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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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Fig. 2.2.1-9 Parametric shape change based on the developed design variables 1 and 2 (left) and example of body

shape variation based on 10 design variables.
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typical frames in the rotating movie (bottom) for components of impression from the external view and

the impression survey. geometry of SUV vehicles on the market.
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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]
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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].

Fig.2.2.2-7 12, A /X—197 + 597 ORAFENTRIE CTO S 300m TOFALTFI KOV, fEIE O HRRf7E
S 36lm TOELE T RVF — AR bV ERELEAZRT, A L /3—197 T, JLOWNGOREEICHED
WL D BRI 22 ELIAS & SR S VTR Y | AT RUIZ DWW T §-5/3 FRNIHE 9 BUHZE B2 0.1Hz DLk
OFEIE TR S, Sk & U C ol b7t E & Fr o MU A2 B O B AR RS Sviz, 7238, IRiHEERAT
I CIIIEER R IRB DR DR S T2, — . A v 3—597 Tl @ BEREIk CoOELiE= /L ¥—n
FFHIM U208, B 2w IR SN o 7e, [KESGOBRET O A 7 — DS NTT 4 VI — 7
—IVEFICHET A2 & CHEEZXD Z ENAENTH D REMEDNRIE S LT,

-15.



LE+05 LE+06

1LE+05 1.E+05
LE+04 1E+04
£ £
S 1E-=03 S 1E+03
o :
2 1E+02 § 1E+02
% LE+01 ':>,n 1E+01
2 1E+00 @ 1500
s 5
1.E-01 LE-0L
1.E-02 1E-
Member 197 LEOZ Member 597
1.6-03 - 1.E-03
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
Frequency [Hz] Frequency [Hz]
Member 197
Horizontal wind speed vertical wind speed
Member 597

Horizontal wind speed vertical wind speed

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)
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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

Fig.2.2.2-9 |2, FHEBHLAZ N D 2 43D 5 BREIMET — #1257z E-W SRE i 12351 2 P mus &
Fe KR RO 4347 % 759, Member597 1%, Member197 (2~ T HBALNIITY ML E TOBE R EREE TH
VRS EICEE T 7 7 7 A VD E— T BIET 5, ]G50 BIREE T L USHE T &gt i-5<
WFTHEOEFOM BN X BHFICRAE L, E2Eo B e iR s i r s L v BEICimE S h
DGR, HIFE < O EGE - B RBREEGHEA & 6125 < 72 DA 2 R S Tz,
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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%

o ——OQOriginal = ——3-s gust speed
z %

% 30

g2 %

w

T 2

ST

SRR

T

Time [s]
Member 597 Mean wind speed: 20.2m/s  3-s max gust: 32.9m/s Turbulence intensity: 21.3%

%) gg —— Original ——3-s gust speed

£

= | AT

g "i WM H' A( 4|‘| k

2 20 t 1 i (n\ | ﬁ‘( | ‘_‘ A " \ “fk\ M W |-

é 5 (1 l{ Jli'r “,( \f‘-i “,-f \ \"' |”‘ \ \/ " 'l" J‘\ r / ‘ i

- ] Y |

- i 0 60 120 180 240 300
Time [s]

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

phase distribution at non-dimensional wind speed

WRTTAEY  MCRTERI0  ACRITEES FERITTIBELO
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
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Fig.2.2.2-24 Flow and pressure distribution in indoor space of actual building
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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

JEGH R L OVRIRIC DWW T, RHEE & BAME 2 bl L 7= 45 R % Fig.2.2.2-33 5 L Y Fig.2.2.2-34 |Z~7,
PR BN E O FHLEL 5 7% & ATRE R EE TR bR T10 BT O] & Lz, EERZEEIZOW
TIHFHEEIE FIRR E 22> TWVDA, UM TIZALD AR ORER 2 BBl L TWVR W L
EZHND, REEEIOWTIE, FHEM - EHEE HICEF MLy FIIERIND b OO, #tE) i
Mr oo 7 I8 T8/ NeTAl & 72 > 7=, BEIA & LC, WRF-LES O MR TR E NS T/ NS Tnd 2

