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In this fiscal year, we designed an Al-assisted multi-objective optimization framework, tuned the neural network
application on the supercomputer "Fugaku", developed a technology for constructing reduced models with hundreds
of millions of cells for fundamental flow and with tens of millions of cells for real car aerodynamics, constructed and
analyzed a multi-objective optimization practical model, mathematically modeled the aesthetic design space, and
developed a fusion technology between the features of aesthetics design and aerodynamic performance. As a result,
implementation and performance evaluation of mode decomposition framework using neural network for unsteady
three-dimensional flow fields on "Fugaku" was further proceeded with the basic flow around a circular cylinder, and
the mode decomposition for flow fields around automobile body was realized. The results confirmed the applicability
of the method to turbulent flow around complex geometries. In addition, for the purpose of constructing a practical
multi-optimization problem, we established a morphing technique to deform the body shape of target vehicle using
the geometric features involved in a group of production SUVs as design variables. Furthermore, we extracted the
feature of impression that the exterior view of vehicle gave to humans. Clarifying the correlation with the geometric

feature of vehicle body, we proceeded the mathematical modeling of the design space.
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Fig. 2.2.1-1 Framework of Al supported multi objective optimization.
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Fig. 2.2.1-2 Multi objective optimization of vehicle aerodynamics using the developed optimization framework.

(Top: Accuracy evaluation of the surrogate model, bottom: Scatter plots of the Pareto solutions.)
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Fig. 2.2.1-3 Week scaling performance of distributed deep learning on "Fugaku"



(dashed line shows ideal scaling).

Table 2.2.1-1 Computational performance of distributed deep learning on "Fugaku".

Number of CPUs PetaFLOPS
750 0.31
5,250 1.81
10,250 3.43
20,250 6.28
25,250 7.80
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Fig. 2.2.1-4 Application of variational auto-encoder on network for mode decomposition of flow field.
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Fig. 2.2.1-5 Comparison of flow fields after reduction and reconstruction by the conventional and present

methods.
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Fig. 2.2.1-6 Numerical simulation of flow around automobile with high accuracy.

Table 2.2.1-2 Numerical conditions for the simulation.

Solver type Incompressible

Domain size 20m x 10m x 5m

Number of cubes 1,800

Number of cells per cube 8x8x8 =512

Total number of cells 1,800x512 = 921, 600
Minimum cel | size 19.5 mm

Time step size 1.0%x10™ sec

Integration time 120 sec (1,200,000 steps)
Reynolds number 6.5x10*

Time integration Crank-Nicolson method
Pressure Poisson Red-Black SOR

Viscous term 2" order central difference
Convection term QuICK
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Fig. 2.2.1-7 Reconstructed flow field around automobile from the 16 reduced variables.
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Fig. 2.2.1-8 Comparison of sideview of production cars (top) and the target vehicle morphed to have similar

proportions and silhouette (bottom)
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In this fiscal year, this study carried out generation of large sampling data for set up of database of inflow condition
based on analytical results in broad region, development of the coupled simulation for unified solution of wind, water,
and structure, validation of fundamental model for coupled solution of wind, heat, and humidity, proposal of
environmental and disaster prevention design (ensuring high ventilation performance and resilience) in a transformed
city, and the evaluation of ventilation performance in an actual urban area. As a result, we proposed an evaluation
model based on large sampling data, demonstrated the validity of the model to reveal the coupled problem of wind,
water, and heat for cities and buildings, presented specific building layouts for environment and disaster mitigation

in transformed cities, and clarified ventilation performance for the transformation of a city.
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Fig. 2.2.2-1 Histogram and exceedance probability distribution of maximum wind speed at

Tokyo (z= 10 m) of the 1000-member NHM ensemble data at 1-km resolution.
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Case: 194 _

Case: 597
-~

Fig. 2.2.2-2 Distribution maps of maximum wind speed for the top 5 members with the highest
wind speeds (1-km NHM)

10

Wind speed [m/s]

o

15:00:00

21:00:00 0:00:00 3:00:00 6:00:00 9:00:00 12:00:00

Time (HH:MM:SS,UTC)
—194 —197 ——336 398 ——597 ——770

Fig. 2.2.2-3 Time history of the top 5 members with the highest wind speeds and one member near
the wind speed mode.
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D1 (dx=1000m) D2 (dx=250m) D3 (dx=50m)
Fig. 2.2.2-4 Calculation domains of meteorological model simulation (NHM)

Member Domain 2 Domain 3
(dx=250m) (dx=50m)

194

197

Vel s (z*= 30m)

336

398

597

— e S
610 W 18 222 % M0

Fig. 2.2.2-5 Simulation results of meteorological model NHM during the peak time. Pressure and

precipitation in D2 (left). Velocity field at z= 315 m and 30 m.
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Fig. 2.2.2-6 Result of the turbulence regeneration calculation for meteorological field. Velocity in

the horizontal and spanwise section [unit: m/s].
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Fig. 2.2.2-7 The velocity fields at horizontal section z=300m and turbulent energy spectra before

and after the turbulence regeneration calculation in the cases of Members 197 and 597.
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Velacity magnitude [m/s)

Member 197 Member 597
Fig. 2.2.2-8 Instantaneous velocity fields of Otemachi area (horizontal section at z=100m and E-

W cross section) obtained in the urban LES analysis
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Fig. 2.2.2-9 Mean and maximum wind speed in E-W cross section calculated from the data for

120 s in 5-s intervals.

