS)-based methods.

¢ High-fidelity (ILES/DNS) are very expensive, typically
limited to narrow domains (Span ~ 5% chord length ~
0.05 aspect ratio).

* Therefore, only suitable for studying the 2D shock
oscillations.

* In this work, we apply ILES to wider spans up to
AR=3, to search for 3D effects.

a) 2D shock oscillation instability: OpenSBLI multi-block simulation of transonic
buffet on infinite (span-periodic) OAT15A wing segment, on 100 V100 GPUs on
the JSS3 supercomputer.

Flow

waion

Buffet
Cells

~
(Extruded) ™.
Aerofoil Chord

b) 3D buffet cell instability: [CFD: Sansica A., Hashimoto A. AIAA-J, 61(10) 2023];

o
& 55
3 ¥
2 &
7 S h
oy ”éQ 4
s" / QQ /
S S
€ A o
° ? Y
S 4
Vi .
v
5 &

3 EXP: Koike et al, AIAA Aviation, 2016; Sugioka et al, Exp. In Fluids, 2018]

High-fidelity transonic
buffet instabilities

* Transonic buffet is an aerodynamic instability that
limits the flight envelope of aircraft.

* Depending on configuration, known to consist of:

a) A 2D shock-oscillation mode.
b) A 3D ‘buffet cell’ span wise modulation mode.

* Most computational studies are limited to low-fidelity
(RANS)-based methods.

¢ High-fidelity (ILES/DNS) are very expensive, typically
limited to narrow domains (Span ~ 5% chord length ~
0.05 aspect ratio).

* Therefore, only suitable for studying the 2D shock
oscillations.

* In this work, we apply ILES to wider spans up to
AR=3, to search for 3D effects.

Extruded wings comparison

Existing high-fidelity § -
buffet studies: Only
2D shock instability

AR ~ 0.05 - 0.065 b

Current study:

3D buffet cell
instability
AR=1, AR=2

Aspect Ratio: AR=W /¢
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Open questions and NP

= t d = Buffet @w‘ A Qéc& /l//
previous studies b & A
Dy 7
3D ‘buffet cell’ span wise modulation A %f
5 &
* Previous studies: (Exmded;" ¥ %

Aerofoil Chord
¢ 3D instability is superimposed over

the 2D shock-oscillation. 3D buffet cell instability: [CFD: Sansica A., Hashimoto A. AIAA-J, 61(10) 2023];
EXP: Koike et al, AIAA Aviation, 2016; Sugioka et al, Exp. In Fluids, 2018]

* 3D instability is dominant for
realistic configurations (finite-wings).

* Buffet cells convect with sweep Plante et al, JEM (2021)
angle. [
) ) . lovnovich and Raveh, AIAA-J (2015) ]‘ ‘
* Q: Can we identify 3D effects in the os
absence of sweep (+ infinite a [ A Figure 4.3 — Surface pressure coefficient and skin friction lines of 3-D steady solution with
= 2 030035 0 042020 0% 060 065 070 075 224 (left) and 112 (right) spanwise grid cells (NACA4412, M = 0.2, Re = 350000, a = 15°,
ng)- R §=0° L, = 6).

* Lack of high-fidelity literature for
3D buffet.

jwa m ey W

() 5=0°.

* Buffet cells / stall cells share similar
features - Are they the same
phenomena at different flow

e 2 Fig. 26 U rf: i infinit
conditions? configuration, b/c = 12, and A = 25 deg nominal buffet conditions,

e

(b) 6 = 30° (right 112 spanwise grid cells, left 168 spanwise grid cells).

Figure 4.7 — Instantaneous surface pressure coefficient and skin friction lines for URANS
simulations of infinite swept wings with two sweep angles (OALT25, M = 0.7352, Re =
5 3x 105 a=4° L, =6).

OpenSBLI Python-based code-generation

High-level problem specification via symbolic algebra

* OpenSBLlI is a Python-based code- - 1
generation framework for compressible et B el
CFD using finite-differences [1]. T o Pl

stress_tensor
heat_flux = "Eq(q_j, (-mu/((g

¢ Users specify the equations to solve and
simulation options in Python. ok HAL33, 1

boundaries [direction] [side] - IsothermalWallBC(direction, 0, wall_eqgns)

TraditionalAlgorithmRK(block)

¢ Symbolic algebra (SymPy) is converted
into a complete ILES/DNS CFD solver in
C/C++ code.

alg
0PsC(alg)

Generate a
. Transl: E:
* The OPS DSL enables parallel execution on C code from parjfe?t;tdz Clommsitl (ke . ze;lj:;et
many platforms (MPI/OpenMP/CUDA/...). Python with e parallel code -
OpenSBLI WI architecture

* Developed 2016-2021 (University of
Southampton), during my PhD [1].
[1] D.J. Lusher, S.P. Jammy, N.D. Sandham. OpenSBLI: Automated code-
H generation for heterogeneous computing architectures applied to compressible
¢ New development at JAXA’ JSPS prOJect fluid dynamics on structured grids. Computer Physics Communications (2021).
(2022-2023) - next release & paper.

6
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Oxford Parallel Structured (OPS) DSL

i il OP-DSL

Automatic parallelisation for multi-block structured mesh applications

* OpenSBLI/OPS collaboration.

* The OPS library uses source-to-source
code translation for structured mesh
applications.

* OpenSBLI code written in the OPS API can
be automatically parallelised.

* Supports C/C++/Fortran, to generate:
MPI/OpenMP/CUDA/OpenCL/OpenACC/HIP

* JSS3 TOKI-RURI & NASA Cluster (Nvidia
GPUs) -> CUDA+MPI+GPUDIRECT.

* JSS3 TOKI-SORA & Fugaku (A64FX CPUs)
-> Hybrid MPI+OpenMP.

G. Mudalige, |. Reguly, M.Giles.

https://op-dsl.github.io/

I. Z. Reguly, G. R. Mudalige and M. B. Giles, Loop Tiling in Large-Scale

Stencil Codes at Run-Time with OPS, in IEEE Transactions on Parallel

and Distributed Systems, vol. 29, no. 4, pp. 873-886, 1 April 2018, doi:
10.1109/TPDS.2017.2778161.

ange64(] = {-3, ,
opensbliblock@@Kernel064,

Parallel loop structure Body of the function being called

benpd + 4, -3, bonpl + 4, -3, bonp2 + 4};
ations evaluatiol
, stencil_
, stencil
, stencil_o_ol
, stencil_

, rangesa,

, stencil o,

Summary of OpenSBLI
numerical methods

Central + WENO shock-capturing

* Non-dissipative (central) schemes for high-
resolution of turbulence and wave
propagation.

¢ Convective terms written in cubic-split form to
improve numerical stability.

¢ 5th order WENO-based shock-capturing is
applied only at shockwaves.

¢ Dispersion-Relation-Preserving (DRP) filters
are used in the freestream.

¢ Explicit 4th order low-storage Runge-Kutta
time-stepping.

[1] G. Coppola et al. Journal of Computational Physics (2019).

[2] H. Yee et al. Computers & Fluids (2018).

dup

Opup  Opuyp
ax " ox

Opp
+/3(“a—x+P Bx

Opu

* *"a—x>
Op ou dp

+(1—a—2p8) (pua + PP o + u<p5>

Cubic split-form of convective derivative operators for the compressible Naiver-Stokes equations [1]

i2 i1 i ‘ i+l i+2 i+3

| Ut = Ut — Atls (F)

ik

1 ] =%
Le(F)iju= Ax [Fj-(-l/2,k - Fj—1/2,k] +..

Application of non-linear shock-capturing

Staggered 5th order WENO shock-capturing stencil at the end of a full time-step [2]

Cross-validation of OpenSBLI to the
FaSTAR code for supersonic
cylinder flows.

Solver:
FaSTAR
OpenSBLI

Sansica, A, Lusher, D., Hashimoto,
A. Mach Evolution of the Cylinder 0
Wake Flow Bifurcations.

The 34th International Symposium
on Shockwaves (ISSW34, South
Korea 2023)

8 5
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U pe n S B EI : ] \p pl Icatl O ns Ede shocklets in turbul/ent counter-flows [3].
B e J

Compressible turbulence and shockwave/boundary-layer interactions

* Previous applications include
compressible turbulence[2],
3D shockwave/boundary-layer
interactions, shock-trains.

* Now extended to multi-block for

aerofoil and cylinder problems . _ _ s -0 250D madal decomposition,,, .
(bottom, right). < ‘ g il A _ i
¢ Successful Fugaku FY2023 S A i T
Junior Researcher project : el L
completed. e b e

2
0 2

et M LT
-1 S 2 0.2 By 24 02

[1] A. Gillespie, N.D. Sandham. Shock Train
Response to High-Frequency Backpressure
Forcing. AIAA Journal 60 (6), 3736-3748
[2] D.J. Lusher, N.D. Sandham. Assessment of
Low-Dissipative Shock-Capturing Schemes for
the Compressible Taylor-Green Vortex. AIAA
Journal (2021).

Vorticity
[3] A. Hamzehloo, D.J. Lusher, S. Laizet, N.D.
Sandham. Direct numerical simulation of
compressible turbulence in a counter-flow

3
2
1
se> 11 L
=L
channel configuration. Physical Review Fluids

6 (9), 094603 Turbulent transonic shock buffeg (NASA CRM) -

OpenSBLI: Recent validations

Cylinder and Airfoil validations in new OpenSBLI

release T

* Low Reynold_s nqmber Without SFD
(Re=100) validations > oo
against literature [1,2].

* Circular cylinder flows -
with Selective B

log|vr - vi(t

Frequency Damping ooral| 7
(SFD). 0 100 200 300 400 1072 10;‘reque:2: 10!

I‘E‘% #®  Giannetti and Luchini (JFM, 2007) E ]
. ? e OpensBLI *
* SFD demonstration ! S
. . 4 3
z With SFD
with code and meshin & = &
the release. R T
epmolds
® * o2 ¥
gms [ . g0 4 ¥
[1] F. Giannetti, et al. Journal of Fluid Mechanics ~ £** o oz s
581 (2007). %"“‘4 = ;D.Dﬁ i
Ho1s % “x Barkley and Henderson (JFM, 1996) oY % Giannetti and Luchini (JFM, 2007)
[2] D. Barkley, et al, Journal of Fluid Mechanics fer L% Operctll Sk $ Cpensitl
60 70 80 100 50 60 70 80 90 100
(1996). Reynolds Reynolds
10
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OpenSBLI: Recent validations

Cylinder and Airfoil validations in new OpenSBLI

release w 08

* Low Reynolds number
(Re=10,000) pr
validations against ooff
DNS data [1,2]. ° o2 B

* NACAO0012 airfoil. |

* Open geometry can

H H (b) 0.08
be contained in the
Code release. 006 ‘ :Zz ~— 10% of the data collection petiod
) > 0.000
. . . —-0.001
* Airfoil demonstration e
with code and mesh T
107® 4 —— Reference, Jones (2008)
1| = OpensBLI
10
[1] L. E. Jones, Ph.D. thesis, University 0.001 g 10
of Southampton (2008). An ¢
[2] L. E. Jones, Journal of Fluid b

Mechanics (2008). " 10 10° 10

Frequency

OpenSBLI: Large-scale HPC on JAXA JSS3 GPUs

Using JSS3/Fugaku to generate high-quality DNS databases to improve RANS models at JAXA

* DNS of supersonic turbulence, mixed
isothermal/adiabatic wall conditions within the same
problem configuration [1].

(JAXA): Dr. David J. Lusher, Dr. Andrea Sansica, Dr.
Atsushi Hashimoto, Dr. Hiroyuki Abe.

(NASA): Dr. Gary Coleman, (Boeing/Retired) Dr. Philippe
Spalart.

Generation of high-quality (thermally balanced) DNS
databases of turbulent quantities.

* OpenSBLI DNS on JSS3 GPUs allows us to: ! ~ S - = - 4
¢ Validate lower-fidelity methods and boundary- - .
conditions used in FaSTAR. A - v, Vi
¢ Improved understanding of terms such as the turbulent uvelocly
Prandtl number. 2 4 6 8 10 12 14 16 18 20 22 24
R S e S
Time: 0.012500

* Applied for FY2024 Fugaku Junior Researcher Project.

[1] DJ Lusher, GN Coleman. Numerical Study of Compressible Wall-Bounded
Turbulence—the Effect of Thermal Wall Conditions on the Turbulent Prandtl Number in
the Low-Supersonic Regime. International Journal of Computational Fluid
Dynamics, 1-19, (2023)

Temperature

[2] D.J. Lusher, G.N. Coleman. Numerical Study of the Turbulent Prandtl 1 15 2 25 3 35
Number in Supersonic Plane-Channel Flow — the Effect of Thermal Boundary — L | —
Conditions. NASA Technical Memorandum, 10483 (2022).
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Computational setup

Multi-block mesh and flow parameters

* OpenSBLI was validated for buffet against literature
for Dassault Aviation V2C airfoil [1].

¢ Using 3-block structured C-Mesh (Nx, Ny) plane
points: (701,681), (2249,681), (701,681).

¢ Uniformly extruded in the span: 50-75 points per
0.05c width ~ 2.5 - 7.5 billion mesh points.

* Narrow (0.05c) cases are extruded to generate
restart conditions for wide-span (1c - 2c) cases.

* Flow conditions:
* Moderate Reynolds number: 500,000.
* Baseline Freestream Mach: 0.72.
* AOA: 4 to 8 degrees.

* Zero sweep angle: Q: Can we observe 3D effects
without any imposed cross-flow?

* Turbulent buffet: wall tripped at 0.1c chord.

sin kiz
0.05¢

(x - xt)z
202

3
,ou,,|n=0 = Z Aexp (— ) sin (w;t + @;)
i=1

© " @

0.008
-10

0.006f\ |
0.004

S o002

0.000

-0.002

-0.004

06 08 1o

CL/Cp C. Cp
2097 076 0.036 0.0037 0.032
17.66 (-15.8%) 0.61 (-16.0%) 0034 (-5.5%) 0.0034 (-8.1%)  0.031 (-3.1%)
2136 (+18%) 0.76 (£ 0.0%) 0.035 (2.8%) 0.0037 (x 0.0%) 0.032 (= 0.0%) |

Cp,f Cp,p

Zauner et al [46]
OpenSBLI (Uniform filter)
I OpenSBLI (Targeted filter)

[1] Lusher D., et al. Automatic Code-Generation to Enable High-Fidelity
Simulations of Multi-Block Airfoils on GPUs. AIAA SciTech 2023.

0.4
Example NASA-
02 CRM segment -
2D mesh
> 00 configuration with
3 blocks.
-02 )
(Plotting every 7th
line for clarity)
-0.4
-06 ]
00 02 04 06 08 1.0 12 14 16

Narrow Domain: AoA Study

Time histories of surface skin-friction

2D (shock oscillation) buffet
onset conditions are
investigated with 3D
simulations at AR=0.05.

Range of: 4-8 degrees AoA.

Time history (x-t) plot of
surface skin-friction.

AoA = 4 (pre-onset): fixed
shock location.

AoA = 5 (buffet onset): shock
oscillates on the suction side

Trip location

R
nononou

100

0.012

0.009

0.006

0.003

-
0.000 3
-0.003
-0.006
-0.009

-0.012

0.2 0.4 0.6

z

AoA = 5 (buffet post-onset)

08

AoA = 4 (pre-onset)

x-t diagram of surface skin friction
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Extrusion to wide-span: AR1
Wide-span buffet effects no longer purely 2D
* AR=1 case, M=0.72, AoA: 6 degrees.

¢ 2.5 billion mesh points at AR=1

¢ At AR=1: the flow is no longer strictly 2D across
the span.

* Large 3D separation bubbles occur, during
low-lift phases.

¢ Sectional plots across the span (bottom) show
the lack of span homogeneity.

* Seem to be linked to the point of maximum Near surface: High-lift buffet phase (2D)

flow separation (low-lift).

14

Time: 52.500000

(a) 20%

0%
60%
0%

20%
40%
60%
80%

1.8e+00

-
T &
Mach

l 0.0e+00

Near surface: Low-lift buffet phase (3D effects)

Time: 45.500000

Mach

0.4 0.6 0.8 10

Extrusion to wide-span: AR1, AoA:

§lide-span buffet effects no longer purely 2D
* AR=1 case, M=0.72, AoA: 8 degrees.

* At AR=1: the flow is no longer strictly 2D across the span.
¢ Large 3D separation bubbles occur, during low-lift phases.

¢ Seem to be linked to the point of maximum flow separation
(low-lift).

¢ Curvature of the shock front (no longer 2D planar shock)

Time: 75.500450
2.2e+00

1.5

1

Mach

—05
l 0.0e+00
8.9¢-01

05

o
rhou2

Time: 63.750000

-7.1e-01

0.5 1 1.5 21e+00

Time: 75 500000

This document is provided by JAXA.



BEB5IIHEIR ) PR = BB AL A T BB S =2 L — S a s BT AR D AR SR 115

OpenSBLI (ILES) vs FaSTAR

W?AN'S}] Steady RANS + Unsteady RANS (Cp distributions)
alidation of (2D) buffet (@) =20 () 20
frequency p -15
N 775, 9 -10 -1.0
’ W i) 1% 77 ! 1 -0.5
R (7 S
0.0
0.5
—— FaSTAR (Steady-RANS): @ =5"
1.0 —— FaSTAR (Steady-RANS): a = 4" 10 —— OpenSBLI (ILES): a=5"
—— OpenSBLI (ILES): a=4" —— FaSTAR (URANS): a=5"
-0.4 15 y 15
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
06 X X

x' ’ Very good agreement at moderate AoA - Despite many differences between
ILES/URANS, grid etc
Example NASA-CRM mesh. (Plotting

every 5th line for clarity) Unsteady RANS (CL, CD histories and PSD comparison) - AoA = 5
(a) 120 - - (b)0-080 - - (c) 103 T - T
—— OpenSBLI (ILES): AR=1 —— FaSTAR (URANS): AR =1 —— OpenSBLI (ILES): AR =1 —— FaSTAR (URANS): AR =1 —— OpenSBLI (ILES): AR =1
1154 --- & =1.00 ——- =102 0.075 4 ~-- To=0.0587 - T5=0.0501 10-6 —— FaSTAR (URANS): AR=1

-

1.10 0.070 ‘ 109
VNV ENYIE:
PP e A Y A O W\ @m\ /\ g
SVYIVY Sy vy
0.90 0.050 10-21

0.85 0.045 102

0.80 0.040 T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 102 1071 10t 10? 10°

t—to t—to s

3D buffet effects at AR=2 & URANS comparison FaSTAR (URANS) - Andrea-san
AoA =
* Similar behaviour 9penSBLI: AOA =
observed at AR=2 e 0
and AcA =7
degrees.

* However, now
multiple large
intermittent 3D
separation bubbles
develop across the T T TIT
span. -

* Persistent across
multiple buffet cycles
and strongest
during low-lift
buffet phases.