Lo, it A 7 — L COREROREE RGO ES L EZ NS,

10

¥ g

é 6

= —EA0AE

x  EB0B(E

H_ 2 (BLE:L0F F9{E. KR 107D EREF{E)
;  BH10BTNE

11:30 35 40 45 50 55 12:00

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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I (Net Escape Velocity, Net Escape probability) 5% L, € ORE 2B FHIER A R T &I, HSGER
DI A TS BENETT VAR & LT RRITIC THERR L7z,

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

ARAFJEE (QO22HEFI 4 AR D) DA TR & T B BN R,
(b-1) MKEX (16D ZET LAENS TREF TCEZHREALLZBEREETILORE

2021 FFEEICARERE U7 re - AR BUVE S 16 70k (45 lobe I —ifiE 2 BB £ CA4 & LXUE- T
KOBEHEELD insilico MIET VEKE L, (R 7 V7 4 THERE O CT 7 —& L 0 EITHIM L7508 38
G E TOEMRE T V% B KUE S 8 I LA O T ORI L Tl 7 v Y XA Zi#H LT
B 16 4y £ THEE LT BALD in silico iTT VL EERL L=, #E%E % 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 RP/HE 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

Z OBIERIE T T )V ORRFImSAE L L T, Eulerian Wall Film &5 /L2 3L A EE LAk 7 =

-39-



T 7 ANEEZ RN E T T D52 LT, 77TV a BT T L AR ST &GE N OTRIE
JEHSRIT AT o 70, KT 4 Vv 2 OGRS LT, KOEREm 21X 0.33um, [ PZE 7 1213E S 68.9um @
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

AL DHE T 0 7 7 A V2 ROEET VERRM L LTEXSEOMH 0.1 BETOXENT
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Fig. 2.2.3-5 Origin of stripped particles during coughing

Fig. 2.2.3-6 ICIIM & HL L7 MK 7 1 7 7 A V& 5 2 T2 f At O R ET TICRE O RIS PRGBSI 58

WS DD ARREATRE R 2R, Elo, FROE TORF AN E b I TRTS

X

t=0.03s t=0.05s t=0.08s

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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%S, MAMES;, §=5,—8; & EFT 5, NetEscape Velocity (NEV)& <7 hLEFLTHIUE, kAL 7
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S, s 1%
1

C, = —f C(x)dv (2.2.3-2)

V 14
m = fsd,dv (2.2.3-3)
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F =Cu—-DVC (2.2.3-4)
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S, So v Si
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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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In this fiscal year, a trial integrated simulation of a compressor/combustor/turbine assembly of a gas turbine was
performed, and the validity of flamelet model as a combustion model for hydrogen and ammonia combustion was
examined by two-dimensional (2D) numerical simulations. The trial numerical simulation based on large-eddy
simulations (LES) was successfully carried out, and the 2D numerical simulation showed that the consideration of
the effects of nonadiabaticity, differential diffusion and stretch in the flamelet model is useful for the high-fidelity

simulations.
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— Az ZM L WP, RUSHEE, ALEIEMARZ RO 5 2 & THITREES O T Z1T 5, JEfEik LU0
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— B OEREZFTHHEBIIIFEN R & LTRW, EERAGFRICIE 2 ) 4V B L ouEL D 2 G, 1EE
& IENER & OB sliding B2 2% 1T . sliding [ CHEMER & IRIEVEROYHE DO RSB E K AT v T
TEE LET[4-4), FEERT AR — TP v OfFNTSI% Table 2.2.4-1 12577,

(b)-1-1-3 EtERKE

FEER T AL — L2 DDA I ab—a VOFEREZ T, B, FHEIIE S EFICELTE
59, BIERE MG CTh A RITHER WX 720, Fig.2.2.4-2 L Fig.2.2.4-3 12, =N Ei., JEAEHE
LY — v v ORlES 2 38 5 Wik O, ), IREOBR A, F X OVREERR O Hls % 38 2 Wi 0 i
FEL ORGSR (BB b o b) | B OBRE A A~ T, Fig.2.2.4-2 TR OAD M IXZEK O A
AU, JEAERE 2 Be, RIESR DD DT AN T —E U NZED | PR OICED MK TH D, KD 2 Ed Himils
JERERE O Z N Z I CUN DI S HL, JEME SN DR TR T 5, £z, JEMICHE D IRE B b EsEC
X5, IO, BRI AN — L ORBEARMTHZEICRVEELTND Z & JENDORE FICEOE
FENRTR->TNDZ ENHERTE S, —J. Fig. 2.2.4-3 1%, EMEHEN S HT- 22808 RE S TRE L, REE
ZRRTCH —E I ) WA R TWE TH D, EMEED B DZER & RELDIRE T X3S BEZR NI R A
L. BRBET DR F AR T 52 LN TED,

