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In this research, we will show that towing tank tests can be completely replaced by numerical
simulations by resolving turbulent boundary layer on the hull surface, and we will contribute to
the development of even more efficient energy-saving devices for a hull by clarifying their

mechanism. To this end, we will use FrontFlow/blue (FFB), which has been developed for



supercomputer “Fugaku”, for performing Wall-Resolved LES with 30~120 billion computational
grids.

In this fiscal year, we have demonstrated that the numerical simulation has the capability of
replacing towing tank tests and contribute to clarifying the hydrodynamical mechanism of
energy-saving devices. Specifically, regarding the sub-theme of realizing a numerical towing tank,
we compared and verified the results of numerical simulations with the results of towing tank
tests conducted by several domestic shipbuilding companies and confirmed that the
computational results were in good agreement with the experimental results. Regarding the sub-
theme of improving propulsion efficiency through energy-saving devices, we investigated the
hydrodynamical mechanism of the cases where the rudder fins by themselves did not perform as
intended but they performed as expected when used with a rudder bulb. As a result, it was found
that the rudder fins are ineffective when used alone due to the negative pressure of the hub vortex.
Furthermore, it was observed that when the rudder fins are used with a rudder bulb, which

significantly scatters the hub vortex, the rudder fins are more effective and perform better.
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Fig. 2.2.1-1 Comparison between experiment and calculation of total resistance (CT) for
similarity model ship of 4.4 m and 8.1 m.
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Fig. 2.2.1-2 Computational grid (upper panels) which are used in previous studies (left) and
present studies (right) and calculated vortices (lower panels).
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Fig. 2.2.1-3 Configuration of energy-saving devices (ESD).
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Fig. 2.2.1-4 Hub vortex structure and pressure distribution at stern. (a) without energy-saving
devices, (b) with rudder bulb, (c) with rudder fins, and, (d) with rudder bulb and rudder
fins.
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In this research, we will realize highly-accurate prediction of the internal flow of a pump and
its performance, clarify the flow mechanism in the leakage passages and its influence on the
pump performance, and finally contribute to the improvements of the pump design. To this end,
we will perform the wall-resolved LES of the internal flows of the pump where dynamics of the
small vortices with the scale of 30~100 pum are directly computed by using “Fugaku”. We will also
perform wall-modeled LES, which requires 1/100 less computational grids than those for the wall-
resolved LES. We will realize practical use of the wall-modeled LES by comparing the accuracy
and cost of the computations between the wall-model LES and the wall-resolved LES.

In this fiscal year, we clarified the behavior of the flow inside the small gaps in the pump such
as the radial clearances at the liner ring and the balance piston, by using LES analysis which
captured longitudinal vortices in the narrow gaps with a gap width of about 0.18 mm. These
results verified that it can contribute to the advancement of pump design and expected to
contribute to a quantitative prediction of the performance and hydrodynamic force of centrifugal
pumps. In addition, we clarified the flow field including the detailed vortical structures near the
wall at the design flow rate and a partial flow rate (20 % design flow rate) of the pump. At the
partial flow rate, the axial thrust force fluctuation due to unsteady interference between the main
flow of the pump and the gap flow between the impeller and the casing was detected. The
centrifugal pump, which is the subject of this research, has a shape equivalent to the actual pump
used in plants, etc., and the results of this research can be directly referenced in the industrials,

and can be utilized in the design and development of pumps.
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Fig. 2.2.2-2 Sustained performance of FFB in weak-scale benchmark tests on Fugaku.
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Fig. 2.2.2-4 Comparison of communication patterns of adjacent communication (eft) and
overset communication (right).

Table 2.2.2-1 Comparison of communication time and total calculation time.
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Fig. 2.2.2-5 Comparisons of pump performance (upper panel: total pressure, lower panel: pump