08060402 0 02040608 1 1214 16 18 2
i il

This document is provided by JAXA.
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D.). Lusher*, A. Sansica, A. Hashimoto - Japan Aerospace Exploration Agency (JAXA)
3D turbulent transonic buffet on wide-span aerofoils in the OpenSBLI code on multi-GPUs

HASHERS

Japan Society for the Promotion of Science

1.04 —— Aspect Ratio = 2.00 : Angle of attack = 7° || This high-fidelity simulation investigates
. | the intermittent nature of
/| 3D transonic buffet on wide-span wings

Lift-Coefficient

30 40 50 60 700 80 90 100 Computed on 120 Nvidia V100 GPUs
Time on the JAXA JSS3 Supercomputer

Top-Down View

| —

———
-1 -0.5 0 0.5 1 15 2
Streamwise velocity

Conclusions &

Smmerve 3D buffet effects for infinite (periodic) wings with zero sweep? - Yes, at sufficiently wide
aspect ratios.

* World first high-fidelity 3D wide-span turbulent transonic buffet simulations were performed on JSS3 GPU
nodes, for NASA-CRM extruded wings at Re = 500,000 and Mach 0.72.

* Large simulations on N > 10*9 mesh points.
* Parametric study showed 2D shock oscillation buffet onset occurs between 4-5 degrees AoA at AR=0.05.

* At wide-span (AR=1,2,3), large 3D separation bubbles form during low-lift phases, these cannot be
captured by narrow-span simulations.

* They lead to span-wise inhomogeneous curvature of the main shockwave.
* We show that narrow span simulations are not sufficient to fully capture buffet phenomenon.

* Outlook: Applying Modal Decomposition Methods (SPOD/DMD), publishing results.

Contact: lusher.david@)jaxa.jp. More information on the OpenSBLI code (https:/github.com/opensbli/opensbli): D.J. Lusher, S.P.
Jammy, N.D. Sandham. OpenSBLI: Automated code-generation for heterogeneous computing architectures applied to
compressible fluid dynamics on structured grids. Computer Physics Communications (2021).

JAPAN SOCIETY FOR THE PROMOTION OF SCIENCE

This work is funded by a JSPS postdoctoral fellowship and JSPS KAKENHI Grant: 22F2205. Computational time was provided by DDA i N\
the JAXA JSS3 supercomputing facility and associated support staff, and the Fugaku supercomputer at RIKEN on projects E ZR %’ﬁ;&-ﬁ ray

hp220195, hp220226. 20

This document is provided by JAXA.
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Thank you - Questions?
Aspect ratio AR=3, AcA =6

Time: 159.50

T — I
-0.8 0 0.8 1.6
Streamwise velocity
Contact: lusher.david@jaxa.jp. More information on the OpenSBLI code (https://github.com/opensbli/opensbli): D.J. Lusher, S.P.

Jammy, N.D. Sandham. OpenSBLI: Automated code-generation for heterogeneous computing architectures applied to
compressible fluid dynamics on structured grids. Computer Physics Communications (2021).

This work is funded by a JSPS postdoctoral fellowship and JSPS KAKENHI Grant: 22F2205. Computational time was provided by
the JAXA JSS3 supercomputing facility and associated support staff, and the Fugaku supercomputer at RIKEN on projects
hp220195, hp220226. 21

JAPAN SOCIETY FOR THE PROMOTION OF SCIENCE

HARFHTIRE S

Extra

22

This document is provided by JAXA.


https://github.com/opensbli/opensbli

118 FHAIZERTTEB SRR 5B JAXA-SP-23-009

Extrusion to wide_span: initial Alternating white noise patches added to restart file (once)
condition

Avoiding long expensive transients

* Due to span wise periodic
boundary condition, wide-span
simulations can be initialised
with the fully developed
narrow-domain flow-fields.

0.0 0.5 ] 1.5
* 0.05c profile is repeated across Time = 23.5000 z \
the span 20-60 (AR1-AR3)
times.

* White noise is added to the
boundary-layer once into the
restart file to help break

symmetry quickly.
* No long wavelengths are forced, op e x5
large 3D effects develop Time = 31.8000 z
natu I‘a||y. Three-dimensional (3D) turbulence develops
Influence of forcing amplitude - IUTAM 2024 Laminar buffet (V2C) profile, un-tripped.
* Plan to submit e oy b
work to IUTAM I ?
2024 conference. Mo M e A oovc

1

* Varying the ‘ﬁ K A’NAVA%
strength of the G'V V V vv V V\

-

©

tripping on buffet °
cases. I [erers

— A=5.0x10"?

— A=7.5x10"2 (Hi

— A=1.0x10" (Very High) : , =0.984 Turbulent buffet (NASA-CRM) profile, tripped

* For weaker cases, > - - pn I (blue line).

the flow becomes e

transitional. (@ oo
* Would like to

understand the oo

point of switching "~ °™ o

between laminar I

and turbu'ent :::: Pressure Side Eziiszxiiﬁ)\,m. Suction Side

buffet. ' k- = |
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Influence of forcing amplitude

L 15 — A=25x10"2 (Low) @
: —— A=5.0x 1072 (Medium)
—— A=7.5x1072 (High) 10-°
-1.0 —— A=1.0x10"! (Very High)
1077
-0.5 _
G
a Sh
() g 107
0.0 a
107
05 —— A=2.5x1072 (Low)
—— A=5.0x1072 (Medium)
10713 -2
1.0 —— A=7.5x102 (High)
—— A=1.0x10"! (Very High)
0.0 0.2 0.4 0.6 0.8 10 To-t 100 To!
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Elements of Modern Computing
Hardware for Computational Fluid
Dynamics

F.D. Witherden

Department of Ocean Engineering
Texas A&M University

Introduction

This document is provided by JAXA.
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Introduction

» Computational fluid dynamics (CFD) is the
bedrock of several high-tech industries.

Introduction

* However, over the last decade—on a cost basis—the
performance of many industrial CFD codes has plateaued.

* In this presentation we will investigate the root cause of
this and review alternative coding paradigms and hardware
that can get solver performance back on track.

This document is provided by JAXA.
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Introduction How a CPU  The Memory Cache Blocking GPUs Conclusion
Works Wall

How a CPU Works

» CPUs perform work by executing a series of simple
instructions.

* These instructions manipulate data stored in registers.

* A register is a small region of ultra-fast memory located on
the chip itself.

This document is provided by JAXA.
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How a CPU Works

* The data itself can be broken up into two categories:

42 3.14159
-1912 -0.88
Integers Floating point numbers
(32- or 64-bit) (32- or 64-bit)

How a CPU Works

* The rate at which a processor can execute instructions is
determined by its clock speed.

* This is usually somewhere between 2 and 5 GHz.

* We remark here that power consumption scales with
approximately the cube of the clock speed.

This document is provided by JAXA.
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How a CPU Works

* This relationship places practical limits on how high a chip
can be clocked and still be power efficient.

e The solution here is to increase the amount of work we do
per clock cycle.

How a CPU Works

* One issue is that many instructions, especially those
operating on floating point data, take multiple cycles to
return a result.

* A solution to this is pipelining which enables a new

instruction to start execution before the current one has
finished.

This document is provided by JAXA.
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How a CPU Works

 Consider evaluatingf=a+ b+ c+d as:

add f, a, b
add f, f, c
add f, f, d

* Now, let us assume add takes two cycles to complete:

. . 6 cycles total

How a CPU Works

* As our code is currently structured it does not matter if our
processor is pipelined or not: execution will always take 6
cycles.

» However, this can be resolved by rearranging our
operations.

This document is provided by JAXA.
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How a CPU Works

s Letstry f=(a+ b)+ (c +d) as:

add f, a, b
add t, ¢, d
add f, f, t

* Again assuming add takes two cycles to complete:

Without pipelining: .

With pipelining: .

6 cycles total

5 cycles total

How a CPU Works

» Going beyond pipelining another a second strategy is that
of superscalar execution.

 Here, we duplicate functional units enabling us to execute

multiple independent instructions per cycle.

This document is provided by JAXA.
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How a CPU Works

* If our processor can simultaneously issue independent add
instructions then things get even better still:

add f, a, b
add t, ¢, d
add f, f, t

Pipelined superscalar: H:H: 4 cycles total

How a CPU Works

* Decoding and scheduling a large number of instructions
however is a power intensive operation.

* As such the practical limit for modern high-end processors
is around eight instructions per cycle.

This document is provided by JAXA.
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How a CPU Works

Issue Width Max Clock Speed

Processor Instruction Set (Instructions / Cycle) (GH2)

Intel Golden Cove

AMD Zen 4

Apple Firestorm AARCH64

Fujitsu A64FX AARCH64 4 2.2

How a CPU Works

* For numerical applications the key operation is the floating
point operation or FLOP (+ or — or *).

» To improve efficiency most architectures support a fused
multiply-add instruction (FMA) which computes:

c—a-b+c (two FLOPs).

This document is provided by JAXA.
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How a CPU Works

* The best means of further improving performance is to
increase the amount of work done by each instruction.

* This can be accomplished by having the instructions
operate on small vectors in lieu of simple scalars.

How a CPU Works

* Also known as single instruction multiple data (SIMD)
typical vector lengths are between 128- and 512-bits.

* SIMD capabilities are a core part of all recent processor
architectures.

This document is provided by JAXA.
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How a CPU Works

* Increasing the vector length is a simple means of improving

peak performance.
» However, not all codes can fully utilise large vectors.

* As such general purpose processors are yet to go beyond
512-bits.

How a CPU Works

Multiply-Add Rate Max DP FLOPs
(Per Cycle) (Per Cycle)

Processor Vector Width

Intel Golden Cove 512-bit

1 MADD

AMD Zen 4 512-bit 1 ADD 24
Apple Firestorm 128-bit 4 MADD 16
Fujitsu A64FX 512-bit 2 MADD 32

This document is provided by JAXA.



132 FHT ML ZEITTE PR TE RS R L JAXA-SP-23-009

How a CPU Works

» Having reached the practical limit of what is possible for a
single general purpose core, the simplest means of
improving performance is to replicate them.

* This leads us to multi-core chips with the number of cores
on a single package being between 8 and 128.

How a CPU Works

* A typical processor has either 16 or 32 general purpose
integer registers and either 16 or 32 vector registers.

* Clearly, this is not sufficient to contain all of the data
needed for any non-trivial problem.

This document is provided by JAXA.
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How a CPU Works

* The solution here is to attach some memory to our
processor.

* This is usually some kind of dynamic memory which is
cheap and has reasonable densities.

How a CPU Works

* Memory is usually connected to the CPU through traces
(wires) on a circuit board.

Processor
Memory — — Memory

Memory — — Memory

This document is provided by JAXA.
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How a CPU Works

» This places practical limits on the latency and bandwidth of
main memory.

» Specifically latency is usually ~50 ns and bandwidth for an
eight channel DDR4 configuration is ~250 GiB/s.

The Memory
Wall

This document is provided by JAXA.
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The Memory Wall

* To put these numbers into perspective a six-issue core
running at 3 GHz can execute almost 1,000 instructions in
50 ns!

* If we can dual-issue 512-bit FMA’s this is about the same
amount of time as is needed to perform 4,800 double
precision floating point operations.

The Memory Wall

* Now, let us consider bandwidth.

* Consider a function to perform the following ‘AXPY’
operation:

y «<ax+Yy,

where X and y are vectors and « is a scalar.

This document is provided by JAXA.
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The Memory Wall

» This simple vector addition operation is a building-block of
many linear algebra kernels.

* Running through our vectors each loop iteration requires us

to load a component of X and y and write a component of

y.

The Memory Wall

* On a 2 GHz core with 512-bit vectors that can sustain two
loads and one store per cycle our bandwidth requirements
are:

512 512 . |
2X ==+ == X2 107 = 358 Gibs

This document is provided by JAXA.
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The Memory Wall

* A single core hence needs one and a half times more
bandwidth than our entire memory setup can provide.

* This memory bandwidth, however, is shared amongst all of
the cores on the chip.

The Memory Wall

1E+07
Intel CPU performance

1E+06

1E+05

1E+04

1E+03

T1E+02

1E+01

1994 1997 2000 2003 2006 2009 2012 2015 2018 2021

< CPU MB/S O CPU MFLOP/S

This document is provided by JAXA.
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The Memory Wall

* Although it is possible to increase memory bandwidth it is
not economical at scale.

* Most general purpose (non-HPC) applications are not
bandwidth limited and thus it is not worth the extra
expense and power.

Cache Blocking

This document is provided by JAXA.
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Cache Blocking

* The standard approach for reducing the bandwidth
requirements for a scheme is kernel fusion.

for (int i = 0; 1 < n; i++)
alil += blil; for (int i = 0; i < n; i++)
for (int i = 0; 1 < n; i++) alil += blil + clil;
alil += clil;

Bandwidth ~ 6n Bandwidth ~ 4n

Cache Blocking

* Fusion is not a panacea however.
» Kernels become more difficult to write, test and maintain.

* Also requires access to the source since one can’t fuse

across library calls.

This document is provided by JAXA.
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Cache Blocking

* An alternative to fusion on CPUs is cache blocking.

* Idea is to break up our loops into small blocks b such that
the outputs remain resident in cache.
for (int j = 0; j <n; j +=b) {

for (int i = j; 1 < j + b; i++)
alil += blil;

for (int i = j; i < j + b; i++)
alil += clil;

Cache Blocking

* Key advantage is that it enables existing tried, tested, and
optimised kernels to be used—only now we call them
more frequently with different starting offsets and smaller

element counts.

» Not a new idea; has been used by BLAS for decades.

This document is provided by JAXA.
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Cache Blocking

Intel Sapphire
Rapids Xeon
2 Ghz / 56 cores

Capacity Latency Bandwidth Net Bandwidth
(KiB) (Cycles) (Bytes / cycle) (GiB/s)

L1
(Private per core)

L2

(Private per core) 2,048

L3 1,920 (per core)

(Shared) 107,968 (56 cores) 88 <32 < 1,000

Cache Blocking

* Effectiveness depends on the working set of the application
relative to the size of the cache being blocked for.

* When solving the Euler equations using DG on a p = 4
hexahedra storing U and F(U) for eight elements requires
160 KB.

This document is provided by JAXA.
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Cache Blocking

* Baseline arrangement | s Ut ——EE— v

for evaluating

oU=-V-FU. - e

Matrix multiplication

Pointwise operation 5 ——u (W)
. . . .. - yRW _m (4)
Pointwise operation (indirect) 6 R R

Cache Blocking

* Scheduling designed to maximise overlapping of MPI
communication with computation.

» Net main memory bandwidth for one RHS eval:
* ~59 KiB / curved p = 3 hex;

* ~107 KiB / curved p = 4 hex.

This document is provided by JAXA.
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Cache Blocking

« Net main memory bandwidth , S N

for one RHS eval:

U )@ F)
* ~29 KiB / curved p = 3 hex; S — IR
; :
e ~49 KiB / Curved p = 4 heX. —— yt) —ftdivicont— R} - - - N
R0 o -

Cache Blocking

» This represents a twofold reduction in bandwidth!

* For Navier-Stokes the reduction is closer to threefold due
to additional opportunities for data reuse.

This document is provided by JAXA.
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Introduction ~ How a CPU  The Memory Cache Blocking GPUs Conclusion
Works Wall

GPUs

 All of the cache, wide issue width, and advanced execution
capabilities in CPUs consume large amounts of power and
area.

» GPUs remove this functionality in lieu of more execution
resources enabling super peak performance per Watt.

This document is provided by JAXA.
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GPUs

* This makes them more efficient, but also more difficult to
program, as the hardware is doing less work for you.

* Moreover, the minimum problem size required to fully
utilise a GPU is typically much larger than is required by a
CPU.

GPUs

» Examples GPUs for high-performance computing include:

AMD MI250X Intel Max NVIDIA H100

This document is provided by JAXA.
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GPUs

Clock Speed DP TFLOP/s Ratio
(GHz) (Vector/Matrix) (W per TFLOP/s)

Intel Sapphire Rapids
(56 cores)

NVIDIA H100
(132 cores)

AMD Mi250X
(2 x 110 cores)

GPUs

* GPUs also typically come with high bandwidth memory.

» However, this comes at the cost of capacity, which can be
a problem for some (typically implicit) solvers.

* Furthermore, as cache blocking is not practical on GPUs
they often make less efficient use of bandwidth.

This document is provided by JAXA.



OSBRI IR FTEE / BB A ML 22 T Al S R = L — S a i S L AR DT LGiw SR 147

GPUs

Memory Capacity =~ Memory Bandwidth
(GiB) (TiB /s)

Memory Type

Intel Sapphire Rapids
(One Socket)

NVIDIA H100

AMD Mi250X

GPUs

* At the moment GPU memory is usually managed
separately to that of the host.

:::::::I,  HAEENE

PCle 5 DDR5
~63 GiB/s ~250 GiB/s

This document is provided by JAXA.
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GPUs

* Thankfully, there is a strong trend towards fully unified
memory which will eliminate this issue.

* The first such HPC GPU doing this is the upcoming AMD
MI300A, but we can expect other vendors to follow suit.

* The transfer problem is solved!

GPUs

* Practically, the biggest downside of GPUs is the use of
vendor-specific programming languages:

* NVIDIA: CUDA.
 AMD: HIP.

* Intel: OpenCL and oneAPI.

This document is provided by JAXA.
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GPUs

* This makes it difficult to achieve performance portability
and can lead to vendor lock-in.

* Irrespective of which environment one uses there is one
common problem: kernel launch latency.

* This makes it difficult to port codes function-by-function
even if memory is unified.

GPUs

* As such porting a code to GPUs is a substantial undertaking
and a lot of work is often required before observing any
performance gains.

 Often it is easier to rewrite a code from scratch, e.g.,
Nek5000 to nekRS.

This document is provided by JAXA.
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Introduction How a CPU  The Memory Cache Blocking GPUs Conclusion
Works Wall

« Computing hardware for CFD—and HPC in general—is at
an inflection point.

* Performance per Watt requirements means that GPUs are
probably here to stay...

* ...but you'll probably need to rewrite your code.

This document is provided by JAXA.
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Numerical Simulation Applied to the Development of S-520-RD1
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This document is provided by JAXA.