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

e v LES(E#E 2~ =Y o AFT5 1)
B O MR 1 YRS EE R L
IRF IR 5315 1 IRAA T Bafiis
i I A1 1.0X10 6%
B T D 54 BB ORHER REE - B
TN J£ 77 & (42)F 0.1MPa)
WS H S JEZJ(AJE 0.1MPa), it & [ & (8.2kg/FD)
EIEy 22,000rpm
Bk HHT 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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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—FRU o Tal—Yay (KH)
(b)-1-2-1 HHEX&R

AHBEIZ ERO)INGE TERSSHOEERAT AL — o VUK LT, Ay vafiy: 8 5L L
TW5b, A v =241 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 [XRITULEE & L CREAIATr A
vV aDNBEFROESE IR ETHIEICEIVZEROA Yy v aBEE 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 fiFl ff‘éﬁ/ﬁf&;é IBNTGRE =S
OINHERER ZRE & LT refine DHIZ O T % Fig. 2.2.4-4 |Z777,  Refiner %fﬁb"(iﬁkéh?‘:)‘ %

Vall K OERENTCEERA T A — = D OB D A v 2 503K 1.8 [EEiIA. K 11 EEHR
Th b, RitHOFH LM% Table 2.2.4-2 (TR,

(b)-1-2-3 tERE

Fig. 2.2.4-5 12, MREEas O LA B D Wi O, B, RE, BIONEESHE (KL BLAlDt)
OWRE AT, KD, JERE#D & D22 EIREIOIREG L IRE T ADNRBESNIZIRA L, RS D4k
FEMERT D ENTE D, AR D2 AT v 7ORENRHRE WD EEZXLND—F, BITHED A
XF—AITED, RSO TWD LI ESND, 5%, BIMEOA X —LZ 2 KFLEHWS Z 21280,
FEAR 7oA 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~ 2 Y v ZFET /L)
Bt E DA 2 WREEE R I
IR o 15 1 RAA T afiRis
ISEIPAIPZS 1.0X10 6 fb
B T 0D St REE et Rl IR - TR
PR #iH A 13A
(Al 225
TG Fe{b7) - 348°C, 1MPa, 7.4kgls
BREL - 25°C, 1MPa
NAmy ko 1.1X10 3kgls
AA 2 1 0.1kgls
Bk 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 FLHLSERDEE

JINGF B TR ABHDOEER T AL — o DU ZXPRIC, JEME., BBERR. ¥ — BV Z2fia Lic A
v ¥ 2 HUEHOK 0.9 B, EREK 41 BOBESBREHOCTHRERELZE L, ZUREREHELZENT
&7z, F7o. refiner ZHWT 8 FOFEMIBIRZAERL L T, ZDaR—x by Ialb—ra 2%
L. R E W eA Y I 2 b—ra by ~ORE L 257, Bl & EFITET D E CEEAE LMk L
e, A%, BIRHEICKT T 2 A% — LD EEELE RSO, FEHIBIREZ WGy IaLb—a
~EHY NS,

(b)-2 MEETIL (TL—LLvy ME) OFERAMRE (2 RITHEH)
AT CTIX, I KFBFE DA g 23— K FK3 & VT T - 72[4-6],

(b)-2-1 KEMBES S UVT7 v EZTHRBE
(b)-2-1-1 FHEXRR

FIRABBEAR S L L7 —A Ly FETH S Flamelet-
generated manifold (FGM) £ [4-3)12. JBIRYEERN S & KRB EDF
BAERE LT-F1LETHS SPF-PD % (Strained Premixed Flamelet
method considering Preferential Diffusion effect){Z- DV T, & DKFHA
e, BROT E=TBE~OE 492 BREET 5720, FRT
BAGHEKRED 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 S+EAE. ETI. & Fig. 2.24-6  Schematic of
AKAFZEClE, SPF-PD {E%2 W35Sz T, elgxfg & LT, computational domain