power).
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Fig. 2.2.2-7 Comparisons of axial thrust.
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Fig. 2.2.2-8 Comparison of pressure distributions in the front and rear chamber.
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Fig. 2.2.2-9 Velocity distribution in the liner ring clearance.
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Fig. 2.2.2-10 Vorticity distribution near the outer wall, inner wall and on the cross sections of
liner ring clearance - R1 case.
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Fig. 2.2.2-11 Vorticity distribution near the outer wall, inner wall and on the cross sections of
liner ring clearance - R2 case.
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Fig. 2.2.2-12 Radial-velocity distribution on the mid-span plane of impeller and diffuser at
Q/Qp=1.0.
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Fig. 2.2.2-13 Radial-velocity distribution on the mid-span plane of impeller and diffuser at
Q/Qp=0.2.
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Fig. 2.2.2-14 Flow field showing leakage flow from the main flow to front chamber through the
“gap A” and the effects on the flow in the front chamber.
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Fig. 2.2.2-15 Measured axial thrust fluctuations and FFT analysis results.
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In this study, we will develop the unsteady three-dimensional flow analysis technology of the
surge phenomenon for transonic compressors used in plants and gas turbines to elucidate the
unsteady flow mechanism reaching from the surge inception (the mild surge) to the deep surge
including the reverse flows. This analysis is based on the DES (detached eddy simulation) and
considers not only the compressor but also the entire system where the compressor is installed.
The surge simulations require a huge number of time steps to capture both of the short-cycle stall
phenomena in a compressor and the long-period surge phenomenon throughout the system, and
such simulations will be achieved by using “Fugaku”.

In this fiscal year, we demonstrated that the simulation with “Fugaku” could predict the deep
surge, and clarified the unsteady flow mechanism from the surge inception (the mild surge) to
the deep surge accompanied by the reverse flow. Following the simulation of the mild surge done
in the previous year, the simulation of the deep surge was conducted. The operating point of the
deep surge inception, and the frequency and amplitude of the pressure fluctuation at the deep
surge were in a good agreement with the experimental results. This is the first time in the world
the unsteady flow phenomena of the deep surge have been successfully simulated. We

demonstrated that the present simulation method could predict the occurrence of the deep surge.
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Furthermore, we elucidated detailed unsteady flow phenomena in the compressor during the

deep surge
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Fig. 2.2.3-1 Test centrifugal compressor.

Table 2.2.3-1 Specifications of the test compressor.

Number of full blades 6
Number of splitter blades 6
Impeller inlet diameter [mm] 39.9
Impeller outlet diameter [mm] 52.5
Tip clearance [mm] 0.28
Diffuser width [mm] 3.42
Drive shaft speed [rpm] 140,000
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Fig. 2.2.3-2 Schematic diagram of the experimental equipment for compressor surge.
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Fig. 2.2.3-3 Computational domain.
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Table 2.2.3-2 Number of cells in computational grid.

Impeller 100,608,000
Diffuser 100,224,000
Scroll 178,791,000
Inlet duct 228,960,000
Outlet duct 11,491,200
External area 288,000,000
Total 908,074,200
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Fig. 2.2.3-4 Computational grid in the impeller.
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Table 2.2.3-3 Performance evaluation of tuning codes with the surge simulation.

EATHFE [sec/step] Asis & OHE L
Asis 31.53
Tune 1 (2020/8) 2.91 10.8
Tune 2 (2021/3) 0.53 59.5
Tune 3 (2022/1) 0.34 92.7
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Fig. 2.2.3-5 Experimental performance curve with numerical results obtained at some
operating points.
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Fig. 2.2.3-6 Time histories of mass flow rate.
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Fig. 2.2.3-7 Comparison of signals obtained at
inlet-side in the experiment and in the
simulation: (a) signals (b) frequency
spectra.
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Fig. 2.2.3-8 Comparison of signals obtained at
outlet-side in the experiment and in the
simulation: (a) signals (b) frequency
spectra.
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Fig. 2.2.3-9 Closeup of time history of mass flow rate and positions of analysis points.
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Fig. 2.2.3-10 Meridional view of the distribution of streamlines at several time steps during
the mild surge cycle.
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Fig. 2.2.3-11 Streamlines around impeller at Point D (minimum mass flow rate) colored by
meridional velocity.
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Fig. 2.2.3-12 Spanwise meridional velocity distribution.
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Fig. 2.2.3-13 Chordwise blade loading Fig. 2.2.3-14 Chordwise blade loading
distributions of full blade at 90 % span distributions of splitter blade at 90 %
height. span height.
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Fig. 2.2.3-15 Instantaneous reversal-velocity distributions at 95 % span height (left) and vortex
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Fig. 2.2.3-17 Experimental and numerical performance curve.
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Fig. 2.2.3-18 Time histories of the flow rate.
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Fig. 2.2.3-19 Experimental and numerical Lissajous curve of deep surge with performance
curve.
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Fig. 2.2.3-22 Closeup of time history of mass flow rate (shown in Fig. 2.2.3-18) and positions

of analysis points.
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Fig. 2.2.3-23 Meridional view of the distribution of streamlines around impeller
several time steps during the deep surge cycle.
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Fig. 2.2.3-24 Meridional view of the distribution of streamlines around suction pipe at several
time steps from analysis point D to E.
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from the Inlet of impeller
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Fig. 2.2.3-25 Streamlines around impeller colored by meridional velocity at Ponit F.
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Fig. 2.2.3-26 Chordwise blade loading distributions of full blade.at 90 % span height.
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Fig. 3.11 Vortical flow field m mpeller with mmstesdy behaviors of satc pressure coefficent disribation at severs] time steps (span 90 %48)