I\/Iembizor 197 Mean wind speed: 18.3m/s  3-s max gust: 28.0m/s  Turbulence intensity: 26.1%
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Fig. 2.2.2-10 Time histories of wind speed at the location of the observational point of Tokyo

Headquarters (z = 35 m).
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Fig.2.2.2-11 Target model (Left) and comparison of spatial resolution (horizontal distribution of vorticity
z)(Right)

Vorticity 2

Fig.2.2.2-12 Distribution of wind pressure coefficient on fagade (building (a))
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Fig.2.2.2-13 Occurrence of extreme negative pressure generated on the uneven surface of the louver (building (b))

(b)-2-2 REMEICES T HEARBENRENICRIZTEE (FRAE)

AR TIXEREY O 7 7 — FIRFERE T VS-S LESIC XV | Efifiiht - EEYICFET DRk~
72 A — )L D BT 2N RE N RIE T B EZH LN L 29, EfEHICEET 2L 0B 8 L L
T, THHEHU SAE T 2 E D E @R ) B %I DO ELIHSE R AT 2 FHNC OV TRRIT 2 D 5, iRt
SRR TIRAR DN IW TE & DR N B I AT DiMEE DB L2 T 5 — A& E L, JEIFE
B C UL R e 70 AU 7 THAT AR GRr 8t & 488 1.2km LIN) O L HIFE 2 HE L T\ b, xf
SO E SR 330m TH Y, 150m Z#E 2 D EE L EEL TEY | WiARIZIE NNW o [ % 48
E L7 ELR e (MR Xy 1D 28kt L T\ 5,

F9. Fig.2.2.2-14 ([ZWrifi A, B OELIRIREE (uiksy) [ZEH T2 & Wil A TIEEY F OEAWED
BEDNK) 800m i E CHEAF L. Wil B CIXAT T @4 OFIBEE AW g B xS @ o B EmicEsr L, IE
I CTOEWERENHERR SN S, &5ICFig.2.2.2-14 (TR T & 912, JMEEHOMMATIZ BV TR A& E
3 S 250m~300m 2B W THIF L TE Y | Fig.2.2.2-15 DI RINTRT & 5 (K2 A EN R FE A
LTW5, Fig.2.2.2-15 12777 L 9 IZRIFIZ & 2 W TEE A O FIEE L 728 AW IZ X - TRSEMRTS O
PR E L g o7 Z EITMA T, BERIZIROMAEROFTS 2> & 3848 L 7o RIBEE AT AT L T34
TOMEDMMIZ L > TRENRELZEEZBND, —FH T, HS 200m OHLTTIX, 250m~300m DOH
JE & B2 DREZNZ B W TR A2 UL A L TV D08 Ziud, B BB TEES 2> & Ot AW O 5283 )N
&L, BB OSRIROREZZ T, BEATHORDICER I mEEAHERET 5720 Thr EEZ LN
Do

-20-



M Targ
260400 2 15 -1 Cz,s 0 05 1 14e+00 au/u‘t 0 2.5 d,rf’?t 5
— s o— building

Fig.2.2.2-14 fRHT Rt St o S2 i BUE 5 A & ELIa s

H=250m

H=200m

Fig.2.2.2-15 X GUEM DR ETIC BT 2 ML DRRIIT — &

PUboX oz, ZBEYO T 73— FIREZFH L2 Eiid 2 2 L2k v, BB Aa ATk
LEHET 7V — FRROFBMERS 7 7 — RO > TRAET DEIRNZRBICE>T7 79— Fo
BHERRICH T D RIEN ONMANREET D L &R LT, 7 7V — RERRD S RET HIE S04 O
ST « FETE MR IR SR O BT A EAEICHED D TR T 2 EN D D, FEICHIBEE R O E DS
RELRDGHITEORBIIRE L DT L0, FEOBRHEISHRIIRAIRTH D,

(b)-3 & - K - BEAROHE—RREDT-ODETILEFH

(b)-3-1 =—H—HF IBRICEY | RBE— FTHREIRET 2 AEDOIEEERTHER

WA, o EmBIT E T 9T L, BN TE S 300m 2 KE B2 D EBEEYN S HEH S
NTW5D, ZOLD REFEYITHEN LY LEABKREAMEATLZENMbN TS, Fiz, ZZHAR
BEMIZONT S, TAXY MEBRKREWEDHRIZE— FET TP E— R l280 TL 0 ER
ISR DB B 5, ABFFETIL CUBEZD 2D 7 L— LU — 7 & W T, A -5 TO constraint IB
Ea R U7 BRI AREIC 20 | SREIIREN 3 DM AAEE 0 124 U 5225 O 2 i Liz, = v %
Y7E—RE 1 WEE— FRENC X2 IRE TCORBME R EOK AT 72, FET, IRIEDZEITxE
T oBACDIRE & | FRMTIRE DR -G EE DOFE R~ DB OV TR 2 Efiii L 72, 723, CUBE Tid IB

-21.



BaEAT 288 % 7 77V a~v—h—k LV EFRT D, 2O FOBEZHIET 5 2 & T, ik
DERZRBT D Z LN TE D, FICARIHWBEHERMEMN O CUBE TliItkx Wile 7 VLK
= RIESNWT, 7770V a~v—h—hiOMELIEELZFEHCHEHAGETH D 2929,

FEMT RIS DRI, IEENE %A 3.4Hz IZ[EE L7z 1:1:6 IEFAETH D, MEREr — X TIXARETEE O
PRS2 AAEIRD 9.6% & Uiz, FRNT O AT 1/50D & L, BERIZIA0E 125D O — AT 6.13x107 s
(174800 A & L7, WAEIZZEKOWMEEFE Li-—F i CTH 5, KifEFE50121 Crank Nicolson A % —
I, ZEREIEERALIC 1T QUICK A& — A& Ve,

FPRERTRHICE bRy F o 7E— NER 1 R E— N TOREIRFOIFE 225 7] D IER
BN OABE ) ~OEBIRFE D A2 1T -7z, 1E - ARG OHENL, 20 FHILLEO RS OREZIET
— 20 b, ZABBOBERMEAFRIF L, Bk 2 RS O Z R U, SREHRENC K 22002kt
LT, R UCHMOESNIORFZEDNARD AT D, AR BB AET DTN H 5, Fig.2.2.2-16
2, By XU 7= RBIOE | Wl £ — FCORBEIREOIE NSz r~d, WIhoREIZBN
THAMRBE CTOMAADR T | FRCHIR S 13 BREOAE CRb R < ol Bl EFAICHE- TH
FEARE R 2 P OIS R E SHELIE S 220 | AE 24 U2 IR T 5 2 LR ST,

B DI RE S 2 L L7 R, Fig.2.2.2-17 O & 5 ICHER STEGE D /N S WAL, B IERR S
OB EY THETHELTLY BVORHAIEICEE L, TR TERITT 2IROHRBEC L 2)EE1E 0358
NWHERF DR BT,