152 FHHZERF TR E, TAXA-SP-23-009

1. 18I
MERI&EE &
RITFCHBTRZD-OICHWSI
TADIKDBEANDEIT ST ERS tliinéﬁﬁwmum@:ﬁ%ﬁtné
:Iz?z%iﬁﬁ%b Wﬁﬂu*ﬂﬁ%ﬁ‘f*%l 2R,
’?ﬁ’;_tgﬁ1 su_tﬁ-(uﬁn-Hs?/ = o

I BERER e
PRIGENDENES ERITIREE

o
N

Inj
— )
Const. area U !
—0-M6S (¢ =
7o of combustorl Ly | —eies 0= 059)
g, o ool M6V (h=0) ]
o solator \+M6V(h20.33)
o
_— E
= == > N -
..... 8
— 3 é:' 0.4 Diverging N
5 0zzle!
@
3
=

&

"R

._Ji ‘ 4InieWBﬂm
0.5 1 15

E‘;H Streamwise distance from side-wall
imaginative leading edge, X m

RITFOSREETE#ME KPBADEHEIZLSEA
SEDELX
o ih B {E(ER) TOT—3FHHCFDEA— thf—ﬁﬂﬁ’caé?r% Hc 0)4#[&’5—% U R
= DEHTY—IL (VIO T7)E/ERL. EBE) AR
SEL. ERITIKELEHT HLOBITY—ILE ﬂ”?é

® KEEHTY—ILDBRICLY, RERORITIKE ’é%/ﬂll‘é'é#*f;é‘ﬂib RO S E
T UEHBADRRICERL . RITHER[EI) EQRDIERIC DT B

T. Mitani, T. Hiraiwa, S. Sato, S. Tomioka, T. Kanda, and K. Tani, ‘Comparison of Scramjet Engine Performance in Mach 6
Vitiated and Storage—Heated Air,’ J. Propulsion and Power, Vol. 13 (1997), pp.635-642. 3

=)

2RITHAERS AT LD E

RATHER S T L

* $-52012, SLTAUHIEHEE . RITHBREAAEEZHZEL THE.

c BEGRECTELEFERT R Th, TLTAVEE (SIE) OBENRA -
HEAE B AEF TFEF=HR IS4 TRHITT

ARBRACHRANE | #HEAO—GER

BRE—SSHAOETF
ZinA)

BE7F - R AR BEFRA—RICES
—iEmiEERLE | GEHBEREEEE
THE

%—i—%ﬂs /ﬁ

/
. S-520vBD’I .

SJER
BEFmIca %1
Higx
[ | SLSqohiamss [ |wmem | | #eso-—#zE
R v R

KR D1SH=-RD1E B THERE

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 153

2RATHERS AT LDOBE
RATHERHEA A

Hatirs el

exha

Length 1.8m
Dia. 0.52m
Weight 300 kg SRR

ILT7EMSEY, BB EICHERE
BLGIRERLT LI, BEMBEEETX "85
HBRELT, REABAGEIII AN IR )
HIRBFE O S BGRRET 1 EHEH
HRRAREDIELNEHRIEE 1 ZHES

>
>
>
>
>

JAV%72e8 8
IN—UR—k

HIARE47.3%
BEiDMIE '

SUFr LTRRE LA RAMNRELS
ZZAbHIE/SFH)L1.6 HzTHEER

5
3. RITHERDHE
MATHRERS R T L (S-520-RD1) [£20225 7 H24H05:0012 N ZBFH XEERIFT LY. 3TE
LIFoh,  #F4RPEBRICFEDOETREICHAEAZKLT. 8 TL .
S5 F EMS-520-RD1(7/23x &% S-520-RD1FEET D BRME (7/244 52
6

This document is provided by JAXA.



154

FHAZZRTTE D FEREAR R BB JAXA-SP-23-009

3. RITHEBRDOBE

7
3. RITHERDHE
4.1 &
SR PATE EuMUL=EE D < B8 & SOF
5Z168km
= i, L BT (351)
l\ANC?ﬁ%T (142.89)
Z L7487 (134.1s)
F\—— Z L7 1 A (69.2s)
TE— 208 (68.1s)
o o BB T (3179 SBEUSTON \ (e s
(383.1s)
100 km 8

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 155

RITHEBRDOBE
3.1 HEREHD
[R&R&H] 0r FEIFZET,
_ 25m/sEA R DLLERA ~
o KMUTXEIIEL BLEOHT, #IFTOEHETOITLEE P AR EE

g0tz BRFEHTEHREIES, BEFTOOPRHTH>

T:o §’20" : ;-4:r
o 1 — sz :nln
- BB ATLUEORBABREAVTRITRIETL. 3 xeigmn
FEETREICATYNENETITHIIIHAEAME  Z 1]

nAEENL,

P 3R (30.7 m/sFEE DHUR
N 78 m)
I e 0 10 20
T LR -RE— 5 wind velocity (m/s)
sop 7 10 kmbLE Tl
fTEBSZ  20224F7H24805:00 (JST) £\ — Xom
! \ —— X-55 min
Eip:] 79° (JEFILTT° ) s i \ XeiSmn
Fif 125° (J3FIL135° ) il FEAOHELA>ND
Xz Eh GELESY) 3 i g
= |
b 23.5°C '&E, -~
& R (X0.7 m/s EBILTE. SEIFEE
5 W 180 T~
wind direction (deg)
NIL—VBAIZ LB A 9
. FRATERERME =
3.2 REBREHOQ
(EhE-< v/ \#])

IMU, L—F R—X @7, ADSIZE DL HEFPDBELTYNBDELEZLUTITRY

« BiEAY25~100 kPEZEAL T HEFMEIL5.4F TH o1z, (=FHEREFR)

o SHERRER D D </ \EE5.6~5.8TH 1=,

* ADSIFREDEZa—TFT—2aVITkBENDRALMEILDEEEEZITIREILT-AY. BIE12 kPaZiREN
LT, SRERBALA (MEHEAN) X F ERYEBEINT=,

120

6.0

—O— rader+sim

T
—0— IMU 383.1#4‘ i i
100[| —~— ADS | ~———————————-- &u .
= | I a ' '
o b A
80 . 551
=< L 8| g | @100 kPa(M5.82)
2 ool g AE .
&, O ot ¢ s | | |@25kPa(M5.63)
| |
€ 4 “:i; = 50 L
a [ N A || s 8
20} 8 3 [ —o— radertsim USCS
& S | o Muuscs
= M | —=— ADSnew
0 [ I L 45 Ly | I
370 L 380 385 370 375 380 385
Time from launch (sec) Time from launch (sec)
IMU/L—5 A—Z @ /ADSIZ LB ENEZE 1L IMU/L—H R—RRITIZ LB vN\HEL

10

This document is provided by JAXA.



156

FHAIZERTTEB SRR 5B JAXA-SP-23-009

3. RATAHERDBE
3.2 ABREHOQ

(CUb=RE - $i=DbzD|

o MAIZDONTIE, IMUEADSIERS—ELTULVS, EHI12892 HzDIRENEHA T, $2ELIRDELEFRLT

W5 (ERD,

« ADSTRIEBYADT—RIREYARLNII0O. IMUT—RICEDE, RBZHTHIEELT, UFH
[ZHLT. 0.1 DMBALZELS> T, ALKRIETEILL TSI EEZRLTLVS (B,

' 5 8 ’ 5 g
,,,,, § g et g 8B cae
| - bl itk 1
5 7 I | g 0 ‘IW l] “[Xl 'U 1“ “ Mx’ I'! ‘le M\IA \l 1}!\{’]‘,‘
I = IR
EED ™ o
o Timg?rom Iauncﬁsgsec) . o Timg?rom Iauncl:':agsec) .
IMU/ADSIZ & %30 £ 4 B O B5 ] 1R PR IMUIZ &5 5 /1858 Y A IR BN D s iR PR 1
4 BMERAREEIE T A HERETOER
SERDHR T, RAMDOEEKRZEEETL. FEEDOST !
EMNIBFEDEER FEENTHAKE !
AN +
vl ~T
=]= I
CFD - SRIBAZHH2EM LT,
SRR RERAD !

This document is provided by JAXA.



BEB5IIHEIR ) PR = BB AL A T BB S =2 L — S a s BT AR D AR SR 157

4 HERKREREH B (T EERFTDER
41 HEAAREHERETD
L7 TRETHDNTHREEELET SO, EHEERENEE
CFD(FaSTER) TH#EL . EURGER CHREL. M&E X RV —E,
10 " 0.06 - T
as | Ko i =%
o 04T ¢ clrfggo
.oooonﬂoonﬂoooooﬁwwwﬁo&wwc. _H _cncrp
o4 & 4 002 . B
o2 o . ¥ 1/3H8 R L ASER DT (Schlieren)
Mmm}#iﬂ.&.&mwm‘, a0dog gHBo oo o oog ..5_ ;o: o0 :: 20 p0g0g 00 09
MERTeY mz L sz 4veuwmT 2
EF:FD: 0.4 _ = §-0.02 r @
EFDD S 06 2 gc;;;D o0s - % st
e = | ggm | E
0 - -0.06 - “;
HEH(MT) E—AVMRE(M7) B
=
MmAT. TIE Lf:ﬁﬁl:ld:iﬂb%ﬁiﬁﬁ%igo BLBETH, . .
BABEETH, AERR (EF100 kPai@iBR) ICREEFLSET i p 48 50
DEEEMNELLES, Gravity Center (%)
BMIELRBER. REEXD
ETORRE 13
4 BERKREH 5 HHIERAT O3
41 HEEZEHEZRIO
MEDHTE
> HEARPRICRBED-ODRBERE
> AL YMNEIZER (S ERIEME. REREHE) . D BEERZHEA T, RGeS SR,

> REOEBZ3RUTICHIZ A1, U -1#EEYATIRIESEIZERE
B) EBHHEBOFETBRELLCRE

BB AR OB o et "

TYNGIZH T HAA LTREDRER 1

This document is provided by JAXA.



158 FHAIZERTTEB SRR 5B JAXA-SP-23-009

4 HERKREREH B (T EERFTDER
4.2 RATHDEZRBE~DRIED
/—ROA—RHRRFIZKRACAEISTRA T HMEE
[FRRE)
R ARLOBITERZ SN EEADPRORERFT ILEELTRRMNCATIZTKAT S,
s HEESE 80 km
s HEET VNS Flow
A
4
[CFDIZ kB fEMHER]
>AORNETROIMUICEBE R (T Y/\2) TEET 5,
PEFEEDH. [RIVEPEXRERDREBEL A
> MBS /N—RRNFDEDMRBILENELER

Mach number
m 5.000

l0.000

J—Ra—URABBOCERARN (RuN\BH )

15
4 RN EREH B T ABUERZFTDER
42 RITHPDEZE~DXIEQ
J—Ra—Un—F RBLAREDEE ———
[:25E) A
NCEBIC =0 D A EI=1E ﬁ\
SEBEBN—RRERE I 1E
RREMLEEH T RE N
nipdt=i., koL 7 [ | A | o
EBIZALAZC, m;&»u:m;:g;wﬂ . A
LEETHAZEIMICEES (RD1EHE) L 4§ g / £ X
PENEEEND W R
‘ b 0.475 -

(CPoIc kBRRATRR] | |~
>HEEDHARELEZ DD, EHIEHECFD T ——
> BEYNE20 mmIEELL XX 1% E DCAEMTLALY, //
> REHCEhAMIEEEE RN <o
> > TREDFELEEH °° /

/

0.46/ /
0.455
0 1 2 3 4 5
(0
CADZEt 16

This document is provided by JAXA.



BEB5IIHEIR ) PR = BB AL A T BB S =2 L — S a s BT AR D AR SR

159

4 AR RETIB T RERTDOER
4.3 ZFRRET A~ DX

HaA LB E RN T HHE

(FRRE] =) [CFDIZ& BB R]

. RARDIcERECREBan-EF FHRHEARICOVWTREZLEA-CFDZERML . #F
B N2 DT T8 2 A A ATRE DB ERZ AN REOEBELTETIVEE
HY, F-CABDIMUITBESTENDT-H FHRBESEET L TROAB~NDHRTAINE
FEDREICHEBETINERY (k.  SOTOMLBMEERZREEABELTET L
ECIRIFAENET ) it

« RAAKEAOLEAZANABIZHEATS >ETLERNT REREEHE
=8 . HROEN I E M >EE B EIBREFICHERRREER

Pt

temperature
w 320.000

|280.000

HRA IO A IR B R CEIREORE R TR 17

4 HERIKREREH B (T A EEREFDER
4.4 PRBEERERE

BRIERS 2K DR 5

[FR=E]

s —RBAORBRK. BE(TFL)MN
WIRZ D%

s RITEEBRT—FLERERT—2DE
WA, FKRZABFB(EADTDEND
[ToEYHBTL)

¥

[CFDIZ KB EEMTHER]
PORVE T4 (REER) BIRENSARELTHERR
HEERTE
>1§_A§i§§#¥& L TROESHFIOGE- 2K
X TE
> RUREERIC T, [EHEREHR
>RATHEBRER CERFHBRERIIERIENE
B TES-
>;r>|;‘yI~J:T:?r4“ﬁ"$7b‘“/J\é<~ FRIFEXMRZL
N DTz

(1) Typeil

Pressure
1.2E+05
-
2.0E+04

I

(2) Typeila

Pressure
1.2E+05

-—

2.0E+04 18

FrETIDEVIZKDRNIBEL

This document is provided by JAXA.



160 FHIMZEWFIE B TS R B R JAXA-SP-23-009

4 WEASREHCHITAEEREFTDER
4.5 BEERET

PRIGERR RS IR DR ES
(ER&]
- Rk EE—ZIC ?%?%%JLL, BT/ —

Z:I—z’é?&‘li‘%*%a_ wEREOry
— &, A7y EL TOEE T

e M6TRITREDZE ANENIZ L BBRE ' LIRS RI-X LR LAOCNTIANE NEB—Ao
3 s 520§f2;ﬁ§§§ﬁn'n nﬂi’:(ﬁtmﬂﬂ“ﬂi
[CFD-FEMIZ kB fEHTHER] /_/gmi*
>S- 520%;EII1EI‘§'5<HE€§QEL'C AT S
J{MH“‘B(##( T O EREBED). Iﬁ%“l}a)rt\ i
2. R PR B D
wo

>B—‘f>4i‘ﬁ’]( liaé%%l HEEH R
TRFICEDE . BE. vy \BOELLE - ;
Jf%l,'c EHNMBEEHTE , KFRICIMEAFL o

a
fare panel

VORBENES G PR EBR#IE 2 L =
bNIELEHER =AmoBENGL E‘“"” 7~ i R a,::.'gg,a-

s d . L AEEmcE
w FOlE

ferrreceesy

L
09 10 11 12 13 14 15 16 17
Distance from vertual tio X.. (mm)

TL7HDIRERIZHNT TDREV M $5 % (M6) 19

4 RN EREH B T ABUERZFTDER
45 EEERETQ

(fr 2ELER]

Hk EA - AKICERFEZET T BEREEHH. AETESLH oA BAR. BAMA
mt%(»:aiﬁil b[*éﬁ_éﬁiﬁﬁumbflo

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 161

5. B RIKFHEMIEY—IL

16
1.4 W M6V-99 top 34-222
L2 | [~CFD (e=0.30) AfmraIy b
’ CFD (Sc,=0.26) A AR
1l cm (S¢=0.9/0.24)

oo T e REHBRIC REESDLATRRERE
Zoo|-Bpoom 15 *,W“ (PAEEA O TTNE BHTALEEE b

Mo
0.4 [ 8] Mk
A g * T% ‘

o2l =)
0 P [ S E——
= = g

RRT—45% . [RBAR=KIZECRIEETILE
-400 200 0 X%IOIOHH] 400 600 800 ]\*LT:CFD‘\J_}I/—GﬁEE,(J:O)) . ﬁfﬁ,(:ﬂ\gti
(a) BRAENT —2 DBEAEG S A9EFE

-

'

1.6

| o] ASAETOEE KEAEEVRBETL
12 C‘gxpg)op) ) ' I:E%mz—cs ﬂ%?ﬁgﬁ%ﬁ%1¢?§+ﬁ
1 | L= Exp (bottom

g

Sool. o T RTHBRTOBBRES . BAKNEELLT,
Y INVARA & U TBRTESCLERE (FOR)
p -
— T T T
-400 -200 0 200 400 600 800 j(E'ZIjJ '
X [mm]
(b) ERITEHT — & OEEH
21
5.F&H

1. RATHEBREAERDZE NEFEECD (TKYK ., EREZER THREL. [REFLT v/ B

WAIZTT - R—RAEEEL, RATHERTICSAL BRELT AAEIED D

WEELE-RITZEHTET -,
2. SEIOEBFEOHEKNLDEEDEREE(RRDTRAD, N—RANWN—DFE)(Z

DWTHCD [Z&Y ., FANBPENDEEFTHEL . REGZENEWNLEFHEELT-,
3. BREBEICKYERIENBSSIN-HEKRRNITDOZERIZDOULNTIL, CFD IZXKSHEE

EREINFTICLIE-BINEZORITICEY.,. ERREZRELI-. BRELTHL TS

M REFTERLT=,
4, PRIEZITLIK. BEREATICHCFD, FEM Z ALY, RS =#ABIA T, BIRFZREZTOIE

MNTET=,
5. RITHERDFERIS., BRIKGFEEY—ILORAE-RIZTV. BEREZE T Y—

IVESERSE T,
ARITAEREEICH->TIL. TiEXRE. MILUKZE. JAXA FEHEEHTTAT(SAS) DEEI
O yrMEEZDER. O ybA—h, #HEAREEA—H, FT1-IAXA AR REFIHAITHE
FEER. ISAS BIFHEEE, N2 BFHEMERRT, 2 RESHKIEFEESELIZCEHDT
RREBBMLET,

22

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR

163

=t

2B11 HiREE ?ﬁ?ﬁiﬁ%%ﬁﬁh“@@
2225 EORERTEIZ DN T

[S-520-RDIRITRABRICIIT AL I2L—Tad
I& =51

ll

=

07

NI & B F—HF

TR EHR I

UL, BT ‘%75@ % fﬁa&ﬁiﬁﬁ%%&i’ifﬁu

f(JPJOO4596) ik 7L7‘: Th 2,

PE

- BRY

o RN D ZE TR ER D F H EFRRE
c a BEEZTAHEREDREE
o INTRAD NN I D ZE )~ 2
« ADS (Air Data Sensor) 25)67’?7@,5{7% EDHEE
/“*XZ*‘//H%,E/??@ FLOREPT
FEFH DT B TSI UFHT

XL

This document is provided by JAXA.



164

FHAIZERTTEB SRR 5B JAXA-SP-23-009

Altitude (km)

BH9- 8 & TR

AFR T, BBZSERIEOMMES I 2L — 3 v HTVWE LT, BT, RAKOZENEEEHK
BRICKSD, MBEERREFTESNIZRBRT — X & EEL TRIFL -, &5, BMmERT. B
BRI, AHORNEIEZITV, 202F7ARS TORITHABORTZITWE L1z, FADH
FlE. FRRFIPELRANBRTY,

Event N
IESE

@ & ® . @ Launch l/ & 16759 km
0 o %‘ ® End of Burning
=T . h - SEE30km  FERSRY
y S tion, N
g o eparation, Nose cone open ﬁﬁﬁ 378.4 sec
,3.\/_4 @ /(L\ttitude c(;mrol starts.
100 i 55degree .
= E20km  EEKHE
® ® Attitud trol end
V4 2 e BAT 3847 sec
[o] \
sof 4/ \
@ x 5 ® Injection starts.(q=12 kPa)
@j / AL ) End of Test(q=100 kPa)
; 50 100 15;_ 200 250 300 .350 Water landing
Downrange (km)

w

Altitude (km)

B Ry~ 1B & ZR TR

WBEERMBERITARTIE, Yy N6RIRTRITT 2WETI T L VAR 2B S 8. REORITIR
RRTOMBEIREEZRS ZEZ2BNELTUVET,

BRI IENE AT v $S-52010 & > THERITHEICKA I N, FTHRICTy " EISELFRTH
BATOhNET, BETHONEICK VHELNINLEICLED I EAFREND D, BEREICT L

TaBML, ZLTICLBMNEFRAL TREDETHERITEE. zH/-E5 2 &ICL £ LT,

200r
®
o @
"90 R %.\A
1801 ~
/4 .
100} @/ _
/
sor x
o |/ N
(3 0 === T T T
0 50 100 160 200 250 350
Downrange (km)

“

@ Launch

@ End of Burning

® Separation, Nose cone open

@ Attitude control starts.
(55degree)

® Attitude control ends
(-55degree)

® Injection starts.(q=12 kPa)

@ End of Test(q=100 kPa)

Water landing

HESE

L —% 167.59 km
SE30km ZFERRE
FEMT 378.4 sec
S EE20km  FEREFRT
FEAT 384.7 sec

This document is provided by JAXA.




