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Table 1 Optimization results of turbulence model

parameters based on LES analysis ﬂr -
Original Optlmal BORIB20IDADI0NDTORDS LY
(b) URANS solution with original parameters

R, 8.0 3.844
Rk 6.0 2.833
R 2.7 1.397
IE} 0.075 0.0361
o 0.5 0.240
a, 0.025 0.0121
a4 0.1 0.0481

Muach number

001820 DAL OROTORS LD

(c) URANS solution with optimal parameters

Fig. 2 Instantaneous Mach number distributions at 50 %
span section of T106A
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Fig. 3 Frequency characteristics of pressure fluctuation at 10 %
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(c) URANS solution with optimal parameters
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Fig. 5 Distributions of time-averaged blade surface pressure for
test case MUR47
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(a) Without hub leakage

Leakage flow vortex
(b) With hub leakage estimated by adjoint method

Fig. 10 Vortical flow structures near rotor blade leading edge in
NASA rotor 37
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Fig. 11 Vortical flow structures and limiting streamlines near
trailing edge of rotor blade suction surface in NASA
rotor 37
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Fig. 1 Conceptual diagram of a convolutional neural network based autoencoder (CNN-AE)”. (K. Fukami, K. Hasegawa, T. Nakamura,
M. Morimoto, and K. Fukagata, SN Comput. Sci. 2, 467 (2021). Copyright © The Author (s) 2021. Published by Springer Nature

under Creative Common License 4.0.)
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Fig. 2 The governing equation of the latent variables = (71, 72) (denoted as x, ¥ in the equation) obtained by using CNN-AE and SINDy

for the flow around the cylinder that is starting to shed vortices

(9)

. The figures on the left present the temporal evolution of latent

variables obtained by integration and the loci in the phase space. In the figure on the left, the solid line is the correct answer, and
the broken line is the result of numerical integration of the governing equations derived. (K. Fukami, T. Murata, K. Zhang, and
K. Fukagata, J. Fluid Mech. 826, A10 (2021). Copyright © The Author(s), 2021. Published by Cambridge University Press under

Creative Common License 4.0.)
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Fig. 3 POD coefficients estimation for a flow around a circular cylinder at Reynolds number Re=100" (¢) Estimation of higher order
POD coefficient from 1st order coefficients @i, = {a1. a2} only;(b) estimation by linear methods also using the 2nd and 3rd order
terms as the input;(c) the Ls error norm & = ||@outret — @outestl|2/||@outredl2. (T. Nakamura, K. Fukami, and K. Fukagata, Sci. Rep. 12, 3726
(2022). Copyright © 2022 The Author (s). Published by Springer Nature under Creative Common License 4.0.)
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Fig. 4 Estimation of turbulent channel flow from streamwise wall-shear stress™. (@) Vortical structure identified by the Q criterion (Q*=
—0.005). (b)x— z sectional streamwise velocities at ¥* = 10.9 and 30.1. The values underneath the contours report the L: error
norm for each velocity attribute. (¢) Reynolds shear stress. (d) Dependence of the ensemble L, error norm over three velocity
components on the y position. (T. Nakamura, K. Fukami, and K. Fukagata, Sci. Rep. 12, 3726 (2022). Copyright © 2022 The Author
(s). Published by Springer Nature under Creative Common License 4.0.)
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Fig. 5 Estimating the velocity field from a particle image using a CNN autoencoder type machine learning model®. () Training of a

machine learning model using pseudo-particle images generated using DNS. (5) Estimated velocity field. A field with higher

resolution than the conventional velocity correlation method (right figure) is obtained, and the velocity field in the shadow of the

object, which cannot be obtained by the velocity correlation method, is well estimated. (M. Morimoto, K. Fukami, and K. Fukagata,
Phys. Fluids 33, 087121 (2021). © 2021 Author (s). Published under an exclusive license by AIP Publishing.