Fig.2.2.2-18 |2, = v ¥ JiREKF D, MAIEIRIEZE(ITT D E AR AT OHER 22 797, BEAESCHR 2
10 L [EERIZ, RIEDY NS < 72 D1F ENAORTED R ST, F o, ARMHT T, ARJRGERE L H T 5
BT B — 7 OALED T A DM R B ATz, SREZ O E 2 rI b L7ofE R, IR\ K E WA
B TTEGED /NS WIRF & & L[RERIS, O T H~OM R & TE TORBEDORELEN R iz, Fig.2.2.2-19
W2, By X7 E—RER | RETFE— R TOMAELERTOE—A > MIES ERE - AJEE O
Zoad, A CTEERIRIE Tl L7o35a, B 1 withf£— ROFR—E L TAHENEA TEB Y L 0K &R
HWCTABENPBET L2 L. KV KIRBE CHRET DR H D 2 & R S 7z, Fig.2.2.2-20 (T
< OO R ITIERIZI T 2 K IREE— N COMAHSAA O ZRT, B 1 RllF£— NEER D52
FWICREHZRAADNAIEL TV D Z Tz, ABGEIRKRE 8 < SEIS K0 & OALE B D R
MBI, Fig.2.2.2-21 DF— FEAMPVRT L9, R 1 KETFE—FTIE, myF o /E— LY
HIRBE CTOEMMN/NE L D08, Fig.2.2.2-17 1R L 72/ MEIE TR RTES DAE R E AT DR &
ol

Fig.2.2.2-22 |ZHRENC L A AN 0, MENAG K L 25O 20 FA# 07 3 o T VRS
(2 X B AR A OE D EERIC L DGO A R, By XS — ROLBRERRORNELE
2RV # IR LBEAET DA QKO £ CEMPICHODIEETH L —FH, B 1 kilif€—F
T E TR, FEN LB SRS BT b2 KO IlOTnd, ZofE%R, 21 kihF+—
RTIIEAEO TREH T, AERr vy X 75— REDRNWE A I 7 TAREOKRFIZEIE L, AL R
LW EEZBND, £7BR LR O AL S, FJ@ TOMMOFTEL T 5 THROREED 7 1+ 2
DHATLTRIDZENERTHS Z ENHEINTN, THETHMMPE LEGAIITL D BVEE
M AT ETE LRIBEDS BN DM MR S e, ETBRIIROTEBROAMERS X A I ZIZHIENOA R,
HAV, B 1 T — RO AT O A E D T5R Y ME ) 23R S 4172

-22-



]

I||' ||d|||| Il 'l " " [$M§
g
Ly
=
=
2
|I I. :
.
=
£
[
9 IBetOi E
“ i ﬂx)\mﬁtg
Z—gliFE— R 0y¥rsE—R

Fig.2.2.2-16  Vibration at first-order beam bending and locking mode and lateral pressure

phase distribution at non-dimensional wind speed
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Fig.2.2.2-17 Surface contours and 3D isosurfaces of instantaneous pressure during pressure

recovery (first-order bending mode of beam)
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Fig.2.2.2-18  Pressure phase distribution on lateral surface of square cylinder at each
amplitude (left) and surface contours of instantaneous pressure during pressure recovery (first-

order bending mode of beam) (Right)
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Fig.2.2.2-21 Comparison of lateral pressure phase distribution during rocking mode

vibration and first-order mode vibration of beam

Fig.2.2.2-22  Comparison of vortex structures by pressure isosurfaces

(b)-3-2 mﬁﬁL%€ﬁ%tLtﬁ7xwﬁl;6W%F®Em%ﬁ

BRJERE, JRETI 72 JBUE SO FIC L0 7 ANBEE I N T-5E . ENOEIPNEHIC L5 &
IZE 5T, D H T ARLHEER T W\ CEEM 7N EITT 5 2 k#%ﬁéhé AHFFETIE, HT A
DRIENFEAE U TR Z FRE L7 BRI O EAMITAER 3 2 BUE ) Ol 2 £ 2 Z L 2 BAY & LT
BHUK D T % kPG & U To AN RARNT & FEhE L 7=,

AR TITEATRANDIRHAZFEAEI T D720, WAL MZNEIUCB AT 72, Y93 L5 T
FUEEND 1L BCU TV KA XD T AR EBE LTz—i 3m BEOH D 1 D& AR & LTH
PUTERE L, WEHEBICOWTIFEEOR[EEZ R THE N O HE N Lo mfEOM 0 2 E RIS
THEE L7272N, AT LoRBEE LT, WMEART v ZAOBEHMEOREE) S NEIC R B R 03 U 5 Y
BNHER I N, £ 2 CAREE X, =7 ARMmIEETAOE L, MHEAOIZ SV THREBEIZEDL 5T,
+43 ﬁ%w#&%%ﬁbt%fw BT DNEHAOFBMEZ MRS 5 2 L & Lz, TORER, Fig.2.2.2-
23, Fig.2.2.2-24 (" T L 91T, Boainif, /oM CEEERNETICI T 2 2 7 50 v
@ﬁh%@%ﬁﬁﬁﬁéhto ﬁf T VIR O OGOV L OFsA, PA%E L - ZZM D%
B 0BT 22RO MR DI E/ N T o A O FBWMEIC KT 23 E S i ST,

-24.



Fig.2.2.2-24 Flow and pressure distribution in indoor space of actual building
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Fig 2.2.2-27  Average wind speed contour and average raindrop vector
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Fig. 2.2.2-31 Detail of target model for Kitanomaru area.
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Fig. 2.2.2-32 Streamlines through observation points for wind speed and temperature
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Fig. 2.2.2-33 Comparison of simulation and observed values for wind velocity
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Fig. 2.2.2-34 Comparison of simulation and observed values for air temperature.
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Fig. 2.2.2-37 Area ratio and cumulative percentage for peak gust speed
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Fig. 2.2.2-38 Spatial distribution for mean wind velocity
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HIEHE(Net Escape Velocity, Net Escape probability) 5% L, € DRE 2B FHIER AL R T &I, HSGER
DI A TS BNETT VAR & LT RRNTIC THERR L 72,

In this fiscal year, we have developed (i) integrated simulation methods for airflow in lumen and mucus transport
on epithelial tissue surfaces, (ii) robust indoor environmental design method for controlling pollutant concentrations
using newly developed ventilation index for directly evaluating heterogeneity of mixing, (iii) multi-objective
optimization framework for "Fugaku" based on neural network.