BEB5IIHEIR ) PR = BB AL A T BB S =2 L — S a s BT AR D AR SR 165

RAPETZAR
Av Ly FEfEARE Flight Vehicle Configuration

Pitch a Center of
<T_|
7L 7 %55

Gravity
K YH16Y
Flare 39169

@LOL
@524

1759.6%

The flight condition of Mach 6 4vLy b Eﬁﬁlﬁl '
1
6

3.12E-2 kg/m?® §
1997.5 Pa 3
223.14K
1797 m/s

=g 3
Pitch a Center of Wind Tunnel

Gravity ; Mach Number 7
. Total Pressure 6 MPa
Total Temperature 920 K
Inlet

Flare Sweep -10° ~10°

Yaw 3
1/8 Model RApiREETERERZBAWT

_ HERT— X 2 IET 3.
-3 oAk : 3B
| FYyEY ST TTEEL
x¢3,

a sweep  Schlieren Photo B sweep ’

This document is provided by JAXA.



166 FHAIZERTTEB SRR 5B JAXA-SP-23-009

BB REIE LFTERN

cJEREERE A DV VR —FaSTARZA# AL -, ZOHFFETIE, B« Ab—F7 27
% A BRIAFE LA O CIERE SRS 1 LT,

GLSQ (Green—Gauss based weighted least square),
HLLEW, LU-SGS,

Hashida’s limiter
Turbulence Model “SA-noft2-R” with Crot = 1. from NASA LaRC

- FEARE VSRS 713 PE Y 7 NPointwise & FHWNTAERR LT,

JAXAARA— /N —a L ¥ a—Z L AT A (JSS3) Z W TS 2L —ava{T-o7,

G E R

a sweep

Schlieren Photo 1/8 Model Mach Number

B sweep

This document is provided by JAXA.



BEB5IIHEIR ) PR = BB AL A T BB S =2 L — S a s BT AR D AR SR

167

Comparison between Experiment and CFD

Mod. A .T
JaneossserssessssestiiiiitiecscZiosiscens)
Force Force
by 1 T [ ——
¥ AN B TP AN s S rar—t
.
f CAD
ik ge: CYth A
CNib B SWee p
a sweep e o
CYCFD b CY D th
CHOFD B CN CFD th
= . As for Cn, CFD data is
(40% CG. " smaller than experiments.
- ot Moment b R
Cnib .
CICFD tb B =3 A,
- Cm GFD b “I EL;)II;OJ = [}
Cn CFD th
' =5 ° e 3”3'”?": % MPLIRE
1 i
7o 3
s ] [%3
- Al . CFDZRWVWTZENRE %
Cntb ]
CICFD -
Moment wt  As for Cm : “r gmg:g: ?EE L i L Tuo
’ n
«L CFD agrees ut
well. A
Comparison between Comparison between
Experiment and CFD Experiment and CFD

EE L CFD I 1]
h—LTW3, 20718,
RITHBRDEAHKRFICHBWT

TRITAENT D 7= 80 DZE S FH D B HY

Configuration Aerodynamics Estimation

All DATCOM Calculation
Vehicle + Cl Part DATCOM Calculation

Vehicle (100km above) DATCOM Calculation (CFD values are not available at high altitude due to

the high angle of attack)

Vehicle (100 km below) FaSTAR (a, B=0~10° , Response Surface Method)
Mach =2, 4,5, 6,7, linear interpolation

Aerodynamic coefficients
cA Aerodynamic coefficients Aerodynamic coefficients
CN

min=0.454358, MAX=0.50971 r ° 2 y ° ° o C 2 4 s 8 )
0460105 Sten=0.01 min=-0.0000340,  MAX=0.37906 min=-0.05353102,  MAX=0.0000000
0.0000000"" T0.9 Stan=0.1 -0.05 I10.0000000.Ste0=0.01

B Aerodynamic Coefficients at the flight Mach number 6

This document is provided by JAXA.



168 FTAZERFIE B TSR AR JAXA-SP-23-009

TRITAEBT D /= b DEREDEH Cm
M=5 M=6
Cm Cm Cm
MELZEMEDERILL TWS,
Aerodynamic Coefficients at the flight Mach number 4, 5,6 .

HEFHE (vv#)
Y:
(2) Y=0 7 |
—8—a-0, p=0
6 —= R
——q-5, B5
g ° Ba, BTAvL vy hiE
=R BREIL TW 5,
2
2
1
0 05 1 15
(b) 7=0 X-Coordinate [m]
Normalized flow rate °
° - BHgML SN RE L.
aFMEICEER BAMEICIE
A
H = 3RO MELH %
~ HETBA, Bhabp
T 4 S ELT A B IR 4
BT EDDh o7,
0 1 2 3 4 5 12
a (Degree)

This document is provided by JAXA.



BEB5IIHEIR ) PR = BB AL A T BB S =2 L — S a s BT AR D AR SR

169

NCHAN—=RRDH/N—{FINIC & BEA~TE

NCN—FRAZE 7L T7HEICETE LIREEZET L, 28 (CAECm) ~D

AL 7o FHEIGDAOE LSETERE Lz, ET VI T 04RETH B,

H/3—BIRL

A Ad

Ly

=
=l

HN—

H17W20 A H17w40 <

HAN— I FERIFIRALE IS —WERE L 7:

H7W20 : &K, "—F X zBTAZELS
OB A X, EREEZLT

4T,

H7W40 : H7W20L B Ui & TIRAMEDET L
H17W20 : H7W20IC 5 & %10 mmil A 7= E 7l
H17W40 : FREEDMEE & o ITfFIC L7

RR=DITRTBY ., ELOHEAT
IREEBBOUSEND, TEEHITE

TeL LT8R,

E. ®S7TmmiEEICHAS e %2E

Ed,

22 488
Ve =3

720 mmiE

NCHA—=A~ADHN—{FIIC & BZEA~NDZE

ZARBOELRR

CALCMICH T 2FELLITISRY, BB, "RIIEZAN—EFROERTH 5,
BEINBIEHFRBEESYDEFRAICABD-0,

R EEIRITE & HIR

0.475 ;

—e—CAR3 "
—m— CAHTWAO
—e— CAH17W20

CAHTW20 / /

+ CAH17W40 /

—

0.47

A\

CA

0.465

\

0.455

1 2 3 4 5

ALPHA
CAISISY &

EREIFRL,

> 7LTEOEHD EFRITHEL, P
Pem¥EM (REWR) 728, K

0.005 !
—— Cm R3
—&— Cm H7W40
0 —— Cm H17W40 | ... |
Cm_H7W20
+ CmH17TW20
-0.005 N

Cm (45%)

-0.01 \

-0.02
0,025
0 1 2 3 4 5
ALPHA
14
CmIcN I &

This document is provided by JAXA.



170 FHHZERF TR E, TAXA-SP-23-009

ADS (Air Data Sensor) 76 FRITIKBEDHETE

Yo

1211.64
121,64
971,64

38164
gl }
Jo

o

1 o x.,s’___' ol

|
o524

ol
3y

175969

(xv.2)=(0,0,0)

ZD A 8 /
15 o %o
==
300

L 4%0.08

E ¢ SHEI Ref. «

§ £ E 38 EE8

g3

E3.222-1 28RO L.

BEOHEFICEAL T, EROFET—E
DIFE DEFE T L 7,

RPAFEOENRE L BEAAO < v " EiHH, TEE SYBREOFROMELLE,
RATEM L~ v /N6, WALE,

15

Altitude (km)

S =R 72— > BAREE DI L DIEPT

AR TIEL, SENSOkmT /) —RAa— AT 50ER’H L, v~y L, N5 THY, BEIXEN SO
NBA by b BER, BRBERR Ao T, CHEBICIRALIATY, Z O, FHCHBEICZ2 2 D%, IMUICKRAN Y 72
HZETHD, TNEMNTTH-0IC, BRTDARATRIMY OFRMET, BiFHEZITo 72,
E HA D akia
2.1375 Pa
207.03K

AREBE 3.59678 kg/m3

288.44 m/sec

IMU:tgEEHRIRE =~ X7
N BESE )

& R RALTELZERIZ. 2V 7H#IH3 S R Rvtoncs
ety A SHTOERGAIBE > TN T . i
BEV, IMUICHHZH, BiRRZEHE N
N -
\oo a L
N, o SOBA. FIEAD OTREE k42 0 W TR 5, 20k,
_______________ L #7 B O CRZR U S S COIIC AT 5. ZERB A/ S

0 50 100

Dovanga fkmy = ° ® DIZ, NIERICREREBERIET L RRNI L BFP T, 16

This document is provided by JAXA.




o5l AR ) itk 2 AL ZE T H AR S 2 b — S a B S AR DT Wi U 171

ZEH DR IC BT S HIAEHT

IMU, CMRT. RF-BATTERY 7% &8 74851347 BRI S1ER) &

ézgﬂ%é %ﬁ%% SOFEEZ I CIEBOIRJE 2N EE - 4
HLBEBIHMNTREBELZE T I A7 035D Z b, s

B R— AT i@%ﬁﬁx%&ﬂbfﬂ%@d%ﬁ@ﬂﬁ@ﬁﬁt

REWMHTISLED YV BERBEZITo T,

P, CHANOFT LT RIGEIFIEORGT 2T O BB H Y |

Ansys Fluent % W Tt 2 5HE Uic, fRATIX. FEIEMRTT & 272 L

TEIRFRIT 21T o 72,

BHEE L ARIEROBMRZ M T 2 72 OICCFD CEH 215 C.

AREREFH L T D, ZIRRm AT L% B IRENTCFD 2 1T >

VR L, 1TH EFRRICIE S RIBE Y Fr— LV E1TH ZERT RO RERE £ T

&7, (@uﬁzmr) AMIEIRITRBRE DT HE,

temperature

temperature
w 320,000

I 280.000

1 320.000

Altitude (km)

e Elum%%tm@#bé%tfﬁw

100 150 200 250 300 350

Downrange (km) ERGEREAE L BEEERORER (BEAXEE) .

F&o

ZMHHJC T R E TR FMADOFAE S I — T ar BATWELTZ, RIS, W R T 525 a B35
OIZETZ o7, Iﬁﬁéﬂ‘ﬁ AMREfRNT SRR L E LT,
*Eﬁﬁ BRI, Z<D T OTH NI, EEHICEESN TEL DT =2 BSTHIENTET,

- R TR T O 72 D OB HERIR 2355 L, IT~ v & 6L L, CFDICZ X VAR v i 2K
7. EvIFALta—MaErnNTn5EE TEAT LIRARIREZRHNTZ, WIhoGad, AOWNEBOWILTE
HH AL TR Y, J\D@ﬁA@J*ﬁ:iff@%éﬂTb‘to S5, MEEEZE 3%URIZT 5720121
vy FAa, I —AP. CH5EUNICIND D Z EREETH D,

c AGBRTIE, EERSkm T — X a— BT AINERD S, TOBRO~ v B, 5 THY,
FEITIRDN S ORI A Ly b BE, REEER A B> T, CIE Fnﬂ@ %@ﬁ % MBIz 72 5 Ol
IMUIZKIRN Y7252 & THDH, LLRRG, EREEN/NSNTZDHIZ, WEHBEEGRICR X 8% RT3
ZEE N ER o T,

* PIEB, CIERPNODFT L fﬁu MHATEOBRE 21T 5O BN H Y | BRI 21T - 7o, BRI E & YRR
ORIR & 7 2 72O ICCFD TE R Z G T, BMREREZTH L T\ D, AREI7Z G A O BRI 2170
BEtL, 75 BIFRACIE o= s b r— &2 T) T LR TE T,

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 173

2B12 S-520-RD1FITRERRAR IS
Loy ABERSDCFDIZ LA 1EHE

F Al

INFIESY, SIEBUE, /IMASE

557 NEEES /5 41[EANSS

2023/07/12-14 o B S . N
o @EIA EvIRAE D ERE L A—

= [ E 5%

v s

ToIUS

Je =
1. B=

2. BH

— 3.1 CFDY—I/LfE&
— 3. 2 RITHEBRERLEDLEER D1

- 3. 3 RITHEBRZEOM LHBRBERICKLIBHRE

-3. 4 RITHBRERLEOLR D2
- 3. 5 BAENHEAICLLT RIS
4. FEH

3. CFDIZ kA MABEER EREFAIY —IL DFRELE

v s

This document is provided by JAXA.



174 FHAIZERTTEB SRR 5B JAXA-SP-23-009

H4e =
1. B

o JAXARYS LD Tyt EELERER
- S LTy DU ERE R (RITF)
© TYINA, 6, BRATE 1R
c BESR=EIVALER>ESMBNE :
-« EAR B
-sERean TN
JEL_“I'\J/{;;PE?MD?‘& 900 1655 1580 2600
C DKESRA (Vi) SRS ’

7R X\

- @FREN Mts I\zv
C SRATRELRL DTS

I:I%'Eﬂlﬂ BE KROMET |§|.Mamm |
B RESKSEA

- R

~ =8 |/~ ﬁ*é %ﬂ%?ﬁ’:{k%
) RJTFiE X %A

2. B
« |IRD1: #th ESHAERFERZMIEL TERITIREZ T
THY—IEEET S
—-770—F:
o Step1: HAZE A -MBIZEBEAL. BIRIKEFER OKZES -ElL4L)
DEEFNET 5 EHBREENE
* Step2: LitHh EERAEBRT—2FALVTCCFDERN—RETHF
By —ILEFEE
* Step3: MITRABRZEREL ., TRV —ILFER L - #&EL

- RKHOAE
o PREESSIHEREL T AT ACFDY—ILDRITHRE T —RIZL5
Lz

P4

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR

3.1 CFDY—/L#E
- DEHERRIOINE

- RANSO#FH
- ML KDERESICEAT HLESHETICKY . BE~DEE /N
- >FRIANEBELGL
- BREIBENEDIX
— Diagonal Algorithm + sub-iteration
s IFLU-ERRIGHEE DB
— E¥HAH4E (USC Mech |1, 11138770/ i) = Skeletal (207€96 [ i)

c QIKERDEEXHI

o RATEAERRIICMOES -MOVEHTRITFRERE i
— M6S: KZETEL
- MBV:KEKET

o LEIABRERELLEL. KEAKREEDUNREZRITTESCFD/NT

A—2-IBETIVERE - RE

— B azsvb
- EIRETIL

AT TL %XA

3.1 CFDY—I/L#E
o (HbFERERIC L DIHEL)

XfeAERX RANS+1LZfERE
BEERIE ARAEE
®BF FHEEETF
FEFEMERRAF— L AUSM-DV (2nd order)
B E DR LU-SGS Implicit

+ Diagonal algorithm
+ Crank-Nicolson (2nd order in time)

B % A Global time step (At=2 X 10-8s)
gl a3y (Sc) 0.9
RIS bV (Pr) 0.9
ERETIV k-w SST-V
with compressibility correction
L2 RIGH#E C,H,/air reduced mechanism
(20 species 96 reactions)
BEE (Tw) 500K
ELRMRBEET L PaSR (Berglund et al.)

v s

This document is provided by JAXA.

175



176

FHIMIZE S0 BR RS R R TAXA-SP-23-009

3.1 CFDY—IL#E
- LRSI

s
- BEELTORREMIFE(HIFIREZSE)

50.8

—7}<m—+u D EENREIZFHEZE TEHLIIZQ1DEMNT. CFD

From inlet

[324.08)
Injector x 2 N ﬁ e #a] ‘/“"; Injector x 1
Air \ il v == i} & L —

T p——- o g] - £

~ < 2

Side view

3.1 CFDY—/ L&
e RUTFERERED LLER (FRITEERED)

- LEEES
0.06 .~ CFDMS6S top SST-CC PaSR
P —CFD M6V

© Exp M6S (top)
+ Exp M6S (bottom)
0.04 7 o Exp M6V (top)

M6S: 7K

RIE=
AT

+ Exp M6V (bottom)

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 177

3.1 CFDY—IL#E
CFDFAI#E R (FRITEERAD)
— OHY #n

2.500E-02

0.000E+00

Xs OH
2.500E-02

0.000E+00

M6V

3. 2 RITABRBEREDLLER
e
cose 115 [alleal (M |Vimis |PUeal [T il [0
Casel 379.7 41.7 5.71 1716.9 1.82 224.9 10.37 0.416
Case2 381.0 57.6 5.76 1716.5 2.48 221.0 11.53 0.333
Case3 382.7 90.8 5.81 1709.4 3.84 215.3 16.99 0.309

Cased 383.5 109.9 5.82 1701.8 4.63 212.6 18.80 0.281
Case5 384.9 156.9 5.84 1681.2  6.57 206.2 16.70 0.173

Mach Number
Y=0[m]

O~ RADER

BEBE
L—4  167.59km
IMU 167.54 km

B B30 kmEE RS
- fEfT 378.4%

o IMU 378.1%
L—5BREHE
g B E20 km B ZEFFRE
ul fRET 384780
IMU 384.4%»

5 100 180 200 250 300
Time from launch (sec)

This document is provided by JAXA.



178

FHIMIZE S0 BR RS R R TAXA-SP-23-009

3. 2 RITHABRGEREDLLE

- LEEEES (BEQTERITIE)
_.(]:B=O° %Eﬁifﬁ

Case1 (q=41.7kPa) Case?2 (q=57.6kPa)

16

—CED (fuel off) —CFD (fuel off) Case2

L4+l G (£uel on) L4r G (€uel on)
1.2+ o Exp (top) 1.2} | < Exp (top)
[ Exp (bottom) s Exp (bottom)
o08- 0817
3 , ~ 3 I -
Zos f/ @f{ el Zo6 N A,
04 T ﬁﬁ " 0.4 f )oY
o/ R 4
02-1 7 02ri
0 — — 0 T -~
T T T T T
400 200 O 200 400 600 800 400 200 O 200 400 600 800
X [mm] X [mm]
Case4 (qg=109.9kPa) Caseb (q=156.9kPa)
16 1.6
14 —CFD (fuel off) Cased 14 —CFD (fuel off) Case5.

CFD (fuel on) CFD (fuel on)
1.2 | © Exp (top) 1 1.2| | = Exp (top)
|

1 | L= Exp (botom) 1 | L=Exp (borom)

Fle

g08 08 .