FOVI0BRETH ), TOREOFEIWDL ) L§5
L, B{EIICNN-AET S BEfF 0 T & [k, #3000 D
AR LE L B 2 EDRBENT WS, LIS
535 % RKITALTHEOURIIFROFETDH %o

5. BT — 2 DA

TN TR LBIE S TRMEE T TV OIEE -
GEE HICDNSTF— ¥ 2 H W2 6ITh o 7275, B
& TR 72 0113 B 7 — 7 HHEFIC AN S 2
B0 b
EZOTN—T T, TTFHEDIC, RTEGEER
Wik (PIV) \CHW SN ZR T WD S, HEROH A
B2 SRS 2 W CHREE 2 BUS % k%
WRELTWAES, ZZTIE DNSF—% 2 HnTAamL
TSR TR 2 & S & IS 5 & ) B £ 5
WVERFFEL, HESE L 7 BMasE € 7V ICEBR o Jall F2 5%
TRONZRTHERE AT 5 I LI & - CHEY %
ELTWwb (Fig 5 (@), HMFEET V& H VT
TE S N7 HPES IR OMPEEFBIE L ) b BEETH
D, L2 b#EEMBETRESNEVIEROR L 2255
GOMREYD RIFICHEE IR Tw (Fig. 5 (b)), F
72, ARETIRAEWT B0, Z OEWEEE S VIIEHGED
HEEEME DB R WRICE T NG /4 LIS LTHhEmwn
NAMEERELTWAZ E, F72, X BMERWERE Y
WA LT RIF RSB LN 2 L 2R L T
5o WEWME OERT — 7 ~OI L F 726N 7 B R
WZH 5D, LilORERIZZFORE BIRELEZ KRBT 5 D
DTH b,

6. BHIC

ARTIE, EHEDOZ NV —FITBWTENM L 7-Hhas
DFRAGA~DIBHD 9 L O0 &Lz TNET
D—HOMIEH S 1Z, FKD LD ZBERkITT— 7 Tho
THCNNZFH T 5 Z &1 & ) R ICHEM A AT
EDL DG hoTELA, BT L TOIFREE—
FOFMRP LS EROEN 21T 720121, S5%5
BRI Z W RE L § 5 FFW % FESLETH B 2 LAt
GhroTEz, BAE, 20X RIKKTCALTEICET S
Wi e & b2, TSRS 2 BB o PLURYE % &
D B W7D, AR OB RG2S, JERE AL TN DL
B BXOBMAEEHICL > TP EN ORI TOD
A& % ERALT 5 RO R IO MY HAT
Wb —, EAETIERATI AR BT 5 X4 ARl
o m oy ¥a— 2 Y% L, BET20%ICE
AL REERELDDOHY, IS OEBICHIT
BEHT DO EBIYIZHL Y AATW Z EIZL D, B
W8 % 7o SR B FAT & WA o SIS )V 72 F 58
D TWLFFTH S,

EiE

AREGTHA L7z — s ORISR g A (2018 ~
20204F B, PR EE % 518H03758) 3 X ON AW # IE #%S
(2021 ~ 20254F B, FEEF 521H05007) D H#ilh % =1
72D TH B, Wi FEOKRAT, RELHEE (B -
UCLAM L) 23 Lo & o0fessat - sk
BLOEIEEAE (UCLA) ZiE Lo L5 2 LIRS
DOFIFITHEREHLE T,

Download service for the GTSJ member of ID , via 160.16.140.208, 2025/05/27.



184 ERNOLRNSIH TS EEETOIH BAS R S8 —E L PRE
S E X Fluid Dynamics, Journal of Fluid Mechanics, Vol. 882,
(1) BEED, TAVF—EEIIBIT LM E OB, (2020), Article Number A13.