Specifically, we have integrated a mucus transport model as an interface boundary model for a numerical airway
model that includes an upper airway model from the nasal and oral cavities to the bronchi and a lower airway model
from the trachea to the 16th bronchus (terminal bronchus). We also implemented an Eulerian wall film model that
reproduces droplet/droplet nuclei formations from a mucus liquid film for airflow analysis in the lumen and coupled
with Lagrangian particle tracking analysis in the airways. Finally, we have established a series of numerical technique
for continuous analysis of droplet/droplet nuclei in the airways associated with coughing and expiration into the
indoor environment.

In addition, a new ventilation efficiency index (Net Escape Velocity, Net Escape Probability) was developed as an
index to quantitatively evaluate the scalar heterogeneous mixing field formed in an indoor environment, and its

rigorous mathematical definition was presented.

(b) XARDRE

ARAF JEE (QO22HETFI 4 AR L) DA TR R & T B BN R T,
(b-1) MKEX (16 QIR ZET LAENS TREF CEZHREALLZBEREETILORE

2021 FFEEICAERE U 7o e - AR BAUVE S 16 70k (45 lobe fEIC —ifiE 2 BB £ CA4 & LXUE- T
KOEFEELD insilico MiET VEKE L, (R 7 V7 4 THERE O CT 7 —& L 0 EITHI L7508 38
I E TOEMRE T /L% FIT)KUE S 8 IR LA O 2T ORI L THlk 7 v Y XA Zi#H LT
B 16 43I £ THEE LT BALD in silico iiTT NV EERL L=, $IE % Fig. 2.2.3-1 1277,
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Fig. 2.2.3-1 (A) in silico airway from nostrils to 16" generation. (B) The computational interested domain includes

the human respiratory tract, facial features, and external breathing zone.
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Fig. 2.2.3-2 Comparison of deposition efficiency in the upper airway (A) and the lower airway (B) and (C) with

previous and experimental data at the three investigated breathing flow rates
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L 7= S CRUBERTRNISBIRNT 2 F2fi L 72 £ T, SALft i THA L 7oKL O 5B PVRL T TR A =R 2 il ffr L
7o % Fig. 2.2.3-2 12779, Invivo 72 5 ONT in vitro i R &+l —ET DR RPHE LTV D,

A 4.8 L/min D 29 L/min

9.5 um 5 pm

Representative scintigraphy Representative scintigraphy
gamma image (Zeman et al. 2010) gamma image (Zeman et al. 2010)

ION 30 L/min — 5 um ; Posterior view

Carina
ridge

Right lung

F Posterior view

Right lung Left lung Right lung

Currently CFPD analysis result Currently CFPD analysis result

Fig. 2.2.3-3 Comparison of local deposition distribution for the coarse particles (5, 10 um) at the low breathing
flow rate between the scintigraphy image (A) and CFPD analysis (B, C); at the high breathing flow rate between
the scintigraphy image (D) and CFPD analysis (E, F).
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Fig. 2.2.3-4 Numerical respiratory tract (Airway) model from oral cavity to bronchial tube
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T 7 ANEEZ RN E T T D52 LT, 77TV a BT T L AR ST &GE N OTRIE
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T 4 IVARERE LT,

Table 2.2.3-1 Model Parameters for EWF model.

Film material Water

Film thickness (m) 3.3E - 6.89E (0.33 um - 68.9 pum)

Critical shear stress—CSS (Pa) 10

Diameter coefficient 0.14
Mass coefficient 0.5
Surface tension (N/m) 0.072
Maximum thickness control (mm) 68.9
Time step size (s) 0. 0001
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Fig. 2.2.3-5 Origin of stripped particles during coughing
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Pa] 0

Fig. 2.2.3-6 Visualization of stripped particles
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Fig. 2.2.3-7 Validation with experimental data after optimizing the parameters for the EWF model.
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Fig. 2.2.3-8 Schematic diagrams of computational domain. Ventilation building models with (a) streamwise (STR)
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and (b) lateral (LAT) openings.
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Fig. 2.2.3-9 Age of air of (a) STR and (b) LAT cases.
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Fig. 2.2.3-10 Net Escape Velocity (NEV) of (a) STR and (b) LAT cases.
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S L IEEMER & OBESUT sliding BE R A5
TEHE LIE[4-4],

(b)-1-1-3 EStERKE

FEER T AL —C LoD DEY I a2 b—y a3 VO REZ TR, B,
59, BlEREE Mk Th D ARICER W& 2\, Fig.2.2.4-2 £ Fig.2.2.4-3 |2
FOZ — v DEdR 2 8 D Wik O, ET],
RE7HE (B R bAIDLL) |

B i TR Veay WG WALV 1T

FERTFRoTND ZLEDHERTE D,

Table 2.2.4-1 Numerical conditions for industrial gas turbine engine.

e v LES(E#E 2~ =Y > AFT5 1)
B O MR 1 YRS EE R L
IRF IR 5315 1 IRAA T Bafiis
i 1A 1.0X10 6%
BEE T D 54 BB R IREE - B
TN J£ 77 & (42)F 0.1MPa)
WS H S JEZJ(AJE 0.1MPa), it & [ & (8.2kg/FD)
EIEy 22,000rpm
Bk HOHT AT A 13A
i3l 725
AT A FefbA : 15°C. 0.1MPa. 8.0kg/s
Bk - 25°C. 1MPa
NAmy ko 1.1X10 3kgls
AA 2 0.1kgls
Bk X 2.8X10 2kg/s
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HEITEEER
. ENEN, r%*&%
T EE DR 34T, d6 K OMRBERS D 0 438 2 Wik O33R
R DR A & 97, Fig. 2.2.4-2 TR LN D Wi 13224
FUO, JEARE 2 Be, RIESR DD DT AN T —E U NZED | PR OICED MK TH D, KD 2 Bed Himils
S, EMES L DER TR CE D, £,
Eh, SO, BRI AN Z — U OFBRERBET LI EICIVBEELTWD Z & [ENDORE FIZEWIR
—J7. Fig. 2.2.4-3 1%, JEMEEED & 722250 REL L IR G
T H—E AT ) MR Z R TWiE CTh 5, M b DZER & IRELDIRE WXZPJZW@E%%W A
L. BRBET DR 2R T2 2 L N TE D,

JEAEICAE D IR ER LR T




Fig. 2.2.4-1 Industrial gas turbine.