Z06 206 AN
041" 04 | JND N
0.2 02! ~

— y
0 0 sz P
i

-400  -200 0 200 400 600 800
X [mm]

« Case2liB<{—%
« Case3, Cased Dby, TiRMABEEZE/NT(H

-400  -200 0 200 400 600 800
X [mm]

Case3 (q=90.8kPa)

16

1.4 | [-CPD (fuel off) Cased
CFD (fuel on)

1.2 | < Exp (top)

1) L= Exp (bottom)

gn,s
Zo6r, N &
0.4 g
| /
02} J
0 P = W—

-400  -200 0 200 400 600 800
X [mm]

v

3. 2 RITHEBRIGREDLELE
. th_FERER GRATERERRN) vs. RITHER

= Tcaso | qlieal

Ground M6S 104.1 5.30
Flight  Case3 90.8 5.81
Case4 109.9 5.82

YN ERIERLS

i E ERER
(FRATEERAT)

TIKI_ o

232.0 0.30
2153 0.31
2126  0.28

HATELER

A LYNELS

¥ e

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 179

o Hh_EEER (FRATEAERRI) vs. RATEER
- tEEADH
’ %LGrounci (top)

—+Ground (bottom)
157 -=-Flight case3 (top)
—+—Flight case3 (bottom)
-=-Flight case4 (top)

| | ——Flight case4 (bottom)

Pw/q

-400 -200 0 200 400 600 800
X [mm]

3. 2 MRITHERGEREDLLE

v

3.3 MITAHEBREOH EHERERIZLSD

B
- HEREHEMEV)DERE
— BBREFTITTRIMEES T RIILF—ERIT

249 5.18

4.43 1407
(M6V-99)

L 452 1530 58 271 5.15
« 1VLYMERDERE

- ETEOEMRZSEO. MESRAOIYNBERITEEICEDED

B DED
_MM

16762 0.250 0.649 0.101

1746.5 0.251

0.635 0.114

(RATERERR)

This document is provided by JAXA.



180

FHAIZERTTEB SRR 5B JAXA-SP-23-009

3. 3 RITF(RITR) ERICLLBHE

. BIREHOCFDEDLLE: (BIE TEXRITIE)
— Exp No. M6V-99: g=101.9kPa, $=0.29 = MR{1T7i1E& Case4

- FEEESM
1.6 — . w
L4 | [ CFD (Flight
"' | | CFD (RJTF post)
1.2 - | © Exp (Flight, top)

11
<08
206/
0.4
0.2¢
ok

+ Exp (Flight, bottom)
¢ Exp (RJTF post, top) .

+ Exp (RJTF post, bottom)
R +

-400 -200 0

200 400 600 800
X [mm]

MRATHAERERFRIC, TR EZ @/

v

3.3 RITFRITR)BRICLLBHAE
o Skeletal & I #+E D
— PABEES YL K ER2DCFD

B2 4808
T

T N=Nc=—VAN ;Fﬁ
8 pr
2.500E+03 2.000E-02
000E+00O  0.000E+00
23%& .
000000000 2.000E-
L | | o
0E+00  0.000E+00
34%& .
2.500E+03 2.000E-
| | - e
0E+00  000E+00
E Ky
RIS
1 1 1*; 2.500E- " 2.000E-
- | .
OOOOOOOOOOOOOO % - |

Cavity B A 1=-C&F R E
20/ CHEEMIRICERIFDER

OHM

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 181

3. 3 RITF(FRITR) HBRICKDBHRE
- BIFHERIOCFDIER (RITRRITFSEH)

- BE -t =

— Cavity TR A TWVEW = RICHEEICIKFT HaIEEEAR

1
o M6V-99
0.8 [ _nc
06 B /
=04t
:_E
0.2+
0

400 500

600

700 800 900 354*4
X [mml]

3.3 RITFRITR)BRIZLLSBHE
« Skeletal I H#ED

— BB
UGB B

5. 488

=

111s(T=1200K) — 111s(T=1500K)

34s(T=1200K)  — 34s(T=1500K)
23s(T=1200K)  —23s(T=1500K)
20s(T=1200K)  —20s(T=1500K)

Ignition delay time [s]

10— N

N D

~~~~~~~~
~~~~~~~

0.01 !

0 50 100 150 200
Pressure [kPa]

250

111s or 111-770:
EE3 A

B K 2E E (p=1atm)

100

o0
(e
T

o)
S
T

N
S

—111-770
—5-34-222

——23-121 1
—-20-96

\®}
e}

Laminar flame speed [cm/s]

0 I I I I I
04 06 08 1 1.2 14 1.6

Equivalence ratio

This document is provided by JAXA.



182 FHT

ZERF IR PR B R & L JAXA-SP-23-009

e 7= % + - =[E
3. 3 RITF(FRITR) BRICKOHE
- ScHFE
— S4FE222 R IGIK R +3:Sc=0.9
Pl t— -
—- LmEE»fH T Sc=0.24
16 CFD (5c.~0.36) ' M6V-99 to‘p 34-222
14 t_ ' & /NG
Lol [—CD (Sc,=0.30)
~ CFD (Sc =0.26)
1l crp (Sc,=0.9/0.24)
9_‘0-8 " | CFD (Sc,=0.9/0.225)
£ 06| Exp (top)
0.4 + |~ Exp (bottom)
0.2 - 5
0F —
-400 -200 0 200 400 600 800
X [mm)] %*4

RETILDFE
— SST-V vs. BSL-V
— FEEES M

3. 3 RITF(FRAT

BIBRICLLBHE

1.6

147

1.2
© Exp (top)

Lil+ Exp (bottom)

7CFD(SST Vv, Sc =0.9/0.24)
— CFD(BSL-V, SC[ 0.9/0.8)

M6V-99 top 34-222

-08
E 0.6
04|
0.2
ol

-400  -200

v s

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR

3. 3 RITF(RITR) ERICLLBHE

- FEEESH

HEAZAIEROCFDD LLER

1.6
1.4
1.2

1k

—CFD (before)
—CFD (after)
© Exp (top)
+ Exp (bottom)

=08
206"
0.4
0.2 ¢

0

BT

lima 0.9 0.9/0.8
Ty
ILRET SST-V- BSL-V-

CC
34-222

L cc
RIGHERE  20-96

v

3.4 AT

- EEEESH (BEqTHERITIE)

— CFDHE#RZE#&
Case1 (q=41.7kPa)

1.6

—CFD Casel
14 “ Exp (top) N
1.2 F4  Exp (bottom) N
! i S
<08 . NERYARS
206 D g
0.4 | i [ ® T
02t J
0 e —h
e e
400 200 0 200 400 600 800

X [mm]

Case4 (q=109.9kPa)

16 - . . . . . .
CFD Cased
L, Exp (top)
12|+ Exp (bottom)
1 s
ol Ag
08 . A
Zos i A i /
04 ~‘ PRVERNE .T *
o2t
Oy [P m——
T ] |
400 -200 0 200 400 600 800
X [mm]

« Case3.CasedD—HEhE

+ Case2ldB KT

Case2 (q=57.6kPa)

1.6

CFD Case2
LA Exp (top)
1.2 1 Exp (bottom)
! o ,‘m ~,
go.s N . ;’;r‘ F,‘;'ﬂ‘
0.6 N A /
a |\ f \’F wa /|
o] LN »}
i/
02F o
Oy [P —
B N [
400 -200 0 200 400 600 800

X [mm]

Caseb (g=156.9kPa)

200 400 600 800
X [mm]

-400 -200 0O

ALERIE R EDLEER2

Case3 (q=90.8kPa)

1.6
CFD Case3
Larr, Exp (top)
1.2 Exp (bottom)
1 1% P
A
gU.H ] ﬂ“
£06f, N "
04 | ' éTi
02} g
LUl - — P
T 1T
<400 200 0 200 400 600 800
X [mm]

P4

This document is provided by JAXA.

183



184 AT DR S HAREERIEERE JAXA-SP-23-009

E/\ - NS
3. 5 WA EANHEAIZKS TR
- HEARE
— QA(BIE x MABtaR A O WTEE) TEXRITIE
(
04 I%—A—:is%]
0351 -
_ 03 , ]
5
'g 0.25 ¢ s 5
% 029 @ ®)
g i —CFD (before)‘/rﬁ
=01 —— CFD (after)
—e— Exp. SREY
005 | p BRER
- BB, BEORITHERT —FEDES%LURZER !
40 60 80 100 120 140 160
Dynamic press. [kPa] %%4

4. F&&

o BEERMERITHERESAREBEIDMEREZ T
9 AHCFDY—)LZRAWLT., RITHEBRT—FEDLL
REE

s AT ERATH EEER T —X TCFDZREEL . RAT
HER M To=p=0"° Z{RTEL THEM
— q=100kPaft3i TRk IEE %8/ 5T

o MITHERE  RITEHITEVEHETERLI-# E
HER T —AX CCFDZHAE

4

« BEETH =, FRIEERITHERELDEN 5%
LT (R ENHEN) =R LA

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 185

ESSMRIANFRER B AMEFHERE 2L —Lav B RO LA

2023%7H128 ()K)-148 (&)

EiAIoEvIRSHFLOEREE 5—

ANSSTEE 2 FHEIHEET XA ST IaL—30:S-520-RDIRITHERICE T5H3aL—a> DEHAEH

2B13

WBEEERRANIZEITS
HBHAARREZAV-ERTBREAYORTRF A

OmEigk (JAXA) LWERE (REX) /N FIEE(JAXA)

EP/Y

HROE 2
FRATHER

S AR T

BATER, RATHIRED LB

A /=

a ~ WD =

This document is provided by JAXA.



186

FHAIZERTTEB SRR 5B JAXA-SP-23-009

1. IRDE=

NEEPE  EHME T EEE S AT LARRICA 12

$ﬂ“ 1= j:i ﬂ']' P—RFeyTiRE & (FemE) E6-2 (FFFIAIA)

B 2040FR(ICAITT. FEEEVATLARELT. CNETOIV AVERERER
UEERNTOMWAEEETHEER ., 1 REEMEIEKFHE. 2BREEEEKFEE
0] zﬁéh\amﬂjw:w?w;wzfm B, CO3AXERBNTS.

ki R
HaBEfERaT vk [ 1 EEEE-EEERE
m YIPLYAVATLA | ‘* "i 2ER - fE(Y
TEEEF (32030 (HEESE : I (SRR,
RTE T HIZLNG (FERIIZIZCNAZY * )

7}(:|:P'.5/E [ 7 17 H4¢ # Carbon Neutral: h—R>=a1—k5)L
N - %
B JJrLUAVATLB i \
Me1TEEEI$20354E 8 -
1B I7—JN DU TV AR 18 17— =S TR E ik
SE&HMEAO VR

18 T I L 2FEERTT
B YIJPLVAVATLC

FHxrF—TV—Dw 71/}/[3 FHADTILALARELR
1T HEEEE2040F H

O ybTo S R—R L RS LT DY
- - i
(UIPLYAVATLAD LEERE) &4 mmm BAPPHAE(IBREER) 4

This document is provided by JAXA.




S5 IR ) A A AL I ZE TR S S L — s a il AR L SR

187

NEHEE IR THEEE DR T LARRICAE T2

Ry Tt (FEem) EH6-2 (FF1343A3H)

JRE D
LM RO
TATLA LATLB
Aryks47 e
Ak HIF—EFLEELREMA O | -PPICRE
Syl AV (CHGARE(RFEAD | - EEGEM E(TSOHFAMN
i3 AV AT FE) aEE
-BEEERENATAREL (REUEAY | - HEEH (BEAD ERoE D10
HRAMIES) HIFEE e AaE
"HEOHR /EERMIOEHEL | -HAB 20N (MEKER
Hd BATH A TED)
-FABEDEREE(FAAT £
HiALE B TORMBY)
FA Yk HASRERN CEBTOREEENORE L
-WHOSEE, TUOUANRE | AECRFE~OMETHE
-B L ERGE DFRER - T (REMERAEFAAZER, K
-P2P (35 TELY RO REHALEITED)
CHB AT, TERiT(IVI-
171 ] RIBIS) OB AR EAMEL (T
oo I ol ERFLOMEDNLE)

AT ALC

o4yh+ LERAR

‘PP, HTFA—ERLEETHL
WAy avIcHtiG Al ke GRFHE
~DEEH A RE)

Ay IEHAFEOMR S
BEETOEHENHD(LEHS I
BT A E)

- AEED R RS

53 b b n b T B o el
E AL (KB e ARt
HICEZ)

RS T. EEEFERICESE
EHilT(EERMEE BEAS
&) OHE TR HEL

~a

BHEAOES-MEIC OV TEE)
O HEET EADXIG

O EET LRI OIS HENRRERZOBZMFFIBEREH IS DERF)

OFAN/BAGEIHLT, REFELORHARAM

BEEHZE(1) NSEZATIC K DRAT

AERDEFRR T A

| Juliano, T. J., et al. “HIFIRE-5 Flight Test Result”, J. Spacecraft and Rocket, Vol. 52, No. 3, 2015 l

i
Can I
Payload 1 / A
ot 861.05 56888 | 73912
oo AR ER - - ' - .
=) =
L Transition Section
PRI N
Fig.1 HIFiRE-5 stack. *%ﬁs i :{k =<f ;f
300 =@ tip/isolator | —{80
: tip; or + Thermocouples o§o
isolator/joiner “1500 & Heat Flux Gauges | m
250 ; joiner/frustum | ~120{| o Pressure Transducers| ogo
90} #  4mr 4 x4+ 4 44+ 4 1048
. H N "
E 200% -60 . * *
2 . + e+ ms s+ 30
= = _30 M + N
=y o
-;-’:)’150 S of ¢+ seasdesenmesscions
-
5100 =0 4+ 4+ § 4+ 4 e0F &+ +
« ) 60
. 90 ERERE Y - * & 0 *
50 120 .
+ + 4 2+ w0
0 150
-180 -135 -90 -45 0 45 90 135 180 180

0 (deg.)

FImERE A M ES

Frustum

Joiner

0 01 02 03 04 05 06 07 08 09 1
x (m

This document is provided by JAXA.



188 FHIMZEWFIE B TS R B R JAXA-SP-23-009

BEERZE(1) NSERITIC K HMRITEAER D AR T Al

Juliano, T. J., et al. “HIFIRE-5 Flight Test Result’, J. Spacecraft and Rocket, Vol. 52, No. 3, 2015 |

=0 FIHE =0 Flight 20 Flight 20 Flight
Laminar Prediction i o—— i vadiciicn e rediiilon
Tottont Brediction Turbulent Prediction Turbulent Prediction| Turbulent Prediction
200 200 200
s ] = =
e X150 X 150 = 150
F; - 42% / ™ F; %
13 ) G 7]
2 2 2 2
s s s s
= = 100 = 100 = 100
w T T T
2 2 2 2
50 J s0f- s0l- A
| mmWWM"WW.W('l
20 30 870 180 190 200 210 P2 0 g 50 70 180 190 200 210 220
Time, seconds Time, seconds T"“e 5900"55 Time, seconds
pr v ~ L he o~ L L L e ~ L
AT#& M 5350mmALiE AT#E D 5350mmAiLiE AT#EH 5830mmiLiE A& H 5830mmiLiE

L5 P& T ep LHe BT

v fZ#r{il[Eparabolized NS#2#T (&L E T /L : Baldwin-Lomax)
v —¥fiMach#82.5, @A+ O TOHHStantonF & H

V ZOMOEHTIEBRRERITRELEMEENIOEH

v BLTRENTR R 42%1B K 5T

B R 32(2) Cart3D and Reference Temperature Method (RTM)
| Hamilton, H. H., et al., J. Spacecraft and Rockets, Vol. 51, No. 4, 2014 l

M.=6
o =20deg
Re_=7.2x10"m’
Perfect Gas, 1= 1.4
UNLATCH3 and CART3D
SABLE and CART3D

- BLED

Transition (s = 0.15 m)

E 3 1&FCart 3DIG A
Eulerfg# %, RTM T 0IE
FiRERBHRRERMEER
EHROBRRIDMEE L ATHE

q,, Wiem’
o 4 N 8 & o e N ®

ELED

L L L L s
0.05 o1 0.15 02 0.25
x,m
a) Heating contours b) Symmetry plane heating
Fig. 10 Laminar and turbulent heating on a spherically blunted 15 deg half-angle cone, perfect gas,y = 14, M, = 6, Re = 7.2 x 10° m™,@ = 20 deg.

YV V V V V

Zhao, J., et al., J. Aerospace Engineering, Vol. 31, No. 5, 2018 NSHRAF LU =&

Ma, =593, a = 25° q,, Wiem® 12 Ma_=5.93, a=25°
Re, =7.54x10°m" 12.0 ” Re_=754x10°m™
Perfectgas, y= 1.4 1.0 Perfect gas,y=1.4
Laminar flow 10.0 Laminar flow, T, =300 K
Tw=300K gg < 8 Experimental data
Cart3D and PATA1 9§ (Hamilton et al. 1994)
(7;'3 s ¢ LAURA (Hamilton et al. 1994)
50 & — — — LATCH (Hamilton et al. 1994)
40 4 CartaD and PATA1
pr 3.0
E AL 2.0
1.0
(b) 0.0 ? }
(©] x(m)

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 189

BELERFZE(3) Cart3D & RTM®D it A

Dreyer, E. R., et al. “Rapid Steady-State Hypersonic Aerothermodynamic Loads Prediction
Using Reduced Fidelity Models”, J. Aircraft, Vol. 58, No. 3, 2021

0.4 s
5 3.55 17
-32 x (m) LV%LV/LT\‘ N 7
ym 04 ° o . - ﬁ I ,-\44:7\/ i —n,;i';"
2N % FUN3D(RANS)AZEHBEA —/\—tYMEF  Euler&RTM, Cart3DAERIEF

1 5
oy

RANS-Kriging A

Euler&RTM-Kriging

- = e -} 5 i
02 g a) @ from N8; R = 04699 and NRMSE, = 59.4% £} Qe FR Ty ™ = AL AR NRMSE, = BLTE

vV RITHEEEETAT 516, TERANSE, Euler&RTME TKriging i Z B E 2 1E X
v EERANSOEEREDFRANSHEE FICKDHEORREY : OFER)

ADF LTI DU EFI#RD

> 2R1.84A—FILES

» 4Ly hEB0.38A—K )L
> IO U ER A Th
> FREZE A NEE A RLIh

# e &

This document is provided by JAXA.



190 FHT ML ZEITTE PR TE RS R L JAXA-SP-23-009

SRS

1. BEEERPOEERKOENELGERRR T AEDFERE
ARATHERRD1 D FHAIFE R L ELBRIRET

Fe1TE BR

This document is provided by JAXA.



o5l AR ) itk 2 AL ZE T H AR S 2 b — S a B S AR DT Wi U 191

[ e "’,l_
V IR ; i
= = = T ') £
1O
VERREY—NE Q
vE£R&34mm }
VE—ITESEIEHIAH e )
V3DDEREX TEESA
‘//E VAN REREH | gy
REA NSRRI HFM2(4./l/ YA -
) 1
bz 4 il BN 1Tl =
3% ]| i

-l-//sll1 ( J )
O
473
HFM1_1mm
423 HFM1_6mm
< ~HFM1_11mm
ol
‘é - -HFM2_6mm /
[0]
303 || HFM2_11mm = /,,
- o
273
360 365 370 375 380 385
time (s)
v EETmm, 6mm, 1M1TmmOAME TREZEE, /2L ybORNTELEEEILEHER

This document is provided by JAXA.