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

B, KRMEOHREZE LT FGM{ETH 5 SPF L& W3R Z1T 9,
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(b)-2-1-2-1 FHMEE

FEMIERE TIX RBEE T L 2 O FERIBUCHE I Z & 0 2808 OFRBOGS Z EHEAF < o AFZETI,
FERIEE 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
dat
dph oP (2.2.4-9)
W-I—V'(ph‘u):%%-u'vp%-V' pDh Vh—thVYk —thkYka
k k

+17:Vu
apY, (2.2.4-10)
gtk + V- (pYuw) = =V (pYiVi) + pay
ZIT, pIEEE, wIEENRY R, pldES, XIS, NI A RIS LSRR D =
Y H N E— DyFEMEHCR, Y ME R OB R R, VIR OIEHORE o 3L Rk O BUSR
Th 5, Vilt. LLTIZ5RT Maxwell-Stefan diffusion (= & » ZE L, IREAE., EAHBE. BXOSHIC X
D WEIBITEE Ly,

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

Z 2T, X HE ARk DE VI D I DAL R RS 2 i IEBARE T B D, FEME A S
BT, RQ24-1D)I2 L0 | LD & OIERBIEDE W, T72b LRI R 2 ZET 5, £,
IRBES 2 BIET D72, KFERBEICHB W TIE, AramcoMech3.0 [4-7]7°5 C T2 &0 MIGEBRE
Glarborg & [4-8]IC L % N JR-FIZBHE L2 L2 B8 L 7o 33 fb7FHE, 214 SBRIGD 6 L2 FEM RS S 2
Wb, 7re=TBECR 0TI, 32 (b5, 204 EUGN B D Otomo FEAISUGHERE [4-91% W
%,

(b) —2-1-2-2 %€k FGM ;%

PR FGM LTI, ABER R 2 BIET 272 SRS 2 B R < R v 12, FANSIERR L7 —
IRXR=2 BT D, ZOT —ZX—=Z T DI KRR D R 1 IR FIREG H BisE kKD
FHEZITO S BT K RKEFE % | Control variable & FEIEILD /NT A —ZIZOWTE LoD, AWFIETIL,
FlameMaster = — K [4-10]% AT 1 RO TIRA H HIBIEA RO R EIT O, Z OB, FEMEHRELE & Rk
DI SHEREZ WD, F70. 16Kk FGM 1AV TIL, Control variable & U TRIGHEITAEC 2
Do CIXFITRBEAND OE B/ R TER I, KFBRBETIAC =Yoo 7V E=TRBETIIC =Yy, +
Yizo + Y \lC LV EFRT D,

2WTEIEY 2 2 b—ya By TiE, 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, DAFICOPEHURITH Y | @ JZCOKISHETH D, 16K FGMIEIZIHB W TIE, 2 kel R = L
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— g BV, BIRIEBERIIEZE 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 D23 L, FGM-PD £ [4-11,4-12]TC
I LRIUEEN R A2 B ET D, FGM-PD BB T H5CORGFRIFLL FTOXTEZ b 5D,

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

Wpc, £uLe, 9C

2T AMIBMEER, WILRERD T ENVE R, o IEELBTH D, clHLFRE T L IC B D EK
THY ., KEBREETIZIH0 DA 1, 7o E=THREETIEI N, HoO, H, DA 1 TH Y, DD FEIT 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 HMbEF R DIRARICHT DILBMRETHY . ik b, BIRIEBEIR A BETX 5,
728, FGM-PD {EIZBW T, 7 — X _X—ZAERIFIZIT 9 1 IROCEHEIIEE FGM IE L RIEETH D | 16k
FGM IEDT —H# RX—RIZM A, Do T — X XN—RIZE L DD,