Fig. 2.2.3-27 Meridional view of the distribution of streamlines around suction pipe at several

time steps from analysis point B to E.
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(a) HFFERR D EE
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The purpose of this research is to build and validate the framework applying HPC technology
to contribute to the design and development of the next-generation vehicles such as electric
vehicles or autonomous vehicles. To reach this goal, the evaluation based on the analysis of
aerodynamic characteristics of the vehicle in the actual running conditions (drag force, vehicle
maneuverability, crosswind safety ... et al.), high resolution for precisely representing the vehicle
shape in millimeter-scale and a long-term simulation is necessary.

In this fiscal year, we verified whether it is possible to evaluate the aerodynamic performance
(aerodynamic drag, steering stability, crosswind safety, etc.) of automobiles in the real driving
conditions using simulations developed by us. As a result, it was clarified that the aerodynamic
drag changes by up to about 10 % due to the fluctuations in the approaching flow and the car
body’s 6 DoF (Degree of Freedom) motion, compared to the wind-tunnel-test conditions where the
approaching flow is uniform and the car body is fixed. In addition, we conducted a simulation
that takes into account the driver steering when the automobile changes the lanes, and

investigated the effects of the fluctuations in the approaching flow on the drivability. As a result,
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the importance of the real-world evaluation at the design and development site was verified, and

a guideline for its use was obtained.
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Fig. 2.2.4-1 Target model.

Fig. 2.2.4-2 Details of under-floor and engine bay of target model.
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Table 2.2.4-1 Natural wind parameters of Case 1 vs. Case 2.

Turbulence Intensity [%]

Turbulence Length Scale [m]

X

y

Z

X

y

Z

Case 1

7.24

8.17

6.52

0.18

0.10

0.07

Case 2

2.90

4.54

1.31

0.18

3.36

0.04

Fig. 2.2.4-3 Snapshots of yaw angle Case 1(right) and Case 2 (left).

Table 2.2.4-2 Natural wind parameters of experimental vs. simulation.

1.0e+01

i

0
I 5
108401

Yaw angle

Turbulence Intensity [%]

Turbulence Length Scale [m]

X

y

Z

X

y

Z

Sim.

2.04

2.70

0.79

3.74

10.09

0.10

Exp.

6.07

4.39

2.26

22.45

11.34

0.60
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Fig. 2.2.4-4 Setups of the turbulence generator.
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Fig. 2.2.4-5 Comparison of yaw angle time history and histogram at 3 m behind the airfoil w/
and w/o periodic boundary conditions. 2 Hz (Top) and 8 Hz (Bottom).
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Fig. 2.2.4-6 Schematic of the experimental equipment and reproducing yaw angles profiles
(Left). Methodologies for controlling oscillatory flow: Amplification yaw angle (Right top)
and Low-pass filter (Right bottom).
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Fig. 2.2.4-7 Reproduced “yaw variance”,
scale” as amplification ratio.

turbulence intensity”, and “the overall integral length
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Fig. 2.2.4-8 Reproduced “yaw variance”, “turbulence intensity”, and “the overall integral length
scale” as cut-off frequency of low-pass filter at a function of natural wind oscillation of the
airfoils.
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Fig. 2.2.4-9 Snapshots of velocity profile w/o incoming turbulence (left) and Case 1(center) and
Case 2 (right).

wi/o turbulence w/ turbulence

incoming incoming

Fig. 2.2.4-10 Cp in each case.

——— wlo turbulence incoming
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15 2 2.5 35 4
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Fig. 2.2.4-11 Yaw angle time history.
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Fig. 2.2.4-12 Steering input time history.
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Fig. 2.2.4-14 Yaw angle time history.
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Fig. 2.2.4-15 Schematic of overtaking analysis.
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Fig. 2.2.4-16 Path of overtaken vehicle (left) and steering input (right).
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Veloriy Magnitude

Fig. 2.2.4-17 Snapshots of the velocity field at 0.6 sec (left) and 2.16 sec (right).
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The purpose of this research theme is to establish and demonstrate HPC simulation technology
to contribute to the design and development of the next-generation automobiles including electric
vehicles. For this purpose, the narrow-band noise generated from the hood gap and the front
grille, the broadband noise generated from the pillars and the door mirrors will be simulated.
Moreover, the interior noise caused by the coupling of aerodynamics, structural vibration, and
acoustics will be predicted.