Pseudocolor
Var. Total Pressure
1.000e+06

56230405
—3.162e+05
1.778405

1.000e+06
Max: 1.808e+06
Min: 1.381e+05

|‘I!'|IID
’; L j "“_
Qw @

(a) velocity[m/s] (b) total pressure[Pa] (c) temperaturel[K]

Fig. 2.2.4-2 Instantaneous distributions of velocity, total pressure and temperature on a cross section with respect

to the axis of rotation of compressor and turbine.
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(a) velocity[m/s] (b) Mixture fraction (c) temperaturel[K]

Fig. 2.2.4-3 Instantaneous distributions of velocity, mixture fraction and temperature on a cross section of

combustor.

b)-1-2 avR—RU o Tal—Yay (KH)
(b)-1-2-1 HHEX&R

AHBEIZ ERO)INGE TERSSHOEERAT AS — o DK LT, Ay v afiy: 8 5L L
TW5b, A v =41 FrontFlow/red DFEED —>Tdh 5 refiner & V= (KE) .,

(b)-1-2-2 5EFHE. ETIL. &

Refiner IZ X WAERR L72 A v o 2 O ARG E% 779, FrontFlow/red @ refiner [XRITALEE & L CREAIATr A
vV aDNBEFROESE IR ETHIEICEIVZEROA Yy v aBELE EIFH5 LD THS, AMR(Adaptive
mesh refinement, [4-5])VEITZEM O BLE O EALETA v ¥ 2 OMEZFHEST 505, 2 Z THW S refiner 1
Ay Uy THERLESELVOLUOPHTHEIL, ELOBEL 8 fil ff‘éﬁ/ﬁf&;é IBNTGREN =S
OINHERER ZRE & LT refine ORHIZ O % Fig. 2.2.4-4 |Z77F,  Refiner %fﬁb"(iﬁkéh?‘:)‘ %

Vall K VERENTCERERAT A — = D OB BERD A v 2 I3 1.8 [EEiA. K 11 EER
Th b, RitFOFH LM% Table 2.2.4-2 (TR,

(b)-1-2-3 tERE

Fig. 2.2.4-5 2, MREEas D LA D Wi O, B, RE, BIONRESHE (KL BbAlDt)
DOWRE AT, KD, JERE#D O D22 EREIOIREG L IRE T ADRBESNIZIRA L, RS D4k
FEMERT D ENTE D, AR D2 AT v 7ORENRHRETND EEZLND—FH, BITED A
F—AITED, RSO TWD LTSNS, 5%, BIMEOA X —LZ 2 KFLEHWS Z 2280,
FEAR oA L RBEORE T 2R L TV TETH 5,

Table 2.2.4-2 Numerical conditions for combustor.
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HiteT v LES(E#a 2~ Y o ZFET /L)
Bt E DA 2 WREEE R -
IR o 15 1 RAA T afiRis
IR FH] 2] 7 1.0X10 6 fb
B T 0D St REE et Rl IR TR
PR #riH A 13A
(Al 225
TG Fe{b) - 348°C, 1MPa, 7.4kgls
BREL : 25°C, 1MPa
NAmy ko 1.1X10 3kgls
AA 2 1 0.1kgls
B X 2.8X10 2kg/s

refiner

refiner
_—_ ’,’

T
! : . 1
B el b T S
[
ll’

(b) Split a hexahedral mesh by refiner.

Fig. 2.2.4-4 Refined tetrahedral or hexahedral mesh with refiner included FrontFlow/red.
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(d) Mixture fraction.

(a) Velocity magnitude[m/s]. (b) Density[kg/m"3]. (c) Temperature[K].

Fig. 2.2.4-5 Instantaneous distributions of velocity, density, temperature and mixture fraction on a cross section of

combustor with a refined mesh.

b)-1-3 FLHLSERDEREE

JINGF B TR ABHDOEER T AL — o DU ZXPRIC, JEME., BBERR. ¥ — BV Z2fa Lic A
v ¥ 2 HEHOK 0.9 B, BEREK 41 BOBSBREHOCTHRERELZE L, ZRUREREHELZENT
&7z, F7o. refiner ZHWT 8 FFOFEMIBIRZAERL LT, ZDaR—x by Ialb—ra 2%
L. iR E W e ATy R 2 b—ra r~O R L 257, Bl & EFITET D E TR LMk L
e, A%, BIRHEICKT T 2 A% — LD EEEE RS DD, FEHIEIREZ AW HEY IaLb—a
~EHY NS,

(b)-2 MEETIL (TL—LLvy ME) OFERAMRE (2 RITHEH)
AT CTIX, I KRFBFE DA g 22— K FK3 & VW TIT - 72[4-6],

(b)-2-1 KEMBES S UVT7 U E=THRBE
(b)-2-1-1 FHEXRR

FIRABBEAR G L L7 —A Ly FETH S Flamelet-
generated manifold (FGM) £ [4-3)1C. iBIRYEERNE & kKRB EDF
BAERE LT-F1LETHS SPF-PD % (Strained Premixed Flamelet
method considering Preferential Diffusion effect){Z- DUV T, & DKFHA
e, BROT E=TBE~OE 24 BREET 5720, FRT
BAGEEKRED 2 THIE Y R 2 b —3 3 V%1795, Fig. 2.2.4-6 |IT A — Ay 10 m
AL AR DA & o,

10.24 mm

10.24 mm

(b)-2-1-2 B+EAE. ETI. & Fig. 2.24-6  Schematic of
AKAFZECTIL, SPF-PD {E%2 W35Sz T, elgxf% & LT, computational domain

PRIBEE T VA W WEERIGHRLE . 16k FGM 15, BPULEBEN R DA% Z [ L 7= FGM £ T& 5 FGM-PD

B, KRMEOHREZE LT FGM{ETH 5 SPFiEE W3R Z1T 9,
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(b)-2-1-2-1 FHMFtEE