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

ek FGM I ClE, KERMEDOR N 1| T TRA B BB AR E D LIZT —F X—RAEERT 5720,
KRMWREORBEZRT HZ ENTER, —J5, SPFIE [4-13]ClE, ARMPREORW 1 Kt TRAH R
BREARITNA, KRMEDH D 1 WL FIRG KROFREEZITV, ZNHOMRET —FN—2X
IZE L DD, ZOEE PER FGM IETHWZCITI 2, KRR T3 T % Control variable 23 EIT 72 5,
AT CTlE, KFREE, 7o E=TBREENTIZEBWTH, ClZNz., {8H57%Z% Control variable & 3~
%o 72¥. ZIL Bilger DEFK [4-14)IC KV ERKIND, ZD7D, 2WIHEEY I a2 b— 3 BN T
ix, H(2.2.4-7), (2.2.4-8), 2.2.4- 1212z, LA FITRTZOBRAFRZ ML,

dpZ :
ZE 4V (pzw) =V - (oD,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 BHEHEAR, BLOKKMPEDH D 1
WIS R FIRA KR DR EIT, C, ZIZONWTT =4I _XR—2 &2 £ LD, 2RTHME I 2L — 3
ATBWTE, (2.2.4-7), (224-8)2 %, LLFIZRTC, ZORIFEML,

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

-54-



dpZ .
P2 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 ERTH Y, Bilger DEF [4-14]0HIRESIND,

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

IKFBIRBEIC OV TR, Y& 045, R TIRAKIEE 300K, FHSILES 1atm OFM: FIZBWT, &
HIFHHYE, 73K FGM 5. FGM-PD ik, SPF i%. SPE-PD #£0D 5 MEO R FEZ A O THEY 2 = L—
a UEATH, FHEMEBIL Fig.2.24-6 [T X O RIESFEEKTH Y, 11212048 mm Th 5, FRSE
e LTx FA, y FrRnWTns HREHER &35, FHERE 1367 FIE 40 pm OZEFIEE AR A # 47—
RITTHY . KREREZ 10 UL ETHETEETH 5, FHRBIMARHCIT, FD 05 KEZ RO TR
TIRAR T2 9, FLOBEKEIZEE Imm TH Y, KRMEZRLO 1 RTFHETH LB A
DIRER FOMAM A 52, KREZMRIEESE D,

T U= TRBEICOWTIE, YEH 08,09, 1.0, 1.1, 1.2, RRTRAEKIEE 673 K, FHSIES 2 MPa
DEMETIZBWT, FEMEHE A, 7K FGM 7%, FGM-PD #%. SPF 7%, SPF-PD 0 5 fEOH A FE%
AWTEEY R 2 b— a3 U &1TH, RHEREER, BXOBERSGMEIC OV T, 13 1024 mm, #-1-HE
10 pm, FIHIEICER 02 mm &0 ) REBRWT, 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 StERR
(b) -2-1-3-1 KR WAKE

Fig. 2.2.4-7 12, KR PEROMME I E, S FEEOFREFIECOWTHEE L TORT, 22T, KRR
I3 KR ONLE & SONHETTASC = 0105 ER E LT, b b kREE COERE L TERT 5,
BEY ., KRMEDOEELZIELRVEKR FGM ik, 38 XO'FGM-PD A2 TiE, sEMEHEIEOR R4
WIS 2 2 E 30D, ZAUE, KB/ ERTIRABEECR VT, KRMEZ%1T 2 L IRBEEE
WEINT 5 &L DA [4-151% . KRR DHELZE L 72Kk FGM 1%, 38 XU FGM-PD IE03E 2 6
N Bz bd, — T, BIIEESR L AR EORELEZE L7z SPF-PD LT, et HIE
DOFRER L BIFIC 8T D 2 ERMRTED, LLARRS, KRHEOFEBOLEEE LT SPF LI
HFHRE O K RASFRIEE 2 8 RGNS 2, ZORKZMAT 5729, Fig. 2.2.4-8 12, KK P& 4 mm O
RN BT DIRA D RIOFE TN 2 it FIEIC O W THR LR, KLY, SEmEEE TR, X
Kl (r= 4 mm) TFHFICBNT, IBREDENBD L, BUMEEZ L5 2 EPHGETE 5, 28R
RIZEDbDTHD, F£7KE Y, SPF-PD Ik, 162K FGM ¥£, B X O'FGM-PD {£(X, ZDKKEH TD
BADROWD 2D 2 L BHED D, SPF IEILZ O KKEITETORAB RO 2 HETE -, i
KMl 25 Z ERDND, 2T, BAEDRITYELICHY T MR TH D, TOD, M #ERE
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2B WT, kKA CTOREDREWMITHETH 2 LI L0 AR EHEEHE /N T A 2 EZ BN A,
PLEDOFERNS . KRR ZLE D KB/ R TIRARECB W TR, BREEET L & LT, BINER
R KRMEDRBLZZE LT~ SPE-PD 2 WA VENRH DL 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& 0.8 15 1.2 DEFIMFITBWT, 5 HEEOHETIEEZ AW THE LN ARERD
RRZ b2 Hi U CORd, KD KKK ST 2 LW TNOFEORIC S RERENPENR KK
MEORBELZRE L2 ER FGM 5, FGM-PD IEIZ | KRHR OB L EE LT- SPF £, SPF-PD
LD T RFEMF EIEIGDVE R E R T 2 E N D, Fio. BIITHENROBE OIS 2t
NH; @ Lewis 2873 1 IZEW=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