HAART A& —¥ V22455, Vol 47, No. 5 (2019), p. 281. (16) Nakamura, T., Fukami, K, and Fukagata, K, Identifying

(2) ZREEET, WA, SARE REOIES, SFEEMH & Key Differences Between Linear Stochastic Estimation
Bk, srtl, HARIE, BMEEEHVELHREO and Neural Networks for Fluid Flow Regressions,
BB R oI €, ash, Vol 37, No. 6 Scientific Reports, Vol. 12 (2022), Article Number 3726.
(2018), pp. 524-527. (170 Fukami, K., Nakamura, T. Fukagata, K., Convolutional

(3) MW, WA, By EHwWERE Yy /S T7—% Neural Network Based Hierarchical Autoencoder for
FEATIZ I T, FH & B4, Vol 59, No. 8 (2020), pp. Nonlinear Mode Decomposition of Fluid Field Data,
571-576. Physics of Fluids, Vol. 32 (2020), Article Number 095110.

(4) FEEERE, BWEHoREA~NOIRH, HABMW SR, 18 Morimoto, M., Fukami, K., and Fukagata, K.,
Vol. 124, No. 1232 (2021), pp. 10-13. Experimental Velocity Data Estimation for Imperfect

(5) EEEET, TR, BMFEEROETVEBH WS Particle Images Using Machine Learning, Physics of
JLALHEIENC I T, {524, Vol. 60, No. 253 (2021), pp. Fluids, Vol. 33 (2021), Article Number 087121.

12-15. (19 Morimoto, M., Fukami, K., Zhang, K., Nair, A. G., and

(6) REHE—, SLMOMAEEHM, 7V —FXT—=T 2 Fukagata, K., Convolutional Neural Networks for Fluid
F 2, Vol. 52, No. 6 (2021), pp. 237-241. Flow Analysis: Toward Effective Metamodeling and

(7) Fukami, K., Hasegawa, K., Nakamura, T., Morimoto, Low Dimensionalization, Theoretical and Computational
M., Fukagata, K., Model Order Reduction with Neural Fluid Dynamics, Vol. 35 (2021), pp. 633-658.

Networks: Application to Laminar and Turbulent @0 Fukami, K., Fukagata, K., and Taira, K., Assessment
Flows, SN Computer Science, Vol. 2 (2021), Article of Supervised Machine Learning Methods for Fluid
Number 467. Flows, Theoretical and Computational Fluid Dynamics,

(8) Fukami, K., Nabae, Y., Kawai, K, Fukagata, K., Synthetic Vol. 34 (2020), pp. 497-519.

Turbulent Inflow Generator Using Machine Learning. @) Morimoto, M., Fukami, K., Zhang, K., and Fukagata, K,
Physical Review Fluids, Vol. 4, No. 6 (2019), Article Generalization Techniques of Neural Networks for Fluid
Number 064603. Flow Estimation, Neural Computing and Applications,

(9) Fukami, K., Murata, T., Zhang, K., Fukagata, K., Vol. 34 (2022), pp. ,3647-3669.

Sparse Identification of Nonlinear Dynamics with Low- @2 Fukami, K, Fukagata, K., and Taira, K., Super-resolution
dimensionalized Flow Representations, Journal of Fluid Reconstruction of Turbulent Flows with Machine
Mechanics, Vol. 926 (2021), Article Number A10, Learning, Journal of Fluid Mechanics, Vol. 870 (2019),

(100 Brunton, S. L., Proctor, J. L., Kutz, J. N., Discovering pp. 106-120.

Governing Equations from Data by Sparse Identification 23 Fukami, K., Fukagata, K., and Taira, K., Machine-
of Nonlinear Dynamical Systems, Proceedings of the learning-based Spatio-temporal Super Resolution
National Academy of Sciences Vol. 113, No. 15 (2016), Reconstruction of Turbulent Flows, Journal of Fluid
pp. 3932-3937. Mechanics, Vol. 909 (2021), Article Number A9.