In this fiscal year, we verified that it is possible to predict aerodynamic noise in the actual
driving conditions: the narrow-band noise generated from the hood gap and the front grille, the
broad-band noise generated from the pillars and the door mirrors, and the interior noise caused
by aerodynamic, structural vibration, and acoustic coupling. The following findings were
obtained: The analysis of the narrow-band noise showed that the narrow-band noise from the
hood gap can be predicted by reducing the grid resolution to 1 mm or less, and the mechanism of
the narrow-band noise generation was clarified. In addition, it was confirmed that the lattice
Boltzmann method (LBM) can predict the broadband aerodynamic noise around the vehicle with

the same level of accuracy as the conventional decoupled solution method for analysis of the
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broadband sound. Aerodynamic, structural vibration, and coupled analysis were used to
quantitatively evaluate the interior noise of the vehicle, and the contributions of fluid excitation

and acoustic excitation were clarified.
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Fig. 2.2.5-1 Computational grid for narrow-band sound analysis. Each box has 163 cells.
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4i = q; — a’(fi+1/2 _fi—1/2)
firr2 = [bo(qiv1 — @) + b1(qiv2 — qi-1)]
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Fig. 2.2.5-2 Kinetic energy and entropy evolution in Taylor-Green-Vortex problem. Mo means
mach number (0.05), pk, ps means kinetic energy and entropy. The index 0 means initial
value.
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Fig. 2.2.5-3 The velocity magnitude (top) and sound pressure (bottom) near the bonnet. The
ROE_LM (left) and KEEP + filter (right).
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Fig. 2.2.5-4 The cube voxel distributions (left) and the volume mesh (right) around the A-pillar
and side mirror for the aeroacoustics noise simulations.
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Fig. 2.2.5-5 Vortical structures of an instantaneous flow field visualized by iso-surfaces of the
Q-criterion colored with velocity magnitude around the A-pillar and side mirror (left) and
sound pressure level (SPL) at a point location on driver's side-window surface (right).
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XHEFT 1 O JEGEZSE) & FHEIAYH 0 . A BT —HEROMISITIKTT D Z L BNbho Tz,

LvL, Yalb—yarCIEHBEA =D —2MEHRT 2 1 kHz L EOREEEMOZER 2 Z
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Fig. 2.2.5-6 The time history of the sound pressure (top) and the spectrogram (bottom).
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Fig. 2.2.5-7 Flow streamlines around the A-pillar and side mirror.
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Table 2.2.5-1 Number of multi-level cubes for computing flow around square cylinder.

< I)LT LY < JLF L~ < JLF L~
CUBE1 CUBE2 CUBE3
Lv. 1 2,048 6,144 7,680
Lv. 2 512 2,432 5,184
Lv. 3 2,304 2,000 2,432
Lv. 4 - - 2,000
B 4,864 10,576 17,296

K

=

olololooloo o oloooololooloo ool

(c) ¥/LF L~ CUBES

Y/D

(b) v /vF L~ CUBE2

Fig. 2.2.5-8 Multi-level cubes for computing flow around square cylinder.
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Fig. 2.2.5-10 Distributions of density on vehicle surface computed by FFX.
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Fig. 2.2.5-11 Distribution of streamwise momentum on center plain computed by FFX.
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Fig. 2.2.5-12 Velocity field around a square cylinder by LBM analysis.

(a) SRT (b) MRT

Fig. 2.2.5-13 Sound field around a square cylinder by LBM analysis.
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Fig. 2.2.5-14 Attenuation characteristics of sound waves by LBM analysis.
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Fig. 2.2.5-15 Evaluation of excess attenuation in LBM analysis for NS equation.

LBM fi#tfr 2 M CTHE S 2 BT+ 256, BB T 25O 22 2 0E R H 5, AWFFETIE
Pl oA B AU L TR E I (R RAE) ISR S E 5 CTHEO S 2l L7z, X

ﬁu+qu+A0—ﬁ@x»ﬂ[ﬁ@x»fﬁ@xﬂ—a[f][ﬁ%n0<ﬁmﬂxo] (2.2.5-2)

DATIDE 2 TN R 24 L 72356 O MBS (farsert) 2 EFKT 2 2 & THIUBE CORN %
T2, 22T LUTRAT R AMBAEL © ITRMEFHEIGREL, o DR, xq TN S DR
B, LalIWINEEROWETH %, Fig. 2.2.5-16 |& Z DM EE REER 20 H L7254 LA L2 vg
BOAEEDY DEEASNT M AT, BROFEER SR E2RE LR WSS, TN AE L
T2 BRI SIS B DS FEAT BRI N TR A0 0 20 2 377280 SERSTE I 10 BLE O @ R B o £ dh A
KB B, EERRSEREEZEH T 2 LI LV ES RN T A 2 LR REE 2o Tz, Fig.
2.2.5-17 (24t F D OF O R4 R~
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Fig. 2.2.5-16 Comparison of sound pressure spectra with and without non-reflective boundary
region.

