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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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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.
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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
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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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