192 FHRZEIF IR A R L JAXA-SP-23-009
B RIAE 1
v JIL 2 N -
5
700,000 , ; 473 ‘
| 1 :
600,000 —HFM1 | 100 —HFM1_1mm
1 kPa -
<500,000 : : A423 : HFM1_6mm
E —HFM2 150 ! < | . HFM1_11mm
= 400,000 H pa )
i I a 3373 | —HFM2_1mm
> 1 1 9 /
< 300,000 = v g - -HFM2_6mm
-‘g‘ 25 1 OE) —
< 200,000 kPa | S I HFM2_11mm -
, // 323 S
100,000 — : S e
I
0 = | 273
360 365 370 375 380 385 360 365 370 375 380 385
time (s) time (s)
v EETmm, 6mm, 1M1TmmOAIE TREZEHR, /2L ybORN TR EEEILEHEE
vV BRIOREEBRCTREL-BEXZAVTHARKREZEH
v BEMNELB3EM (25, 50, 100kPa) [THWNT, BFRERE T8

3. BUEMEMTFIE

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR

193

HEF®

XEEAER 3R TIEMEMEEUlerFFER
SEET EMREREF
FEFETETRR 3IRFEEMUSCL SLAU RF— L
FrfElfE & 3XFEE TVD Runge-Kutta f5f2i%
el BYEE- M

> EulerFREXICKEHCFDEMTYMARKRE (=EREBNGE) OMEELEH
> MIRREDEEReference Temperature MethodZ &A% LB TR REZEH

A Y «~
IBHAAEBERE
& J__ais
o o p o ERAMRE
lpgel
,’\}ull’ Ugen = — A Uipn
A P
A BRATEE  ARHON
© © © Ugcr = Upt  Uge = Ugen T+ Uget
lBy/’
(/)GC,ﬁ\ U i B
@) @)
Pcc = Prp
Ugc Pcc = Pip
] O o Poc 1 1 2
Interface Eoe = pecy — 1 3 luec

This document is provided by JAXA.



194

FHAIZERTTEB SRR 5B JAXA-SP-23-009

Reference temperature method (&)

IEcken‘, E. R. G., Trans. ASME, Vol. 78, No. 6, (1956) pp. 1273-1283. | P
| Liu, C., Int. J. Heat and Mass Trans. 111 (2017): 1079-1086. |
r =&
Recovery factor Edge enthalpy . -
r=+Pr o E, +p,
Recovery temperature €T P, e BRREIE
Y — 1 2 *
= f
Tr (1 tr 2 M°°> Te Recovery enthalpy reference
2
u
Reference temperature H.=H, yple
T* = AT, + BT,, + CT, 2
Reference density Surface enthalpy e (i) (ii) (iii)
T, —
= p;,*e Hy = cpTw A 036 045 | 019
Heat flux for laminar boundary layer
PT———— B | om | 0ss | oo
«\ L5 0.332 (p* 1" u, 05
pr = T_ Te + G L Qw1 = 2 ( ) (H, — Hy) C o028 0.50 0.22
T,) T*+Cs ¢ Pr3

Reference temperature method (ELi7t)

| Zoby, E.V, et al., J. Spacecraft 18 (1981) |

r = Pr3
7-;') T*} p*y ,Lt*) He} Hr) HW ‘igiﬁtﬁu
PelUoOr |BEEIIERE-2aE
Reg, =—
Ue

1 s “
— * *m C3dS
peuer<czj;p U T )

N = 12.67 — 6.5In Rey , + 1.21(log Reg,, )

LookUpTable78

Or

BRYUBLEAEASDE

2N

_[(1\NH N m
a= (E) <(N +1)(N + 2))

¢, =c¢(1+m)

cz=1+m

1
Cyp=—
4 cs

cs = 2.2433 + 0.93N

NIEIZZED<EH
Heat flux for turbulent boundary layer

“m .
u p _

Qw,t = C1 (Ree,e i) Pelle — Pr 0'4(Hr - Hw)
u Pe

This document is provided by JAXA.



SO FREE S BB AL T AR S 2 b — v a i o RO D AR S 195

21

4. FEITHGR, MRATHBRED LLER

> AR RFHZERALT/ADEEIZ L TR

This document is provided by JAXA.



196 S 72D E B MRS R 2B TAXA-SP-23-009
BEATEE
. BE 208 SE S8 B B s
& TN (pa) (deg) Pa) | (K) (mis) | (kg/m?) (Pas)
25kPa 5628 | 25.01 1.671 113 22994 1710.68  0.0170896
50kPa 5740 @ 50.06 1.557 217 22269 1717.07 | 0.0339624
100kPa 5818 1001 1.679 422 213.93 1705.86  0.0688121

> BIE3EX M TEREEUlerfZiT, MAREOMEEZEL
> ZM1%&, Reference Temperature MethodIZ &Y & ALIE

> YIRRE (=N EENEFONOHFER) DENDH
> BEAROEMEDHFER CEE EmEREMNIZI Rt
> A MDIEBD=-HRDI50LY

REENE

=
2
(M|

EREROFER

50kPa

L

100KPa |

This document is provided by JAXA.



BEB5IIHEIR ) PR = BB AL A T BB S =2 L — S a s BT AR D AR SR 197

2 (HMERSE)
_S50kPa .
‘ —

Pressure: 0 20000

> BEA RO INEZ BN (BEARIZF 5 (ZFE1R1E)
> BEAREMEDRRDERIIERTHENRTDO-O
> BIfEHI A D JlLﬂ@%&gg( KAHBIHFEIA TO RN D55

25kPa ] 50kPa il 1OOkPa_:L

600000 600000

> BRREDRTMDEZNIEZEHAL-HER
> Bl FimAI A E TR R K
> MDD EATIZH LD TEGREAIE

This document is provided by JAXA.



198

FHIMIZE S0 BR RS R R TAXA-SP-23-009

2R 5 (ELiT

] [ I | [ TR |
3 0 600000 q 0o

600000

> AL EDRTMDZNIBEZF ERAL-ER
> ALy REIDRTA BB I TR RIE
> EiRERIBRIZHRN D 7 I D & CEARE A E

qwt: 0 600000

Hrwt ALy R ‘fT ok Eﬁ &ﬁ# *ﬁ 0) Hf, Eﬁi FHEM2 (AL bsMAD) ¢
500,000 ‘ : 500,000
-8 HFM1 ﬂ%ﬁ'%ﬁﬁ%‘l’fﬁ“{@ -G HFM2 FRATERERETBIME
© HFM1 NSHEHT (B3 © HFM2 NS#H (FEiik)
4000001 _ o HFmt Nss# L) 4000901 - 0-Hrma NS D)
N ~A--HFM1 Euler8RTM (B3) N -A-HFM2 Euler&RTM () A
£ 300,000 £ 300000 |
; 300, --A--HFM1 Euler&RTM (ELi%) ; , -A--HFM2 Euler&RTM(fLulL) L EL%I&L
= i it % %
x x NS(iE!l?fd-—ﬁ .~
5 R e E o
= 200,000 | TNENTEREE—H — 75" 20 | = 200, OUEUIer&RTM[iﬁm;ﬁ - o2
8 ; ; - "' 8 X B
I ,?—_’f: - c j/” - —’
< o /'C' P A
100,000 .“ﬁ 100,000 |- A ﬁ
ﬁ’/._-A--- ------------- = [=h 6——‘—6
. g =118 N
0 i 0 -
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Dynamic Pressure [kPa] Dynamic Pressure [kPa]
> RITHBEREER -ELROBINEOEESENSELRBENEL-ATREM
> AL yEARAIIENS, Euler@RTMERWL—2], 4MEIIXEuler&RTMANIE X ZE4ifl

This document is provided by JAXA.



FE55IEIRAR ) e B A ZE Al S o L — v a HT U AR U LR SR 199

Heat Transfer, kW/m?

. o'C 7 —_ PV 4
ESEHIR(1) NSRS B RTHBOMARTH
Juliano, T. J., et al. “HIFIRE-5 Flight Test Result’, J. Spacecraft and Rocket, Vol. 52, No. 3, 2015
glm— 420/0 /\ %150— 1‘3‘_150
50 ‘J 50 50
9 10 20 30 40 50 q 0 180 190 200 210 220 ¢ q 0 180‘ 190 200 210 220
Time, seconds Time, seconds Time, seconds
AT#E@x=350mm A& @x=350mm
LR BT & T
ol . ' v #2#lEparabolized NS4 (ELFE7 )L : Baldwin-Lomax)
p il Sl iy v —¥kifiMach#12.5, i+ 0 TOH A Stanton$H
9. i e v ZTOROEHTRBRRERTRGLETMBENSHE
) 22 T ! o [ e F v BLREATR ER42%:18 K ET
e Lemsm v REORIZIS>TIEERNAOEETT AN T DR
0 01 02 03 04 XO(.;) 06 07 08 09 1

BYELEE LOEADH

JE4E & FNavier-Stokes & D LE 8

| JEHEEE FNavier-Stokes l | B3 FEUler8RTM |

P [kPa] Pressure: 0 10000 20000 30000 40000 50000 J— ¥

JE#E &+ FNavier-Stokes B X #FEuler&RTM
=/DMEFIR =<0.005mm (12 1mm) 1mm
BFRE 1407 10007
HFERK FHEZE =)
HFERRERE QYisdis 109
i H7 B ] 504 (MP1128) (58257 LAF) 58Ff (OMP200)

This document is provided by JAXA.



I

Het

BAFEHEAE S IR JAXA-SP-23-009

iy

200

HFM1 (4> Ly A1ED)

qwl: 0 100000 200000 300000 400000 500000 600000

25kPa 100kPa

Y

qwl: [ 100000 200000 300000 400000 500000 600000 E

qwl: 0 100000 200000 300000 400000 500000 600000 I__—E‘

01 015 02 025 03 035 04 0w X o1 o 5 02 025 03 035 04 o x o1t ° 5 02 025 03 035
015 —T - - — T — 015 15 g
=50 =50 ]E =
o1 = /JIL ol g HJIL O ol 183 HIL 04
05 005 005 005 005
-0, -0.05 -0.05 -0.05 -005 -0.05
1 EL :t 0.1 EL :t O 01 01 H EL :t 01
1L JIL JiL
[ |
1% l Y s ) 0_115 o3 025 03 035 ) 521N X 015 02 025 03 % o o'

‘ﬁ';ﬁ%ﬁ%ﬂz%tg aiL" ﬁL/)ILo)ﬁfF*ﬁto)

> AL yRAIIENS, Euler&aRTME LV —EX

BEMNGELRE

BANE LT EE

%

25kPa

HFM1 (4> Ly AR

Y
qwl: [ 100000 200000 300000 400000 500000 600000 l_:‘
01 0.15 02 025 03 035 0.4 o X
5 T - - - 015
R

S50kPa

;wl ] 100000 200000 300000 400000 500000 600000 I_:‘
315

o1
015

100kPa

Y
qw: 0 100000 200000 300000 400000 500000 600000 l;‘
0.15 02 025 03 035 0.4 o X
015

018 ‘
o1 E L 01 o o1
O
005 005 005 005
<
§ o o N
005 005 005 005 005 [ 005
-
01 404 o o1 01 H EL ,)Itl’ b
015 - — 1N 018 X DN
O1%1 015 02 025 03 035 04 0N 0.1 02 025 03 035 04 045 025 03 035

’ﬁ';_t%ﬁ!f‘t%tg OIL" ELUIL@ﬁ**ﬁ'&O)

> A2 Ly REIIENS, Euler&ARTMELV—3K
> BFTBICELRBRL TS aTEESE

BEMELRTE

BMNECT-HIRE

This document is provided by JAXA.




SEE5IRIFEIR ) ki S AR B M Lo — v a Fili AR Uy A Sk 201

HFM2 (A2 Ly 54MED)

qui: 0 100000 200000 300000 400000 500000 600000 ; 0 100000 200000 300000 400000 500000 600000
T

01 0.15 02 025 03 035 YR ks 0.1 015 025 03 035 s fm X 01 0.15 02 025 03 035 04
- T 2 T T T T T

015 T T 015
01 01 - JE

5"

Zs
IL

,e

Bk A B |

005 -0.05 005 0.05 005 005

<

005 005 0.05 005 0.05

T LR

o1 015 02 025

01 o1

| &L

1 1 !
01 0.15 02 0.25 03

0.15
0.45

> AL ybMAlIZEuler&RTMAN & AR | 238 K ST
> NSENZEEDRERAENDLE

BEERRZE (1) NSHEEHTIC KA RITERER D EATR R T 8

‘ Juliano, T. J., et al. “HIFIRE-5 Flight Test Result”, J. Spacecraft and Rocket, Vol. 52, No. 3, 2015

250 250

~—— Flight Flight 200 100 100
Laminar Prediction Laminar Prediction 1501 50 0 <
Turbulent Prediction Turbulent Prediction Z100) E E
200F 200k £ = 0 £ 60 2
X X
o ~ = 50] 40 3 40 3
£ E 100| & E
= = 150 20 2 20 2
= 150 o \ = 1501 200 N o
8 42 /O 8 0 200 400 600 800 0 200 400 600 800
G N G X (mm) X (mm)
§ & a)f=182.935, M = 2.4, Re = 2.0 - 106 /m, cr = 0.8, f = =0.1° )1=197.98 5, M = 2.7, Re = 12.0 - 106/m, &z = 0.6°, f = ~0.1°
100 =100}
s -1 100
| (=182 E =l & _
= ~150 —— 80 T <
N -100 = = £ s
N S0 £ -50 _—= = 60 2 =
£ 90 = oN = ~
> 50 —ac 40 3 3
100 - b e
A . 150 —— = 20 2 2
70 180 190 200 210 220 $70 180 190 200 210 220 200 —_ M,
Time, seconds Time. seconds 0 200 400 600 800 400
X (mm) X (mm)
ﬁﬁﬁ%@x=350mm _ h)£=200.485, M =27, Re=16.1-106/m, 0= 0.5 f=-|  j)r=202335,M =27, Re =20.1 - 106/m, oz = 0.4, f = 0.0°

FT T

izg - B o °F v fE#rl[&parabolized NSE#T (ELFRET )L : Baldwin-Lomax)
- el i e v —HRMach#2.5, M€ 0TOAStanton S E
R RUURE SORE SONF I v ZFOMOEHTIEBREERTEELEMBENSEH
" T e 1 e i zmm E v ELRENR R A2%8 K EEA
= . v HIFIRE-5(&th REFAERe S TEHLOT LY
T v REDRICEHO>TIEERNOEEHN KRS ATEEM

This document is provided by JAXA.



202 RS DRI JAXA-SP-23-009

a

1. BEBEERDPODEERRICT BEUler&RRTMIZ KA ERE T AIEZBIR
2. BAKLI-FE T IEE LR FNavier-Stokes| TR TEEIZBE TR FER M AT EE
3. MRITHERRD1 DR EDEHAFEREAV LYFRNAIDEFTEN B IFIZ—E

[l

EREE
1. JEREEH FNavier-StokesIZLER THE DL AX M RIIRE
2. RITAEBRD1DEHAEE RIS L TL 2 Ly MBI D 2T E AN 8 K ET A

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 203

T

AARIEHEERT T ERERMZHEEREIZT
FR9FEICEHRIRSN=ZEMHR
MBHEEERITICE T 1=, FE-REOEBEHER]
ERITTITHhNnT=.

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 205

S-520-RD1S5 AT e BR A & B R B B (=
BT HE-BE - RENARAT

FEssERAENEEESR/
FAEMEFHEHRES S aAL—aVv BN RO L
20234%7H13H

TrREIERE, /MSFIERY, RA)IE, SHE, 4F 8,
HAFz, EMES BREE, B#H(JAXA)

1. B% RV BH
° %42
> BEEERARTHE. RREEET 51012, ZRAOBRVNE- ENBETHS.

CO=HRRAKRIZE, REORITIREEEELZDH D DRA (INEDOERDAGES
AE)MECY, BBRIAOMB L EZDEVNLYT D REEARERICEREMN
ELBIEADHLMOTNS,

> BEERTOUEHHORREICIT, LR HRR) TORGET —2ERGFERH
TN, RRORITREZ PRI HREEZR LSE L0, ERTTOBER
BT —REMEL, FRY—ILOENMERVEEEZERESTHENDE,

e B

> FTEDHEZRITL. RESNI-FHR-HABRERR I HRTHBRESEORHAEICE
WTEELRE REAERE TORIEH B ERBRERICTOVTRENT 5.

BEMAINEER

PRIGENNZNES RATER
. 1TEE
RREER
SLOTyb T RERRR§E DE K (RITF=Ramjet Engine Test Facility) 2

This document is provided by JAXA.



FHAIZERTTEB SRR 5B JAXA-SP-23-009

1 BREERTHISEEERAATHEETL, SAOKES(Ty K, B
. BhRS%), BERAOE NS HICESCREENRVENMEE D
F—AEIRET .

2 PREHBREORTERIE, RITVyNRERTHEDHEEROESIHE
L, 0 RUMEBYEE5 LRET 5.

3 MEERERERIL, ATORITREICENT, SWLULELETS.

40
q =100 kPa
85[ P
B AREREE R (RUTF) LLEET 2B AHND, _
UTOEETHOT—2REEITS. E¥l .
2 HERdEE
| e | BX
=AY - 55 8.0 20f
BT 25 kPa 100 kPa B 4+ 5 & I
Mach No.

1 RATHEEL

4. IRATLEXR
Sy AV ERERICHHUER LUTOVATLAERERE L,

1) RATHBRMEIAIL, RATHRD AT AICLYRETEITIRA - DB =&, RIORITRETRERBRERETS2L.
2) HEASZRTLOEBIRERURATRE (BT -2 B RITUT LM 20 DERBT —2EHEIL, ESXTLANRETHIL
3) HMEKEERBALRRERMYADDISITEDHEEITL, BT HICHERETD.
c [ROKEE(RunE, BT, U5, HEYA)
+ K[ROENIES
o BRBEREEZIBIET SO DMBERADEN D AR CEES A
c EAMBEEHHET H-HDERE
4) FATHEBRHHAKS, BETIRTREEM (EZRE, RS, EE, &), HES) (SRS TSHIL.
5 WIS 571—X, BERMEBRTH L.
1) HEAARORRK-Tik-BERMEE, UTORGEBRSHL. (FHDOILHAR)
2) BERRBED-OHDRBERRTESIL.
6) WA RTLOSH R, HEARETENRELL, RITFHOULARVEBYALTHERTHL.
7 BERE, #EEATLOMDYTLRTLERHL, REEH, RITFHRTRERRICEL T LETRERVAIMERS, #
RORT LOEHHBORELHFEHESEHMAIEEFDOIL.
8) AR, M ELRAT LM THAIFLY, RAADKRAREFTESH, REHARBCINODARERIGT DL, Tz, A%
HEBRRTRIE, BAREHKTHIE. Chold, HAIGIERASOHEES T/ LI EFMSESILIZLYTN, NLTFRBOT—4

2

EEHRIRIERAEIET HE.
9) EIRE, #ELRTLNDN—DARERBEN, BHRVRKBAARADFRRAREHFL, NHMEBABRTHELLIC, #HEFREBO
BERBEEITICL.