(1) Moehlis, J., Faisst, H., Eckhardt, B., A Low-dimensional 249 Fukami, K, Maulik, R, Ramachandra, N., Fukagata, K.,
Model for Turbulent Shear Flows. New Journal of and Taira, K., Global Field Reconstruction from Sparse
Physics, Vol. 6, No. 56 (2004), pp. 1-17. Sensors with Voronoi Tessellation-assisted Deep

(12 Hasegawa, K., Fukami, K., Murata, T., Fukagata, K., Learning, Nature Machine Intelligence, Vol. 3 (2021),
CNN-LSTM Based Reduced Order Modeling of Two- pp. 945-951.
dimensional Unsteady Flows Around a Circular Cylinder 25 Maulik, R., Fukami, K., Ramachandra, N.,, Fukagata, K.,
at Different Reynolds Numbers, Fluid Dynamics and Taira, K., Probabilistic Neural Networks for Fluid
Research, Vol. 52, No. 6 (2020), Article Number 065501 Flow Surrogate Modeling and Data Recovery, Physical

(13 Hasegawa, K., Fukami, K., Murata, T. Fukagata, K., Review Fluids, Vol. 5, No. 10 (2020), Article Number
Machine-learning-based Reduced Order Modeling 104401.
for Unsteady Flows Around Bluff Bodies of Various (260 Y. Morita, Y., Rezaeiravesh, S, Tabatabaei, N.,, Vinuesa,
Shapes, Theoretical and Computational Fluid R., Fukagata, K., and Schlatter, P., Applying Bayesian
Dynamics, Vol. 34, (2020), pp. 367-383. Optimization with Gaussian Process Regression to

(149 Nakamura, T. Fukami, K., Hasegawa, K., Nabae, Y., Computational Fluid Dynamics Problems, Journal of
Fukagata, K., Convolutional Neural Network and Long Computational Physics, Vol. 449 (2022), Article Number
Short-term Memory Based Reduced Order Surrogate 110788.
for Minimal Turbulent Channel Flow, Physics of Fluids, 27 Fukagata, K., Towards Quantum Computing of
Vol. 33, No. 2 (2021), Article Number 025116. Turbulence, Nature Computational Science, Vol. 2,

(15 Murata, T., Fukami, K., Fukagata, K. Nonlinear Mode (2022), pp. 68-69.

Download service for the GTSJ member of ID , via 160.16.140.208, 2025/05/27.

Decomposition with Convolutional Neural Networks for



185

BEAHR 2 —EFRE

i

Vol. 50 No.3 2022.5

W - TR —E YWD EL T2 OIRDY

g o Bt —

—F— 5 L - BT

TV NIA -

BIHER B O FEREPEGE & B E 2 OB A ¥ — ¥ ISR

THRNT T v & OFIRBA

Early Detection of Cascade Flutter in an Aircraft Gas-turbine Using Complex
Systems Science-based Theory and Machine Learning

PRI BT R EUETT PRI BT R I

HACHIJO Takayoshi NISHIZAWA Toshio KAZAWA Junichi

GOTODA Hiroshi

¥—T—F ARy =Yy, W75, EHEREE B
Key Words : Gas Turbine, Cascade flutter, Complex systems science, Machine learning