FERIEIRE TIXRBEE T L 2 O E FERIBUCHE I C & 1 2508 OFRBOG Z EHEAF < o AFZETI,
FMERIEE VTR ORI RZEEE LTI 5, SEMEHRIE T, G REALE LT, BUFIOR
THE, EHE, cxrF— BIWMEFEOEEORFAZ, HAKAOIRETEAL & HIgH<,

ap (2.2.4-7)
E +V: (pu) =0
dpu (2.2.4-8)
——+V-(puu) =-VP+V-1
at
dph oP (2.2.4-9)
W-I—V'(ph‘u):%%-u'vp%-V' pDh Vh—thVYk —thkYka
k k
+17:Vu
apYy (2.2.4-10)

e TV (pYw) = =V (pY Vi) + pay

ZIT, pIEEE, wIEERY R, pldES., RIS, MIm oA — RIS LR D =
YHNVE = DRl IBMEBCR, Y b FRER DB &R, Vil ik OILBOREE | w3 Hik O SOGER
T D, Vi, LLFIZRT Maxwell-Stefan diffusion (2 & W BE L, BEAR., EHAR., BLOSDICX
DWVEILRUIBRE L2,

X:X (2.2.4-11)
VX, = Z ( 5}:) v, -v,)

Z 2T X e ARk DE VI D TG DAL R R 6T 2 i IEBAR T B D, FEME A S
BT, RQ24-1D)I2 L0 | LR D & OIERIEDE W, T7ob LRI R 2 ZET 5, £,
IRBES 2 BIET D72, KFERBEICHB W TIE, AramcoMech3.0 [4-7]705 C T2 &G0 MG EBRE
Glarborg & [4-8]IC L 2 N JR-IZBHE L2 L2 B L 7o 33 fb7FHE, 214 SBRUGD 6 L2 FEM RS S 2
Wb, 7re=TBECR 0TI, 32 (b5, 204 EUGSN B D Otomo FEAISUGHERE [4-91% W
%,

(b) —2-1-2-2 %€k FGM ;%

PR FGM LTI, ABERE 2 BIET 272 SRS 2 B R < R 0 12, FANSIER L7 —
IRXR=2 BT D, ZOT —FX—=Z T DI KR RD RV 1 R FIRAG H BisE kKD
FHEZITO S BT K RKEFE % | Control variable & FEEILD /XT A —ZIZHOWTE LD, AWFIETIL,
FlameMaster = — K [4-10]1% AT 1 RO TIRA H IBIEA RO R EIT O, Z OB, FEMEHRELE & Rk
DOFEMRISHEREZ WD, F70. 16Kk FGM 1A TIL, Control variable & U CTRIGHEITAEC 2
Do CIXFITRBEAND OE B/ R TER I, KFBRBETIAC =Yoo 7V E=TRBETIIC =Yy, +
Yizo + Yo \lC LV EFRT D,

2WTEIEY 2 2 b—ya By Tif, KQ2.24-7), 22.4-8)2x. X(2.2.4-9), (2.2.4-10) % fiF < b

DAZLAFISRTCORAFERZ <,

apC

% + V- (pCu) =V-(pD.VC) + pw, (2.2.4-12)
2T, DAFICOPEHARITH Y | @ JZCOKILHETH D, 16K FGMIEIZIB W TIE, 2 kel R = L
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— g BV, BRIEBRIIEZE ST, Lewis 8 (Le) 131 &E S, DAID, = D, TEF
Eha,

(b) -2-1-2-3 FGM-PD ;%
PER FGMIETIL, Le = 1Z2{GE L, BHILBEI R ZZE TE RV D% L, FGM-PD £ [4-11,4-12]TC
ILRIUEBN R A BT D, FGM-PD IEIZB T H5CORGFRIFLL FTOXTEZ NS,

apC B}
% + V- (pCu) = V- (pD,VC) + pid, (2.2.4-13)
7212 Uy JEHARED I FORTER S ND,
Dee = A C—kaWYk (2.2.4-14)

Wpc, £uLe, 9C

2T AMIBMRER, WILRERD T ENVE R, o IEELRBTH D, ol HLFHE T L IC B D EK
THY ., KEBREETIZIH0 DA 1, 7o E=THREETIZI N, HoO, H, DA 1 TH Y . DD FFEIT 0
Thb, Flo, FALFFED Lewis #lLe lZLL FOXTER I LD,

e, = A (2.2.4-15)
* pCpka
Dy = =T (2.2.4-16)
Zj#ka/D]k

Z 2 C. Dy HMbF R DIRARICH T DIEBIRETHY . iz kv, BIRIEBEIR A BETX 5,
728, FGM-PD {EIZBW T, T — & _X—ZAERIFIZIT 9 1 IROTEHEIIEE FGM IE L RIEETH D | 16k
FGM IEDT —H# RX—RIZM A, Do T — X N—RIZE L DD,

(b)-2-1-2-4 SPF 3%

fER FGM I CIE, KERMEDORN | T TRA B BB AR E D LIZT —F X—RAEERT 5720,
KRMWREORBEZRT HZ ENTER, —J, SPFIE [4-13]ClE, ARMPREORW 1 ke TRAH R
BREARITNA, KRMEDH D 1 WLk FIRG KROFREEZITV, ZNHOMRET —FN—2
IZE L DD, ZOBE HER FGM IETHWZCIT 2, KRR T3 T % Control variable 23 EIT 72 5,
ARG CTlE, KFREE, 7o E=TBREENTIZEBWTH, ClZNz., {8H 573 Z% Control variable & 3~
%o 7%, ZIE Bilger DEFK [4-14)IC KV ERKIND, ZD7D, 2WIHEY I 2 b— 3 BN T
ix. (2.2.4-7), (2.2.4-8), 2.2.4- 1212z, LA FITRTZOMRAFRZ ML,

dpZ :
ZZ 4V (pzw) =V - (pD,72) (2.2.4-17)

I T, DARZOBEMARTH Y | Le = 12 {HE LD, = Dplc £V 52 5,

(b) -2-1-2-5 SPF-PD ;%

SPF-PD £ Tl&, SPFIE&[AEE, KRMEDRW 1 RIETIRG BHERHEAR, BLOKKPEDH D 1
WIS R FIRA KR DR EIT, C, ZIZONWTT =4I _R—2 &2 £ LD, 2R THHE I 2L — 3
ATBWTE, (2.2.4-7), (224-8)2 %, L TFIZRTC, ZORTFEMLS,

apC ]
% +V-(pCu) = V- (pD VC) + V- (pDczVZ) + pad, (2.2.4-18)