10) FHEIFIER (&, HEAS AT LD = AHEGRICT =25 BIRUT—22EETL, ThOOT—AERIER~EETHIL.

1) BRRIE, NyTUVEREL, LR TLFELITERIFIERNASDOFEESICKY, th ELATLANSONEBEHEIZ/SyTIEYY
B2, BRR AT LOBHBBE~ADEAEHEZon/off L, TOEE-BFREFBIL CEHARIEMRAEIETHIL. Fiz, SMBEHIZKY
INYTYNFEETESIL.

12)BIERE, FHAFBRNORIELET—2ETLANT—2EL T LV AT LANRKIETHIE. RIERRHFIL, S /NURET S,

1) FERE, BEEBEREF ERT L.

14)EREE(L, [IROEN, [ROEANRS, BEREMBORTREZAIL, SHAIKIERAZETHIL

S>VATLEREERIC, REtEEREE

This document is provided by JAXA.



S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 207

3. #%9

RATHERDEMIE. TOD I EELEFMEROND)
v FEIGHR (AR FHEEEZEAHKEE18EM)
v BRETRIE MO RITHERS T EFTHRRAF4D AR (RERIF4E8HNA)

HIMERER 20198 RA195 T8 HRHEREICLDEEREL
20204ECOVID-191Z & BIAXA- KEEDEAE D E

EHICTORBRRERNEE R0, LTOEHEHRIT-,
@ MOy (S-520) Z AL THEEZITE LITS.
@ /—RXa—VIIBFEREFRAWNS. ZOMOHERICDOWLWTHRIRELRYELE
REFATS.
@ BHEEOEBARDERITTHEN. (FoTFHIZLET—2EZE)

TFEF=HZ 54T

B REBE | BEGA—AIED - = . ,

_BBAREHCS | HWRREERR |:| S LT EIER
e s

Cl:%ﬁiﬂ%ﬁﬁ E:Em.ﬂ.aa—%{szfi
-;Em.ﬁ.

HEE B AETER

AHBRAICHRIUE | BEEO—EBCER
BE—IDBAOET
ERA)

{—Z—%ﬂ o |

7 BEFSIca0 0% 77 &
i

5. Z-HiE X -1REE
BREL AT BAE(C 81y | BT HEICBIHHEC B IT BB AN S B R I BB ARAT £ I

> BERERSH(EXRMICE., TRTOBM(COWTHERFTEERE)
@ HEARDZE MK DG (B ERET ~ FEMIERED
@ MABERR DE- BREAER AT (L 3T ~ SEMEERED)
@ MRE-E AR EICK T SHIRERE - HEHREL (BEARRE ~ P R T LRKER)
@ 115 LI - EEROIRE - ERICK T HRET AL (BEARRET ~ R T LRER)

2007 CIHER (SUBREE) 58
15213’7%9}%’&/‘—\&\4\
/_\150'
: \
— — EIoo RY9ER
@@IZBLTIE, &at-RITHMT | / (#0110 EE) D
EHELI-BUERT SR RIZDW _

T RHOAOEEOQIELTE] ™[ of oo s =
RATHER T —FLLLEL | BEHEF D 3@ lﬁ?qﬂlzaﬁsﬁ%ﬁﬁ
ﬁi%&*ﬁ%ﬁbf:d)'@#ﬁ%‘d’éo % 510 1(1)0 150 200 2.50

KT EERE (km)

This document is provided by JAXA.



208

i

ZERFFE B HERE RE A R JAXA-SP-23-009

6. FFER 7T a—IL (TS VRN RITHERETIESMNA)
158 248 3%H 4%H 5%H 6%
FY2017 FY2019 FY2020 FY2021 FY2022
I i 11D B o 2 1 1 O D B O B ) D A B i 2 B ) B B 6 i (e m I B D R o e BB D D o
[TTTTTT HERE |FRHEE GHEREH) 'fﬂﬁ
2 A ATy FYRTLEE q‘:i?)f‘ ARADqR:;ﬂ¥§7I;A;—'A/DZR2 AGEEEEE ADAR;:”E“ﬁ ARCR
JAEXQA:E;Z Phase0A |  APhasel,2 APhase3
RITHBEELE (FV) mERH [ s#m_ |#wem buBtE
_ @@ D@@@ et Y7V AT LEBRA AV RT LR
i 3SR [Hev
RIS (MEZEVIEL) B [EERpvss  [Fuvev ®:>0)
HEREREER (ADS, ELhEH) ® *%;:IE
IvH—iyt HBERERIICRMS e |
BREE (TOr—PEVTARET A= DHER)
@ 1\n-t1$a)wj]j]u§é” *Tj_%)éﬂnin-l-
@ BREEIRDE- BTEERET
ABZHD2RD AEHTHENTEINE
ERTORBEARZRBL T, SHBORIAZHETE
ETEEIOWO0
BLERMETIC. BECEHBOREETT
":HiL@@
SETBY (RN BB TV B0 E R )
7. @1 \l:l_t{zsa)wjjbl]’%"'&ﬂ-d-énzn-l- & ﬂ% nT%ﬁ@%ﬁ%(l/S)

BREHCHBWVT LT ORIZKR- TR E#RET

-MEDELWEFRT, AEROMKILEICEHHERT
<REHROHHEME (RBEYWALZ VIR E AT

U
HIERRT & (AR5 A L) RBREBL THRILMZ R

v ZEAMEICKYBRLTLEIEE R
HERORBICEHSERT

(1) ZERA O St

(2) /—Ra2—%FEH (AREATREYLL)

v HRe L RE EREAHY . KBBEEGL
B)YT7oTF

vV RATAHREREME T, ST M TODERERZLGUERT

ZEMEMNMETL.

(4) PRBEZR
o Hh EERERSBYRLARERE T 5= EEERIAE
DR GEEREE A
s RITHER->OSRLLEERDAORILTISED
Rt = E A

sha

| 7Y7F (i RE#500C) |

| =EmADBESs || /-X1-VBT

(A23a:)L718)

Nk (RTULREH)

EAREE (K
BhbAoax)L718
MBEDEVERTIX. RT L REH15-5PH

1%m&&uwﬁmr\
L AronY) & SiRLEEIC

This document is provided by JAXA.




BEB5IIHEIR ) PR = BB AL A T BB S =2 L — S a s BT AR D AR SR 209

7. O AMEN T HERET & RITHEBROEER (2/5)
FIig
1. AT/ 6, BEEA00KE{RTE L . FaSTARIZ & ACFDARAT doo
2. AR ChD D HERAWTHMEERBEZTOEYETE

h=15XChxpXuxCp..z(1)
LSIERBRM, pARBE, WEE, Cpt#t

Ei%EE%onAL@E%ﬁéﬁuﬁ%ﬁﬁt%ﬁﬁﬁﬁéﬁiik%ﬁ%?%%ﬁbto
4 BREET. BAGHEHEL. BERNERRT S, |

J—Ra—v

J/—=Ra—VIZBhDEREE

"
8.0E-03

tho
: R
. % 05 ~ 655
s 7.0€-03
Fost -o-655 ~
- 6.0E-03
oo w0 o o = oo o won o

L xa—vizmnaims

eeeeeeee i SRy
- > N
|-u-' p
///// Li . * a0e03
P
H &
X' 3.0-03

2.0E-03

1.0€-03

eeeeeeeeee
N=] J:.:F
£ s
fooo 0.0E+00 ! :
Y 08 09 v 11 12 13 14

,,,,, - - Seith o DIEEE [m)

7. DZEAMEBIH T HRET & RATHERDFER (3/5)

. ) RA— U EMOEE
R — HERAUTTHY. 2RO HHBRE.
Fl-. 7T T MEGEE773KIZx LT,
SO HHBEHER T,

ZRRAD L7 BEIAMEE

PERFY  /—Xa—UEFER

J/—RXa—EFE
K £9940K o =TT mr e

(X=1.517.7[m])
558.066[K]

NT11
+1.139+03
+1.068e+03

L7 EimAK#91140K

®e6 /—Xa—EFEREM

10

This document is provided by JAXA.



210 FHAIZERTTEB SRR 5B JAXA-SP-23-009

7. QEAMEBISA T DERET & RITHERDFER (4/5)
BHRENBHLARAMAD HEHIE
TROT VRSSO ERE 3491470

TEO20F DRI DA HEEDRBEF-E DDAV T ATUELT,

UioEd

id

A A - ——Outside

1500
1400
200
200
g 1100
& o0
200
800

700

- B EHEEEEZ

11

7. DZEAMEBIH T HRET & RATHERDFER (5/5)

AERFERED L
= MEEICRBERORETTEH T

6D 4T &R 7Tt v

SHERATD FAITIE., EEARIE DO TFAE
(ER) &YEH, MEBARDENTTFHER(E
) DF BB E(X558K (EE100kPa) 1=o71=,
HEBHERIE. RITIVNEAIENIEEHD
i M. MEBROFVFAITH. JREX340K
12 ()£ 100kPa) E72Y . £IRRIIZIBE
SRIDRBFEYELI=ZEAHM S,

L7 HE MG
PEZRFY  /—Xa—EFHR

550 ' 1400 \
500 e — 7T RLERE .
T £5 1200 —
RSIMmD EAE *F FOFHGE

X450 | 1000
3 o
= 2
® 400 & 800
@ [
2 2

350 2 600
& ByE100kPa — BIFE100kPa —>

300 f 400

250 200

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Flight duration [s] Flight duration [s]

RATHERFF DR B (KT /\#15.8) RATHERFF O FAIRE (AT v/ \#6.1) 12

This document is provided by JAXA.



fires

FEEBIAIGEIAR ) Al e AL A F S Lo b — s a AR Oy A S 211
[+ + — =
7. QBABERDFET & RATHERDOKER (1/3)
FI K
1 AR EIC SR ERMEERREE M (L) Tos
P E 3
2. B S RESTERHH (BT)
3. EREMH(. L2. OFER)E#EICTHERFTIC £ .
’CF':-¥:E ’E%ﬁ 2_1.5
[BARER =h X (T,-T,) ... (2)] § 1
5B 100mm 2 Eo': ; ]
0 02 04 06 08 1 12
i Streamwise location from isolator origin, m
‘ — 3000
x 2500
LR %2000 E
TR g
PRt ﬁg&i&(:—vt’-ﬂ/ PRESS e oo gmo J
N—HH—H-Hu A 2 '=;“ —s8
PR L ey
; - }". i In ] '! §soo :3;:
rL 200 430 194 —10BH
b oum R PRBEZBRIEAED T v ° 0 ojz ota oTs o.ls 1 12
ENERR —'m Streamwise location from isolator origin, m
HEDOOMDELE 13
k3 = ==
7. QBB DERET & RITHEBRDFER (2/3)
NT11
+1.2590402
+12710+03
+1.1830403
+1.0820+02
+1.0060+03
+9.1790402
+82070+02
R - +7.414::02
A x%iﬂfi?" 15 Basescs
+4.7660+02
+3.8830402
+2.0000+02
1600
1400
o 1200
E 1000
g oo f PRI DSBS,
g 600 473KE B R HATREMED
F a0 HH=O. BB~
ol DHREBEC O
’ BjfF25kPa 100kPa R EEL,
o . o (ELGOAERD
Time [s]
BERE FAME
(AR v/ \$6.1, B LELE0.5) 4

This document is provided by JAXA.



212 FHAIZERTTEB SRR 5B JAXA-SP-23-009

7. QBRIEERDERET & RITHERDFER (3/3)
AEREER LD EEER iR

> BHUYOBELY =R ****/”‘m”* Erimana
EMEtL, Tv/ B RB S B L EAMECHY, 1]
R EREHM T, j—

>

" |
SEE i MBBILAS  TRE/ZL
Enitas | L[ EEmna |

1600 1200
e BAXRAKEERR
1400 | [ - sp / . o3| 6 9.45
= 1200 | | P8 > Tt ®) Ejj[£25kPa 100kPa
"o 1000 | e s
2 e g
T 800 [ — . 2 @
g8 600 |- e Pl B
g /’/ - & 400 — -
E o400 p N —=
200 | “ T suk g JEEDL
0 . . ok KRBT (28 ~0Fp) S 2R ATRF TG
-10 5 0 5 10 15 -10 5 0 . 5 10 15
Time [s] . ime [s] I
BETE B S AE ﬁﬁﬂﬁf@@ﬁ#ﬂmg
(PAFIIE 54 BA1R=0s) (TFLUESRIR=-1.1s)
(RAVY/N\E6.1, BRE L ELE 0.5) (BATv/\#5.6~5.8, AT 04~03)

SRSl tes
7. &% n-l-*ﬁ nIE
=t = > — = v - . o3 - ELE = = o
HARTER ROV AT LA (TR ST, U TORBIT OV TEREHRIEERELT=,
Q e EHRER (FREHBEIOREZHT M)
@ #RE-EHEHR (75 LR OIRE) - BmETERESHERILELDY)
200 CIER (SUBETL) 77 At
1By B /
. 1sor
E \
<
00t Epad
* P (9110RE EIEE)
50 \\ /
f J—RaA—U 5
) - BT PR
b E:O 1(I)0 1;0 2(.30 2:50
JKF REBE (km)
158 2%H 3%H AFH 5%H8 6%
FY2017 FY2018 FY2019 FY2020 FY2021 FY2022
4 s[e] 78 ofro[i[iz[ 1] 23 4 s 67 8o ro[1[re[1]2] s[4 [s e[ 7[8o[rou1[1z[ 1] 23 4 567 8]0 ro[uafre[1 2 3[4 5 678 oro[11[12[ 1] 2[3 4 5 67 8 e ro[tfre[ 1] 23
LTI B | stErE [FREE MR 1
AZiH HEEEA ABMEE7+O-Tv7 ARITHBR
JAXARES| AOTy b RTLRE ARDR ARDR2 ADAR ADAR2 AGHEZERE ADRR ARCR
REFHER] Phase0A APhasel,2 APhase3
RATEHERGRE (FM) R | EAEE RHFR ht R
BTV RT LHRA A 2T LR
o EXILEBUR [Wev
TR (MRZEMAEL) [(wat [EEEwves [Bavev
SHERERAER (ADS, ELNEHR) %
EDPEFO | mz  [maem | 16

This document is provided by JAXA.



BEB5IIHEIR ) PR = BB AL A T BB S =2 L — S a s BT AR D AR SR 213

7. QNNERE - ZE AR EIH S BIREERET - FRETREL (1/5)

AR TR, SBRUANILTETIVELT, TORDFESEH FT LIFROEE) THREFLTWS,
RERFOHRHRBELT, BRABIRED1.25(8E) VT AR TPDR1 5B THI8EEH TS,
AT ESER T, 751 MIED1. 258 THREE LT,

| R INEEE(G] J—ZXa— bSO EBBAEAHE
GaselD Jr—x ENERAFES |y i) [wpanm |__BWBEZAE [sBun cx|mreo] €A wE
(@ 5deg) ) +Y +Z kN kNm kN

1 EfE/YA R TRF%(-90~ +90deg) 14 -3 0 954 |95 wmy)|-11.8(vAmR)
2 . [EfE/2H R T F5%(0~+180deg) 14 0 -3 95.4  [-9svmmw)|-11scrm] ., ..
3 TR 5l5R/YA A HEE (=90~ +90deg) - -3 -3 0 727 9.5 (zammy)|-11.8 (vHm) BIKEO S B R
4 515k/ZH M L E5%(0~+180deg) -3 0 -3 727 [-escvmmw)|-11.8 zHm)
5 3 TEF5R(-90~+90deg) B o .
6 BT EF0~+180deg) | °° LRI —2)

KEBEEFEFIANET . BECHELAMHHRECT L TEHEL.

HERRMEE
+90deg +90deg (el
\ ‘ \‘ | / TETHARHE
/ (B EHE/255 )

~ 4 : EHOIEE
(=1
+180deg. I
_» [ mifE—sbvkEY) |
HABNZAR)

rl ) R/B;a:;;ﬁstﬁﬁwnuz
\’ﬁﬁﬁsammﬁlﬁ
17
7. OMERE-EAREIH T HHERE - HEHRFE(2/5)
REHRAEEL T, REHBYDREZ AT AW EHRT O EABRERMEL =,
e T HAD
& e
HAMRE
EATE AT ED
S e
a—R4L
TAE R B
iyl J—
o [ VDFHHTF—T ¥ 4
HESYYFICLDEMBRE ANl o .

This document is provided by JAXA.



214 FHAIZERTTEB SRR 5B JAXA-SP-23-009

§Et- BEHRAE (3/5)

o

7. QMEE - EAREIHT HRE

FHRlm21
TORAFT (R) LEBBEES

=13
TURZRFT (K) k. @EHEE

—— STR-13d
&
—— STR-15d STR-22d cascl-4 7 7€ X F 7 LEBEIEL
— CRieq| casel-4T7HERKT(X) R
P18 TR RT (K b, Ky E w |-
o !
. BOFH250u € ~320u €
|
20 [
sor i
§ &
-200 |-
0
. | Bl=217 22 A FT (K)
A A D
L |
.l mu ]
; : 3 02910 £ ~-850p €
e 4 e e e w R
Losd 48] Load [kN] 19

7. QIEE - ZE AR EICH T HIEEERET - SR ETRELE (4/5)

221555 -140MPa 6500
VT H-T13u € ICHEY

i 21355 163MPa
OFH321p € (CHAY 4548

BRATEROTH (ue)
i t
FEM BHERR

w1 SHAIRI3T 4R E T (R k 321 250~320 | 0.8~1.0

FRAISR21 7 o2 R R T (K) LERAER =713 -850~-910 | 1.2~1.3

BERRITIER

20

This document is provided by JAXA.



FE55IEIRAR ) e B A ZE Al S o L — v a HT U AR U LR SR 215
= =/LE JL = =
7. QIEE - AR EICR T HRERET - REHEEE(5/5)
SABMERZA (mm)
—— DSP-01(diff B =
—gsg—ogédiff; i FEM B ER =
—DSP-03(diff)r | Case 1-4 ZfIR EATERLTL presyremm 57 58 102
6 T T T T T T 1 5.8mm prra——.
| ossesn HEME 3.0 3.2 1.07
i < ILw Ny RTFE 0.24 0.43 1.79
s |
P AN SR SN S (S S —
'g mEOR
i | BATESEM
g | : | 3.2mm
-"!;_ 2 | : |
g | B
T S R
y e | BABEBREM AT R
ol —— S 1N\ 0.43mm
\ I H T«'J'Lv;?‘/J(‘/F'FH
0 I S TR A T A o
-50 0 50 100 150 200 250 300 = —
Load (kN) FEM%EIHE&*%F; HEROE
HERARLARBEDRILEARD
HEARTNI=OHNRE
21

7. @FT LB -RATERF OB E - IR B 69 DI ERET - R ETAREE(1/7)

15 LFROBEEPEEE RN TR EREL T, SUFLIREARERRL. 17T5 LIFRO
BEEERLC HEAR(ERKEEHRR) Xkl BEPAMERICEENGOIEESHIC
HERBUTc, (BREHIRGEEAER)

AMERTIE. IEEETEENAM I T, FIMNT B RECK LTS EDIREN EEHA (FIRFN GO HERR)

ETOHBRICIRETEMNMA(FENTERVY, REFEFT AT LE,

oD ARERRE R, SV
LiR®) - @2 CHIMSN SR

B-EHECTL. BBLCEENELLD
Wit%., FERIlCHERF.