Fig. 2.2.5-17 Sound field around a square cylinder.
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Fig. 2.2.5-18 Schematic diagram of wind-tunnel experiment simulating front grille (left) and
predicted sound pressure spectrum (right).

Fig. 2.2.5-19 Aerodynamic resonance sound field around the front grille model.
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Fig. 2.2.5-20 Sound pressure spectrum of the front grille model.

e) JEMEMGE « ~ LT = — T fRMT

B2 K 1 R DO EAEFFHT TIIAE T R KIZ 72 2R D 2720, # 7V A X EREEICEZ 5
ZENARTH D, ANRD L 9512, FFX TIIMKELF O 1 2 BEIERIICAE 2 % Refine & fEIAN
DO¥FH A X% FEET % Bounding Box (BB) @ SO~ /L FF o —THERENFEIE S /-, Fig.
2.2521 X BB ICK O~V NTFFXa—THrOFEHTH L, v~V TFFa—TftiaEMT 22 &Ik
0 FHRAS TR 1/10 )5 1100 FREEICTE 5 2 L 2R LT,

Fig. 2.2.5-21 An example of multicube analysis using bounding boxes.
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2-2-2) HLfEAT

VNTF X 2= TR EATH Z LIS R 0 BB EOMT A LV /NS T ENAREL 8D, K
W TIE, <~ F L~UL% 3~5 _;)’z“fm”é ZEIZEVEmED Y O e F 2K 1,600 T TiE
WrCc&xbZ LaMR Lz, 7V MERIZH ) 5K % Table 2.2.5-2 (277, FREHT STL 7 — & >
ST — 2 AR CTE D Z L 2R Lz, EHOT VU A2 G MT —2 T b FFBLINT
TV EKZ D N TE D, CFD HTHIUE 2 FELIN CUEENATRETH B,

Table 2.2.5-2 Pre-processing time for LBM analysis.

Grid Grid Length Pre-processing time
CASE points | /Characteristic | LEVEL Multi-Cube
[billion] | Length[mm] STL Generation Total
Cylinder

(Re 150) 3.3 0.31/20 1 4 sec 17 sec 21 sec
Cylinder . 1 hour 46 1 hour 47
(Re 4x109) 21.3 0.04/:20 4| 1mn 31 sec min 25 sec min 56 sec
gﬁfﬁf 0.3 0.47/30 4| 2min40sec| 8min26sec| 11 min 6 sec
Bicycle 4.2 1.56/1600 1 4 min 59 sec 9 min 20 sec | 14 min 19 sec
Bicycles 143.2 0.12/1600 3 9 min 5 sec | 16 min 59 sec 26 min 4 sec
Car (CFD) 3.5 2.5/5000 5 3 min 52 sec | 23 min 40 sec | 27 min 32 sec
Car (CFD) | 155.3 0.78/5000 3| 6 min 50 sec 1 hour 18 1 hour 25
min 13 sec min 3 sec
Car (full | 1) 4 0.78/5000 3| 9 min 44 sec 4 hour 38 4 hour48
details) min 18 sec min.2 sec
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Fig. 2.2.5-22 Cube arrangement for LBM analysis (Multicube: Level 5).
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(a) TOP VIEW

(b) SIDE VIEW

Fig. 2.2.5-23 Sound field distribution around the vehicle.

_67_



100

90 —LBM

80 —EXP

70
60
50

SPL [dB]

40
30
20

" I

100 1000 10000
Frequency [Hz]

Fig. 2.2.5-24 Comparison of experimental and LBM sound pressure spectra.
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Fig. 2.2.5-25 Attenuation characteristics of the sound field around the vehicle.
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Fig. 2.2.5-26 Extraction of pressure data for wavenumber frequency analysis.
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Fig. 2.2.5-27 Wavenumber and frequency spectrum.
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Fig. 2.2.5-28 Flow field and internal sound around a flat plate.
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Fig. 2.2.5-29 Flat plate vibration and internal sound due to flow and sound.
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