1. [FLU&IC

TR RS 2 D FEHEDTRILIZE Y, HEAERDSR & R
Fexhd e L0 ) b S 72 i 22 ORI FE R AR D ST
Wb NASZIEOBENNZZ NS DR EICLER
WRTHDH, AR %5 —E Vot
LB 2T S8, ZHMERLEICED27T v 5
DAV EEND, 7T 9 IDFEZIZ IV DORE
ZIREY R MEE % & LR OB 72 TR <, Bl
LOFHICE DLy I VKR ERGIERI L, M
DEKGHGICEN L Db, T Y ik 7
T v ¥ DRI T HYG, B SRR IO
TENERIML, =V Y ORI R EoEZ IS
E5EEBRVOVBIRTH S, ¥F—FEWIZT7 T v 70
FEELIC W& ) ISR E SN EMERh R E o Ve E)
SMICRE L CEIZE N, 75 v 254D 227 % Ak
LTWwWh, NEEEENC X 24815 % B 5720, %5
BB CTROBEARIHR E2 RBBIRE VIR L, MM
R WEMREEZ K T2 T, Z4etembri)L L
TWwb, LMLAAS, KOFETHEMOEIZIREZ Hv %
CEDPREE S TETBY, WEBEIR S
TIE7 7y 7 ONEPH L o TWb, TD72H, &
DHFHEBETT7 7 v ¥ OFILE AT & 2 Jiikam R4
MG CTEEN TV 5,

BRI 2 W R L& T 2 FMHEIBOERIIHEE L <,
HERUB RO 7T 7B D MR v b T — 2 L IERR
TEHE RHVRNT % flA G b e iEma iRt S hood

st 20224 3 H25H
FOR AR AR T IFZeR BEm T3
E-mail: gotoda@rs.tus.ac.jp
FHHAL 22T E PR T Bk AL 22 H Al 38

E-mail: nishizawa.toshio@jaxa.jp, kazawa.junichi@jaxa.jp

* 1

* 2

bW, F7o, IEHIEWELSE T, HEOWRE) T A
WAEH LA A IRE) TR O MBS O X H B 2R 0F
TEHETH Y, BiMA Y b7 — 7 LERIFEE TV E
B3EAy bT—=BEFEOMRFIES T L T 5%,
fidy, ANTJne & A F OB BRIt - T, ety
BE IO L OBMEEZ LA SN, B
DL L DREFEBAM R BB OFMARRITK & g B
520055,
COLIBREFROL L, FHLIIIERME, el
2, EHME, MM Y YU — 2 23 E LR
HMER T O FEGEIR R & BRI 2 A G b 7 RS,
BH 7595 OFRMMEORELICED L 2 L 21
FLTWE, ARTiE, JAXAERRRR7 77 —F
CHitFEEE (aFJR: Advanced Fan Jet Research) 71
Vrr MMo—2k LTHDONLEGT Ty ¥ DT
BANZB$ 5 ZOOMRENEEZ /N T 5. —2HIZER
Mz ZE LML Y b T =2 207250 TH B0,
ToHE, EWMER LT NAIESI LY b Y,
NFRHZIEDLC ) AL v ZAEBILENT & A — PR
7MY —=r Vb DOTH B,

2. EREBELFE

AWFgeTid, aFJR72 Y =7 b THIE SN KTE
F—ErTL—FEHWw, F-¥Yr75v5Y 7l
TAXARUZEEAMT DA T 5 B 22tk RE iR B <11
Nb, N 2K 7 b2 R L, 2R
77 MO MIBAT 5, LiloaEz KRAEE
L, KRImEZTBAERE T 5, Fig 1TREND X9
12, RS 7 MNIREBERUR Y 2 b, XV= T A, b
WA M7 v b, EREY], TWA M7y MO S
T b, EHES O BMHEN,Z80, BOT AR M

Download service for the GTSJ member of ID , via 160.16.140.208, 2025/05/27.



186 ERRHFOREERERFBERVMERARS-ECRICRETIRIT 740 FkEN BAHT X2 —E L FREE

288 $ Ao, RWIZETIE 2 HEHOMMKMKEZH W, Eh
N AEMKRA, EEMABE T 5, fEEARAIRER LY ~
A IREI D LIRS & o TB Y, HEEABIE 4
B1Mots ¥y —HiEL o Twb, fEATIRAT
JEHC, BERABTIZRE 5 1 ~40F THE M, #EF
F41 ~ 80F TEEF MO T AT — V50 1 S h,
OFHRER & HFHI SN D, 72720, e DT v
TRRWE %20 kHzE 3 % REFZETIE, ReEHEEIct
T 5K ELQE592 %H 5923 %E TELE W, B
F7 595 & NBIIZIESEED, HAKALBOZ
NENTHEINT T v ¥ 5AET BEMERR 5,