?E@Ju_tgﬁ*%lﬁu&% Lf_ﬂ%,?;_tqﬁﬁtutpk 22

This document is provided by JAXA.



216 FHAIZERTTEB SRR 5B JAXA-SP-23-009

T-ERETHRELE(2/7)

auj
Xd
|

7. @FT LEF-RATRFOBHE - IRBCx T 5B E

L

g m2-1
JILDAY R(BUHA)

Hx?%ﬁz—z
NILDAY EOS—J11)

migm2-3
INIZ/LTNG::))
7. @O LR - RATRF DB E - R E 6 9 BB ERE - FRETHRELEQ/T)

This document is provided by JAXA.



FE55IEIRAR ) e B A ZE Al S o L — v a HT U AR U LR SR 217

1.0E+01 FLR-X _
1.0E+00 1.0
\
| |
1.06-01 1.000e-1 A i+
| ol 1 [
L
Vi WL Aj
1.0€-02 1.000e-2 V'} ' |
T
¥
T 10803 1.000e-3]__ — ‘
P
L8
o
& 1.0e-04 1.000e-4
1.0E-05 1.000¢-5
1.000e-6
1.0E-07 0.0 0, 10000 2000.0
E=ES sk
E-08
0 1000
freq (Hz)

7. @FT LB -RATRF OB E - IR 6 I DR ERET - BRETARELE(4/7)

(a) FRATHER (b) FRENRERFER
ERRTEIRENRERDPSDD LLER (FH:AI s 1) 25

PSD (G?/Hz)

7. @FT LB - FRATRFDEE - ?&E)JL‘TT%)%F’&E‘FEQEH@EIE(WD

~ IEEFT R ALE

MigR2-1
JIDAYEBYDR)

W R2-2
JOVDIAY FOS— )

BEm2-3
JUVDAYE (#8)
Conb_ X
1.0E+01
1.0
1.0E+00 [
|
1 2l
1.0E-01 oo0e-1
\
2 P
9 b J0 M
1.0E-02 1.000e-2 e 4.,. 4\ '\ i
r il
¥ vy !
1.0E-03 1
1.0E-04 1. 000e-4 J
1.0E-05 Lo
1.0E-06 10 T T
1.000e-7|
1.0E-07 10.0Hz 700.0 o 10000 2000.0
10 100 1000 —]®=%

freq (Hz)

(a) FEATHER (b) FREPHERHER
ERTEENT ERENFHERDPSDD LLER (FHAISR5) 26

This document is provided by JAXA.



218

FHAIZERTTEB SRR 5B JAXA-SP-23-009

7. @FT LB -FRATRF DB E - IR 6 I DR ERET - BRETARELE(6/7)

N—%25. BB, EHBEFIEK,
HBREEMMIBEESERTE.

M ODB: Job-2-Frequency.odb  Abaqus/Standard 2022 Tue May 17 13:45:10 GMT+09:00 2022

2737 Step-zRandom
X e Rsoense

ODB: Job-2-Frequency.odb  Abaqus/Standard 2022 Tue May 17 13:45:10 GMT409:00 2022

7. @FT LB -FRATERF OB E - IR B I DB ERET - SXEHREE(T/T)

&8 - EERERE . RUSRIC, tERerER R ER N

1) 4M&RE ﬁb‘bl*l“l! MICEINEZ, TUARHTT —H&RIE

2) IMU, 2AEX, Bith, EHtUY, EINFHRIEEFOEBIEMHERL.
Eﬁ(:*ﬁ%ﬁgbtl;\é;tﬁmmubto

3) T, ED’S!MJEEJJJ%ﬁH#lLEEWL,T FHAIRE SR

MU == =

)
e
Y o e o |[Sme =S oo
i - o wE
% L e S e i
B o L] T o ® Ew
g2 2 & = s
.
(S0 Is] Time, s -
IMUI & BIEE L BEEDELL | BEROETEOELL | HRADRDERICIY 1 Sh kS
L : S .
) e DN [ - i e ool A I 1 = N TN s .
< <
& E —
i@ 4000 2 o
5 - g <
- iad ™ g g pmmmEmE ] e | .
" [= wioskra | B
=20 | RRGErEEEE [ 2000 E
H a porwd ol
e “
. . -
R ———— SR — ° o 20000000

o
23531 23719 23907 24055 24243 24431 24619 24807 24955 25143 ° 0 4 s s 10 120 140 60 180 200

B [h:m:s) Time, s

| BeOBE- B FEOLL | ENt Y OEREDEL ANREROBE-BARLL | 28

Time, s

This document is provided by JAXA.




S5 IR ) A A AL I ZE TR S S L — s a il AR L SR 219

9. F&DH

> ERITRETOBEERRET —SOMGERIEL, MEEZNMEBOT—2E
FOEODORITHBREREDOFEAREZIT o=, REFBRBETOREHRIZEDE
ERMERITHBROBROLE, R, HEAAKDOKRIIABRRETOREFE
[2RDV T ABATOIREARATHE R EFTMMAERDIERE LI L 1=

> B ERETERETIX, HERDOBIMERERT 51=6, ZLAIDOFMELTHY,
F-, IHREHELERITOYN\EE6~6.11Ix LT, EEORITOYNBIIEKX
58FETTIMofz1=8, HERMICRBDHDHERETEE-T-. — AT, #HEKDE
B D EEM, 4FICEE T ERER T, FRAEEEAENZFE—BLTHY, XX
RETEY DR AN TR LIZEFHETES.

> COEOIBEMEEBLI-DE, 2022F7A24BICRITHABRETERL, STEEY
DT—REIMEFL, BERER T I H5IEMNTEE.

XKAME (L, HRZEETAERT 2R ERERMATHE LS EIPI004596D XIFEEZ(T-EDTHD,

29

This document is provided by JAXA.



o5l AR ) itk 2 AL ZE T H AR S 2 b — S a B S AR DT Wi U 221

MR 7 X< D7 A RRMMEBTEHE Y O EHE

WIS ACReH (RERSRBEEE T - o) , &H AN (REB KRBT - BE)

five BN (RERS KBEEE T)

Radiation Measurements around Silicon-based

Heat-resistant Materials in High-temperature Plasmajets

YAMABE Yukito, TSUKADA Kento and FUNATSU Masato
(Graduate School of Science and Technology, Gunma University)

ABSTRACT

When a space vehicle re-enters the Earth's atmosphere, a strong shock wave is generated in front of the vehicle
and it undergoes severe aerodynamic heating. In order to protect the capsule from the heating, the ablation
method is known as a thermal protection system. In our laboratory, we focus on silicon carbides as silicon-based
heat-resistant materials which have high density and wear resistance. The heating experiments using air plasma
freejets are performed systematically. In this study, we measured the strong radiation on the test-piece surface,
the weak radiation around the test piece temporally and spatially with Wide Dynamic Range (WDR) camera.
Then, we focused on the weak radiation around the test piece and analyzed its spatial-temporal distributions and

mechanisms.
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Fig. 1 Schematic view of experimental setup
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Fig. 5 Images of general-purpose video camera and WDR camera of SiC ablations, and its relative intensities (10.0 s)
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Fig. 6 Images of general-purpose video camera and WDR camera of SiC ablations before about 10.0 s
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Logarithm conformation representation (Z & %

EHE TR 2 LR — D BRFE

s & (KR5S MMDS)

Compressible fluid solver based on Logarithm conformation representation

NAKAZAWA Takashi (MMDS, Osaka university, Japan)

ABSTRACT

This paper introduces new numerical scheme for compressible Euler equation based on Logarithm conformation

representation. With using Adaptive Mesh Refinement, the author shows some numerical calculation results about

Sod Shock tube.
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A Proposal and Aerodynamic Characteristics of Hypersonic Aircraft
with Wing having X-shaped Plane form

BABA Ichiro, SUZUKI Kojiro (The University of Tokyo)

ABSTRACT

To develop a hypersonic aircraft, the aerodynamic shape design must be conducted to show high per-
formance in a wide range of flight regime from low-speed to hypersonic speed. To realize that, variable
geometry wing seems promising. In this paper, a hypersonic aircraft having a novel type of wing called
”twin-oblique wing”, which is composed of a pair of two oblique wings, was proposed. These two oblique
wings are attached to the fuselage via a common pivot and rotate in a symmetric manner with respect
to the center line around the pivot. Thanks to such symmetrical geometry, the asymmetric forces and
moments that appear in the case of a single oblique wing would be canceled. Hypersonic aerodynamic
characteristics of this aircraft was estimated with Newtonian impact theory. The preliminary design was
improved following the result of estimation, and then experimental model was made for the hypersonic
wind tunnel test at Mach number 7. The result of the experiment show that the aerodynamic interfer-
ence between the wings and fuselage significantly degrades the lift-to-drag ratio in comparison with that
of conventional delta wing. After that, further modification was suggested to improve the aerodynamic

performance.
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Numerical verification of the laminarization effect of applying sinusoidal
roughness to supersonic three-dimensional boundary layer flow
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and OBAYASHI Shigeru (Institute of Fluid Science, Tohoku University)

ABSTRACT

One of the obstacles in realizing a supersonic passenger aircraft is the high operating cost due to poor fuel

efficiency. Since frictional drag of aircraft significantly increases due to turbulent transition of the three-dimensional

boundary layer, suppressing the transition (namely, laminarizing the flow) can be expected to reduce frictional drag

and improve fuel efficiency. In this study, the laminar flow control is attempted by placing artificial sinusoidal

roughness elements, SRE and its variant, near the leading edge. These roughness elements were applied to a

supersonic Falkner-Skan-Cooke boundary layer (that is known as a three-dimensional boundary layer on flat plate),

and the suppression effect of turbulent transition was verified by direct numerical simulation. The transition position

was shifted backward at a sweep angle of 27 degrees, which was equivalent to that of a transonic wing.
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Evaluation of Hz-Air RDE (115/95) Operating Characteristics at Tokai

University

SUZUKI Rintaro, TAKEZAWA Sumire, OZAWA Ryota, MIZUKAKI Toshiharu (Tokai University),
ITO Mitsunori, IKEDA Ryosuke, BAGNOL Thibault (IHI)

ABSTRACT

As the first step of development of a small size rotating detonation engine (RDE) for student rocket project, a middle size

RDE which has a combustor with a 100-mm diameter, has been designed and examined its combustion characteristics.

Hydrogen and Air mixture gas was supplied up to 110 g/s of mass flow rate. The thrust and wavefront velocity were

measured as the function of equivalent ratio. Home-made pressure transducers made of PZT were employed to detect

propagated wavefront. Also, chemiluminescence of detonation front was visualized with a high-speed camera. Obtained

wavefront velocities indicated about 60 percent of Chapman-Juglet velocity due to unexpected deceleration of wavefront

inside an igniter. After the first experiment, the wavefront velocity inside the igniter was improved by increasing mass flow

rate of the igniter. The results were compared to literature and discussed to improve performance of the middle size RDE.

1. IXIC®IZ

AR, HIERIRBZ (LSRR S TR Y, 2015
FEONRYBHEICLY, FEDNEEFEE TITRSE
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FREFET Y (RDE) BNEITFHN5.
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VINAREEIZ/ D I E N BIRBESR R OB BN
HiADD.

RDEDHEERIEL19404 2 4)) D T Zeldovich 23 H2 15
L2, 19604F{Z1E Voitsekhovskii 5 (2 L ¥ EimiE S
ETOZF U /BERIRA & % F O T2 FLRD IRE[H]
TORDEENMEFEBR DN HAE S 41723, 1966121
Nicholls 512 & 0 KFE/EEFR, AF VBREEX
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gas layer
=
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Combustible
gas injection

Gaseous
detonation wave
Fig. 1 Internal propagation state of RDE.

2. EBGIE

2. 1 EBRILE
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AR EIERE T O A Y 7 4 AFI%OE Ik
MHE L.
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A A7 (FASTCAM Nova S6, Photron, 50
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Fig. 2 Overview of Tokai ®100 RDE.
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Fig. 3 Schematic diagram of the supply sys;em.
SV: Solenoid Valve, BV: Ball Valve, CV: Check
Valve, P: Pressure gauge.
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Fuel Oxidant
Fig. 4 Fuel and oxidizer supply structure of RDE.
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Propellant supply L Spark Plug

port

Fig. 5 Overview of ignior (unit: mm).
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Fig. 6 Experimental system for RDE.

2. 2 EB&Mt

Table 1 3 L O Table 2 [Z@{E5:f4, Table 3
(ZENRE T A T ORERM 2T, BEEEEL
0.8 LN 1.0 THEMi L7, YEHIT, EROE
EiE (110 g/s) ZFEE L, KEOH R EL
AL &7, FBREERRTIE, RM1 ~O AT
EEREL 1.0 L UL, mUKEHEENCIIKEM
FERAEK[EH . AL HE T v 7T A

(NASA-CEA) I X 25tEMEE S, CJ
(Chapman-Jouguet) #E7% 3057 m/s, 35 L
CJd ENNRbEWVWYEL 1.3 & L, RHEER
LR 200 2 U CTAE 200 mm OEN
ZIRERDFRIEARER 1.0 g/s & LT,

Table 1 RDE experimental conditions.
Fuel / Oxidizer H, / Air
Hydrogen : 1.9 -3.8
Air : 110 (Fixed)
Equivalence ratio [-] 0.8 and 1.0
Operating time [sec] 1.0

Mass flow rate [g/s]

Table 2 Ignitor experimental conditions.

Fuel / Oxidizer H,/ O
Hydrogen : 0.5
Supply pressure [MPa] Oxygen : 0.5
Equivalence ratio [-] 1.3
Operating time [ms] 200

Table 3 High speed camera conditions.
Flame rate [kfps] 50
Exposure time [ns] 200
Resolution [mm/pix.] 0.449
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3. 1 EBER
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B, YEE1.0ICBWT, BREEEA1E T 5k
FHEFELEOELOTHD, HEEERFZE 20)
N/ E 72 5t=0.1-0.2 secDIREETH 5. A
L6, 2B DERBER: 23 5t 7 AN AR 3
DERT DD, ETEEA FICR B D HE
(X, FREHN) 1%, EBEFICEMA LY
Va7 JALBRBERORISTHS.
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Fig. ILNZJEER XV RDI-Y &L 01T
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EBEHFPORESND, BREEEREL, "R
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Fig. 12ICICL a2 — &2 X 5, FRFE M5O fE
Mk R4 7Rd. Fig. 1250, FEEEE-HH
H S D BREEE I 50X, 3632HZICB W T, B —
I WK ERDEREEST. ZDOZ b,
HIEOEEFR T, BLOHkbLDICL 2 —% T
1%, RMIWERCTARL - HEH S35 [RAR Ol B
ZEHIH SR Z LD,

LEEXY, B oEHFEEL, Al b,
JEESZ O NELERE, BXLPICLa—4)
HEG LB ET — 2 O BB R0 D,
IR EREZRE L. T LT, Y&EH0.798
FONOTOEERAE (20) ZHGF LR L 80 s
Table 412 F & D 7-.
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Fig. 7 Sequence of RDE with ®1.0. 1g. 9 Visualization result of combustion wave wit

@ 1.0.

’ 3613 Hz
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Fig. 8 Waveform of PZT with ®0.79. Fig. 10 FFT result of visualization with ®1.0.
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Table4 RDE summarize experimental results.

Equivalence ratio Total mass Yelocity Velocity Velocit_y Thrust
flow rate (image) (PZT) (Acoustic)
Nominal Actual [g/s] [m/s] [m/s] [m/s] [N]

0.8 0.79%£0.00 | 113.7%£0.93 1139£8.98 1140£0.81 1140£0.47 23.21+0.79
1.0 1.0£0.00 | 116.9%+1.37 1090£4.78 1083£0.81 1090£4.78 21.611.60
1 T, t=2.0-5.0 msiZI U B PRKER T
= 3632 Hz B2 mis& Rolz. O EIE, HKERN
Aa 08 TDDT (Deflagration to Detonation Transition)7)>
) R & N2V EE, RMIORKERNSHAL, 2
R 06 D7D, W E D C-TERE ) D KIgIT/hx <

g Tpofo b LT,

% 04

= . 3. 3 RABMER

g l AREBEERARE 2, KA CDDTA A
00 SRAEMEERD 010, WEOMRIERR %
00 20 40 60 80 10 Fehi L7z, REBRTORKEE~DOHFEER, £

Frequency, f [kHz|
Fig. 11 FFT result of PZT ®1.0.

—_
o

o 3632Hz

o o o
EN =2} o

Power /Frequency, PSD[dB/Hz]
o
)

-

20 4.0 6.0 8.0 10
Frequency, f [kHz]

Fig. 12 FFT result of visualization with ®1.0.
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Bl - B EAIHSE S o =R (LT, TR
FER ) ZAIGABERINC X0 S L 7.
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JEBERT X200 2 B & Uiz, ZER oy fRAE I
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Fig. 1412 AIULAE R 2 7R3, g 0> D E B 1
BATIRBEIE AN e L TN D 2 &35 . e
B O SEBIR R 135 a0 D AR B 1% O R IE
W fse L7-280H -38H, B8 X UBKE -4 H
2B DR OBB AL bR L.
Fig. 15\CHEsREBRICI 1T 2 DDTZ R L7224
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NEHME L7272 TH 5.
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Fig. 13 Visualization setup.
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Fig. 14 Visualization of combustion wave
(D=12 mm).
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Fig. 15 equivalence ratio vs Total mass flow.
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2o, 0O SGS T, HNFEMIES TWEFAN?

Al s (FE 2R Fe b SEEeS)

Oh, Are You Using That SGS Model in the Wrong Way?

MATSUYAMA Shingo (JAXA)

ABSTRACT

Large-Eddy Simulation (LES) is a solution method that models turbulence on scales smaller than the grid scale

(GS) and solves turbulence above the GS on the grid. In addition to ordinary LES using the general SGS model,

implicit LES (ILES), which substitutes the SGS model with numerical viscosity, is also widely used. However, in

LES using low-resolution grids such in the practical simulations, the SGS model and ILES are performed without

deep consideration, and it is very difficult to be sure that appropriate models and methods have been selected. In

this study, we would like to discuss how the SGS model should be used in LES, and how ILES should be performed

with such coarse grids.
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