-54-



dpZ .
ZPZ LV (pzu) = V- (pDycVC) + V- (pDyzVZ) (2.2.4-19)

at
7212 U HEBAREDz, Dyc, Dyl FLLNFTORTER SN D,
Dey = ﬁcp %a‘g’zyk (2.2.4-20)
Dy = %Cp %a‘gvcyk (2.2.4-21)
D,y = 2 WY (2.2.4-22)

=Wpcp Le, 0Z
TIT, i MEFE T LR AR DZERTH Y, Bilger DEF [4-14]0HIRESIND,

(b)-2-1-2-6 EHEEH& L URIEREE

IKFBIRBEIC OV TIE, Y& 045, R TIRAKIEE 300K, FHSILES 1atm O5M: FIZBWT, &
HIFHRYE, 73K FGM 5. FGM-PD ik, SPF i%. SPE-PD #£0D 5 FMEOHREFEZ A O THEY 2 = L —
a UEATH, FHEMEBIL Fig.2.24-6 [T X O RIESFEEKTH Y, 11212048 mm Th 5, FRSE
e LTx HA, y FrRnWTns HREHER &35, FHERE 1367 IR 40 pm OZEFIEE AR A # 47—
RITTHY . KRIEREZ 10 UL ETHETEETH 5, FHRBIARHCIT, F0 05 KEZ RO TR
TRAR T2 9, FLOBFEKEBIZEE Ilmm TH Y, KRMERLO 1 RTHETH LB A
DIRER FOMAM A 52, KREZMRIEESE D,

T U= TRBEICOWTIE, YEH 08,09, 1.0, 1.1, 1.2, RRTREAEKIEE 673 K, FHEIES 2 MPa
DEMETIZBWT, FEMEHE A, 75K FGM %, FGM-PD #%. SPF 75, SPF-PD 0 5 fEOH R FE%
AWTEMEY R = b—a U &1TH, RHEREER, BXOBERSKMEIC OV T, 13 1024 mm, #-1-HE
10 pm, FIHIEICER 02 mm &0 ) RAEBRWT, KBRBEL AR TH D,

WTHOEEY I 2 b—ra b A oy Aa— R FK[4-6]1% W TiTo 72,

(b)-2-1-3 tERER
(b) -2-1-3-1 KR WAKE

Fig. 2.2.4-7 12, KR PEROMMENE, S FEEOFREFIECOWTHEE L TORT, 22T, kLR
X, KR ONLE & SOSHETTASC = 0105 ER E LT, b b kREE COERE L TERT 5,
BEVY ., KRMEDOEELZIELRWEKR FGM 5, 3 XO'FGM-PD JEIZH W Tik, sEMEHRIEOR R %
WIS 2 2 E 3D, ZAUE, KB/ ERTIRABEECRS VT, KRMEZ%1T 2 L IREEEE
WEINT 5 &V DA [4-151% . KRIPEDHELZE L 72Kk FGM 1%, 38 KLU FGM-PD IE03E 2
N Bz bbd, — 5T, BIIEESR L AR EORELERE L7z SPF-PD 51X, et HIE
DFRER L BIFIC 8T D Z ERMRTED, LLARRS, KRMEEOFEBOLEEE LT SPF LI
HFHRE O K RASFRIEE 2 8 RGNS 2, ZORKZHAET 5729, Fig. 2.2.4-8 12, KK P& 4 mm O
RN BT DIRA D RIOFE TN 2 it B FIEIC O W THR LR, KLY, SEmEEE TR, X
Kl (r= 4 mm) TFHFICBNT, BREDENBD L, BUMEEZ L5 2 EAHGETE 5, 28R
RIZEDbDTHD, £7KE Y, SPF-PD Ik, 162K FGM ¥£, B X O'FGM-PD {£(X, ZDKKHEH TD
RADROWD 2 A5 2 L BHED D, SPF IEILZ O KKEITETORAB RO 2 HETE -, i
KMl 2 ERDND, 2T, BAEDRITYELICHY T MR TH D, TOD, M #ERE
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2B WT, AKRAECTOREDREWMITETH 2 LI L0 KR EHEEHE /N T 5 EZ BN A,
PLEDOFERNS . KRR ZLE D KRR TIRARECB WL, BREEET L & LT, BINER
R KRMEDRBLZEZE LT~ SPE-PD iEZ WA VENRH D Z ENHL N E o7,

7.0
E
E6of N 0.015 1
= g
2 2
“Q—) 5.0+ 2
St
E G
= 2 Detailed
=40t 2 0.010 ——SPE-PD
Q o=
——SPF
£y = ——— FGM-PD
o 7 FGM
&
2.0 . ! 0.005 L L ! L
0.0 0.5 1.0 1.5 0.0 2.0 4.0 6.0 8.0 10.0

¢ [ms] 7 [mm]

Fig. 2.2.4-7 Comparison of time variations of flame Fig. 2.2.4-8 Comparison of radial profiles of mixture

radius among detailed, conventional FGM, FGM-PD, fraction among detailed, conventional FGM, FGM-
SPF, SPF-PD methods. PD, SPF, SPF-PD methods.

(b)-2-1-3-2 7V E=T Bt

Fig.2.2.4-9 12, Y&EL 0.8 15 1.2 DEFIFITBWT, 5 HEEOHETIEEZ AW THE LN ARERD
RRZ b2t U CORd, KD KFAR ST 2 LW TNOFEORIC S RERAENPENR KK
MEORELZRE L2 ER FGM 5, FGM-PD IEIZ | KRR OB L EE L= SPF £, SPF-PD
LD T RFEMF EIEIGDVE R E R T 2 ENnh D, Fio. BIITHENROBE ORI/ NS 2t
NH; @ Lewis 2573 1 I5EW=d EE 2 HD,

2.0 + —+Detailed 2.0 F =—+Detailed
-+FGM —-+FGM
-+FGM-PD -+FGM-PD
1.5 r -=SPF 1.5  -=SPF
— —SPF-PD — —+—SPF-PD
E g
= 1.0 = 1.0
™ ~
05 05
0'0 1 1 1 L 1 0-0 1 1 1 L 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time [ms] Time [ms]
(a) 0.8 (b) 0.9
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20 | -eDetailed 2.0 + —+Detailed