-56.



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
0.0 0.5 1.0 1.5 2.0 25 3.0
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 ZOWT, 2 RITELIIRAE 2 AR (DNS) Ik 2ataiT-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, IROEKECRAENFEE L TET LN TS, T TAFETIE, 7rE=
TRIRBAOFREE LT, BREERTY =7 SEAKFEOFHEZIRE L, KHE-T F =T IRBERGE A x5
E LTz, TUB=T U ERD T AR TARE  BEN 3 110D EEEE L, BEHL %
RFEERT, KF T oT=7T 1 EHEN045: 040 : 0.15 E%E Uiz, FHEMEENT. A2 BER I &
SHTT D DI 5 2 onELTRIR G & LT, Fig. 2.2.4-10 (2, FHREKZR~T,

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

. E#EE, T RLX

—. BIXOMEFREES RO, KRB, Lewis 1 ﬁitlﬁ>E>¢?ﬁ>%L Sk R
¥ K OO T Holi 15 7 R0 B R S 41 5 [4-16],
8p Opu;
ot Ox; 0 (2.2.4-23)
Opuj  Opuu; _ Op 9
o T dx;  Oxy + ox; (2.2.4-24)
Ooh | Opush _ 00, 00 4 O N
(2.2.4-25)
oYy  OpuYy O ' )
ot dx;  Oxy (PVig i) + P (2.2.4-26)
opZ  Opu;Z 0 07
ot + 0z 81‘] (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 WITAERGERE . ZI13ik
F4, L. RISETEROERITH, & HO O
(E2FHE k OYEHOREE IOV T, RAUTESWTCEET 5,

 CIEBOSHETT
ROBRIE LTz,

TIZKEMES 17 v, hidthm o Z v e — o3 BWL
BH. kI FRE A

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

ZC. Xl k OB, Dijptd j LR E kL FRO 2 oy RILHIRE TH 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, 4-18)\ZHES W CHERL S 4172 Flamelet library % 2(2.2.4-27)3 £ UN2.2.4-28)1 53R 6D B L D MFR /3T
A—=HICLVIRESNDET VT —HZ DO EIT O, Lewis O EHITRAUC X

(@7
Lex = o (2.2.4-32)

P2

FHAESEEIX, AR OE Y 0.02 m x 0.0288 m OHTEEK A 792 x 1,152 D¥)—72 IE5#EF (K1 25um)

-58.



THEI LTz, FIISMEE LT SRE M 3 o8I L. FEIEL (IF 0.005m) %, LBfE& TREICZERE
Ao L. BRBHE IS IR TN 80 m/s %, ZEXUBICIE-2m/s & 5% . ELIRIRATE AR S D K
T LTz, £7o, WIHAEHEICI, Fig. 2.2.4-11 12773 3 RIT 22 — R4 7 MEELIE S & 1Bk L [4-16,4-19],
2WIZER~O TR 27 va rETol, ELROSRMEE LTE, BB Sy = 4.0 m/s, SLIRROFE >
A —nLin =0.6 mm & L7z, HRKOT=H, BREHE & 22508 DO EIC Flamelet library (23513 2 BEASAHE O
TV (16 0.0005 m) ZELE L7z, HWDILFEUE A T =X LI, Jiang 5D 19 {bLFFE 60 &
THER 415 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 POGHEI TS ZE RN B A & T,

FHESMITRTROBE Y | K(2.2.4-23)~(2.24-26) & R RIALFRIGE 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 —
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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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