Blow off valve
Nozzle

Blow ofT duct

Downstream strut  Cascade Upstream strut Bell mouth
Blade no. |

Strain gauge

Fig. 1 Low-pressure turbine test rig .
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Fig. 2 Temporal evolution of strain fluctuations ¢’ at the 50th

blade and the corresponding PSD with increasing mass
flow rate of inlet air Q ©.
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Fig. 7 Spatial variations in the weighted permutation entropy Sw
for mass flow rates of inlet air Q . (a) Q = 59.2%, (b)Q =
66.7%, (¢) Q = 74.1%, (d) Q = 81.5%, (¢) Q = 85.2%, (f) Q =
88.9%, and (&) Q = 92.6%.
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Fig. 8 Spatial variations in the determinism in recurrence
plots D, for mass flow rates of inlet air Q . (a) Q =
59.2%, (b)Q = 66.7%, (¢) Q = 74.1%, (d) Q = 81.5%, (¢) Q =
85.2%, (£) Q = 88.9%, and (2) Q = 92.6%.
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Fig. 9 Trajectory on the D,-S, plane in terms of mass flow
rates of inlet air Q at blade no. 27 .
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Fig. 10 (A) Latent space consisting of D, and S,, at blade no. 27.
(B) Temporal evolutions of strain fluctuations ¢ and

mass flow rate of inlet air Q at blade no. 27 ©. (a) t = 20 s,
(b)t=30s, and (¢c)t=35s.
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| Dim. | Numerical Method ‘Topic and Note

0 Turbulence medel * + Ignition delay time (premixed)
Combustion model *

1 Tubulence model *
Combustion model % or O

+ Laminar buming velocity (non-premixed)
+ Flamelet characteristics (non-premixed)
+ Validity of combustion model
2 DNS®: + Understandings of general flame behavior
Turbulence model * and qualitative effects of i diti
Combustion model % (or O) ¥ Validity of combustion model
RANS: + Impossible 1o consider real mrbulence effect
Turbulence model O
Combustion model O
3 DNS: + Understanding of physics
Turbulence model % + Elucidation of combusti
Combustion model % (or Q)  Prediction with high accuracy
LES. RANS + Validity of combustion model
Turbulence model O
Combustion model O

afie asoa runmnduwoy

Fig. 1 Dimensions and research topics for numerical simulations
X : Disuse, *This is often
merely called “numerical simulation”, not DNS.)

of combustion ( O: Use,
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Fig. 2 LES/Flamelet of turbulent combustion in KHI multi
combustors for gasturbine engine (0.14 billion cells):
Instantaneous distributions of gas temperature.
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Fig. 3 LES/Flamelet of turbulent spray combustion in JAXA
full annular combustor for aircraft engine (0.12 billion
cells): Instantaneous distributions of fuel spray and gas
temperature.
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Fig. 4 LES/DTF of combustion instabilities in JAXA low-swirl
combustor (0.6 billion cells): Instantaneous distribution
of gas temperature and time variations of properties
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Fig. 5 LES/Flamelt/ANN of turbulent combustion in Toshiba
supercritical COz combustor (0.2 billion cells):
Instantaneous distribution of gas temperature.

Fig. 6 Time variations of flame propagation front (red) and
refined mesh shape.

FFR-Comb REVOCAP Coupler ADVENTURE
0.12 billion cells 0.16 billion cells

Fig. 7 Two-way coupled simulation of coal gasification and
thermal conduction in CRIEPI laboratory-scale coal
gasifier.
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Combustor

Turbine
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Each component is solved using K. Multi components are solved at once using Fugaku.

Fig. 8 Concept of multi-component integrated simulation on
KHI gas turbine.
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