—+FGM -+FGM
-+FGM-PD -+FGM-PD
1.5 | -=SPF 1.5 F —=SPF
— —-SPF-PD = —-SPF-PD
: :
— 1.0 — 1.0
~ ~
05 05
0'0 L L 1 1 L 0.0 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 15 2.0 25 3.0
Time [ms] Time [ms]
(© 1.0 (d 1.1

2.0 + =+Detailed

-+ FGM
-+FGM-PD
1.5 | —=SPF
= PF-PD
=L
— 1.0
&
05
0.0 1 1 1 1
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Time [ms]
(e)1.2

Fig. 2.2.4-9 Comparisons of time variation of flame radius among detailed, conventional FGM, FGM-PD,

SPF, SPF-PD methods at equivalence ratios of (a) 0.8, (b) 0.9, (¢) 1.0, (d) 1.1, and (e) 1.2.

b)-2-2 KE—TFUE=ZTEE
AFFETIE, KFE-T =T IRBESIEICBW T, Flamelet 7 U 7 OB SN EEELEZEZ ONLHE
FALEE DRI OWT, 2 RITELIIRAE 2 AR (DNS) Ik 2MataiT-o 72,

(b)-2-2-1 tEX&

T U =T ILERCHTR DB NS KFEL D A RV IREGTHY . KB RLF—F5 T
ELTHIf SN D —F, IROEFEKECRAENREE L TET LN TS, T TARIFETIE, 7rE=
TRIRBAOFREE LT, BREERTY =7 WEAKFEOFHEZIEE L, KHE-T F =T IRBERGE A x5
E LTz, TUB=T U ERDT AL TARE  BEN 3 110D EEEE L, BEHLK %
RFEERT, KF 7T oT=7T 1 EHEN045:040 : 0.15 L% E Uiz, FHEMEENIT. SRR ER I &
SIHTT B DI T 5 2 onELTIR G & L, Fig. 2.2.4-10 (2, FHREKZR~T,

(b)-2-2-2 &tEA*X., ETI. &
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AWFFE T, 2 WonEEEEFH R (DNS) 12XV EHEZ1T 9, Sl 7R

. E#EE, T RLX

—. BIOMEFREESROSRA, KRB, Lewis 1 ﬁitlﬁ>E>¢?ﬁ>%L Sk R
¥ K OO T2 Holi 15 7 R0 B R S 41 5 [4-16],
8p Opu;
ot = Ox; 0 (2.2.4-23)
Opu;  Opuuy _ Op 9
o T dx;  Oxy + ox; (2.2.4-24)
Ooh | Opush _0p 00 4 O N
(2.2.4-25)
0pYy  OpuYy 0 ' )
ot dx;  Oxy (PVig i) + P (2.2.4-26)
opZ  Opu;Z 0 07
ot + 0z &7;] (p Zﬁxj> (2.2.4-27)
opC  Opu;C 0 oC
ot oz, oz, <pDCa ]> e (2.2.4-28)
p=pRT (2.2.4-29)

Z 2T, PIEEERE, widpiR, tIIRERE. PIRES,

K YIHLFRE By E, vmﬁ%ﬁz@r CITAERGERE ., Z13ik
F4, L. RISHETEROERITH, & HO O
(E2FHE bk OYEHOREE IOV T, RAUCESWTCEET 5,

 CIEBOSHELT
ROBRIE LTz,

TIZKEMES 17 v, hidthm o Z v e — o3BT
BH. kI bFRE A

Dy,
Vij = — VX, (2.2.4-30)
Xk
1-Y,
Dy 2.2.4-31
Zﬁgka/D]k: (2.2.4-31)

ZC. XeldL S k OFRFES S, Dijptd j LR E kL FRO 2 oy RILHIRE CTH 5, ARIFZETIE

f((2.2.4—23)~(2.2.4—26)@iﬁﬂﬁ FeoofiE & . Lewis £7 1 ¥T{Eld> ¥, & T Flamelet progress-variable (FPV) ¥£
[4-17, 4-181\ZHES W CHERL S 4172 Flamelet library % 2(2.2.4-27)3 L UN2.2.4-28)1 52RO B L D MFR /3T
A—=HICLVIREINDETINT —HZ DO EIT O, Lewis HOEHITRAUC X

(@7
Lex = o (2.2.4-32)

P2

FHAESEEIX, ATROE Y 0.02 m x 0.0288 m OHTEEK A 792 x 1,152 D¥)—72 IE &1 (K& 25um)
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THEI LTz, FIISMEE LT SRE M 3 o8I L. FEIREL (IF 0.005m) %, LfE& TREICZERE
Ao L. BRBHE IS I ERC AT TN 80 m/s %, ZEXUBICIZ-2m/s & 5% . ELIRIRATE AR S b K
T LTz, £7o. WA HEICI, Fig. 2.2.4-11 12773 3 RIT 22 — R4 7 MEELIRE S & 1Bk L [4-16,4-19],
2WIZER~O TR 2V va rETol, BLROSRMEE LTE, BB Sy = 4.0 m/s, SLIRIROFE >
A —nLin =0.6 mm & L7z, HRKOTH, BREHE & 22508 D RIC Flamelet library (235 1) 2 BEASA: O
TV (16 0.0005 m) ZELE L7z, HWDIEFEUS A I =X L1, Jiang b D 19 {bLFFE 60 &
THER &A% b D & L72[4-20], Fig. 2.2.4-12 {2, {FR% L 7= Flamelet library Z 453 2 A A IREE DI
B0y SR SOGHEI TS ZE RN I B A & T,

FHESMITRTROBE Y | K(2.2.4-23)~(2.24-26) & KR IALFRIEE T L =7 ARAE RN TH L
fi (ARF) &, R(2.2.4-27)F L VN2.2.4-28)DfiR% ¢ & |Z Flamelet library Z 58 L 755 (FLM) @2 &7 —
Au W 5, ZHAUCTKD | FEMRIEHOR R A ZE T D ARF & Lewis 1 1 iffllZ % FLM D728 %
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Fig. 2.2.4-12 Temperature distribution in mixture fraction and progress variable space in Flamelet library.
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Fig. 2.2.4-13 Instantaneous temperature distribution, (a) ARF, (b) FLM.
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Fig. 2.2.4-14 Instantaneous distribution of NO mass fraction, (a) ARF, (b) FLM.
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