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Fig. 1.1 Fuel specific impulses of turbojets, ramjets and scramjets engine as a function of flight Mach
number. Hydrogen and hydrocarbon fuels are shown as fuels. This illustration was created with reference

to book of Segall#S],
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Table 1.1 A comparison of several relevant parameters between subsonic and supersonic combustion-based

ramjets during Mach 12 flight. These values are referenced from book of Segal(#],

combustion chamber entrance combustion chamber exit
supersonic subsonic supersonic subsonic
stagnation-
pressure 0.5 0.013 - - -
recovery
pressure [atm] 2.7 75 pressure [atm] 2.7 75
temperature [K] 1250 4500 temperature [K] 2650 4200
Mach number 4.9 0.33 Mach number 33 0.38
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Fig. 1.2 Schematic image of the scramjet engine and liquid jet breakup in combustor.
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Fig. 1.3 Schematic image of the scramjet engine.



Table 1.2 Simulated flight conditions and engine (entrance of inlet) conditions for ground tests which were

conducted by the National Aerospace Laboratory [#1,

Mpign: =4 Mg =6 Mpign: =8
altitude [km] 20 25 35
simulated pressure po [kPa] 5.53 2.55 0.58
flight conditions oo rature T [K] 217 222 237
dynamic pressure go [kPa] 62 64 26
Mach number M, 34 5.2 6.7
engine pressure pi [kPa] 12.3 5.8 1.6
(entrance of inlet) temperature 71 [K] 274 280 324
conditions
velocity u; [m/s] 1130 1740 2570
dynamic pressure ¢ [kPa] 100 111 50
Table 1.3 Combustor entrance conditions.
Mpighe = 4 Mpighe = 6 Mpign = 8
Mach number M> 1.81 2.40 2.99
temperature 7> [K] 537 816 1288
density o [kg/m?] 0.623 0.27 0.061
pressure p> [kPa] 96.0 63.6 22.6
velocity uz [m/s] 823 1342 2098
stagnation temperature 7;, [K] 833 1606 3216
stagnation pressure p;» [kPa] 552 937 861
dynamic pressure ¢» [kPa] 211 244 135
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Fig. 1.4 Velocity vector before and after oblique shock wave.

Table 1.4 Conditions behind the vertical shock wave part of the bow shock wave.

My = 4 Mypigh = 6 Mypign = 8
Mach number M3, 0.606 0.511 0.461
Temperature 73, , [K] 785 1538 3105
Density p 3, [kg/m?] 1.54 0.93 0.25
Pressure ps3, , [kPa] 347 410 227
Velocity u3, » [m/s] 332 393 503
Stagnation pressure p;, 3, » [kPa] 441 486 261
Dynamic pressure g3, » [kPa] 85.2 71.5 323

Table 1.5 Conditions behind the oblique shock wave part of the bow shock wave.

Mypigne = 4 Mypigh = 6 Mypign = 8
Mach number M3, 1.04 1.09 1.16
Temperature 73, [K] 705 1339 2627
Density p3,, [kg/m?] 1.27 0.79 0.22
Pressure p3,, [kPa] 257 305 170
Velocity u3, , [m/s] 540 780 1160
Stagnation pressure p;, 3,, [kPa] 498 628 379
Dynamic pressure g3, , [kPa] 185 241 151
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Fig. 1.5 Mach number behind the normal or oblique shock wave as a function of flight Mach number.
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Fig. 1.6 Predicted Weber number of secondary breakup as a function of injector hole diameter D at
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Fig. 1.7 Predicted wavelength on liquid jet interface, i.e., length scale of secondary breakup, as a

function of flight Mach number.
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Fig. 1.8 Predicted annihilation time of liquid drop normalized by drop combustion time as a function of

flight Mach number.
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Fig. 1.9 Drop breakup regime as a function of Weber number for Ohnesorge number < 0.1.
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Fig. 1.10 Initiation breakup time as a function of Weber number derived from Eq. (1.24) proposed
by Pilch and Erdman!“?],
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Fig. 1.11 Total breakup time as a function of Weber number derived from Eq. (1.26) and Eq. (1.27)
proposed by Pilch and Erdmam[*’), and Hsiang and Faeth[?3],
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Fig. 1.12 The volume fraction of coherent portion of parent drop for various Weber number as a

function of time. These data are obtained from paper of Theofanous et al.[>%,
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t 2
184,

I

(1.29)

B 1S5 DFERBEREIE Mach 2873 2 & 2.9 [ZBWTTZEINEH 1350us 35 LTV 1000pus & 72 5.
TR TH O MRS BRI DB O N DR L D /NS <7225 2 &L, ik 23 <3t
WZxF LSERITIBRET D £ TIZ, WRIKBERIIIZIAR END Z L &7, & Kobiera et al. B3R
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F 7z, EEFEADYEARREERD 12 F1278 > 72RO R 2353 e (dispersion time) & EF%
SAUEBL RBRCH LI, T
Lot _ 5.5 for We> 2,670, (1.30)
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~

NHG 5N D kAL 5E T i (complete time) & bl &7z, 1.13 1358 T DAV 4o e &
A(1.30) T B L Dk b 58 T RF# 2 Mach 250 (4 1.7(a)) 36 J Y Weber £ (X 1.7(b)) D% & L
Tad. 113 205, Bl & ki ke TR RE LW e Sk ShT.
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Fig. 1.13 Breakup (dispersion) time as a function of Mach number and Weber number. These data are

obtained from paper of Kobiera et al.l*l,
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Fig. 1.14 Volume probability density distribution of fine droplets for liquid drop breakup. This

illustration was created with reference to paper of Guildenbecher et al.['"],
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Fig. 1.15 Outline of this paper.
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E=p(e+%j, (2.3)

Thsn., ZZTelIbNE R X —2Z NIRRT, LN T/RSND stiffened gas JRAEHFEF

[45]

p=(r-1)pe—yr, 2.4)

ZREETRRA L L CTERAT . ZOREHEERTIE, ML 2ARICx LTy X0 r a3 #i
0, ZZRO%GE(, )= (14,0), FHIHEENRWIRY KOG, )= (235, 100)81E 5.2 5. IR
%
p+r
(r=1)pe,’
ERFDI, I TERBERL, 22K TIE718.61/kg K THY, KTIE4182Jkg K £ 52 5.
WIZ, WPERZEM(x, ) HEFEZER] (& n) ~OEHO A N U > 27 A L Jacobian & LL FIZ/RT.

T= (2.5)

§x :Jyrlﬁnx :_Jy.f’

é:y =—Jx,,n, =Jx, (2.6)
1
7=X§yn X Ve

WERZER (x,y) DOEFEZER (& n) ~EHL S U= Navier-Stokes H 2 Z DL FIZRT .

00 oE oF OE, OF,
=4 —4—=—t+
o0 oF on oE  on

P pU PV
A ~ uU + A uV +
0|7 g L1]P P oL pwEne]

pv J|pvU+&,p J| pvV+n,p

E (E+p)U (E+p)V

0 0
Av :l §XTXX +§YTX,V ’ﬁv :l nxr’”‘ +77yz.xy ’ (27)
J| &1, +6,1, Jnz, +n7,

sB.+e,p, B +n.p,

po=rut+r v+ AT B, =7t u+7, v+ AT,

B

U=Su+&v,V=nu+ny.

ZIT, U, VIIKERE LI, Ulké= const ORIFRICEE 2FE K TH Y, Vikn= const
O AR B 2R Th 5.
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2.2.2 EMEREDE
Navier-Stokes J7 #2700 22 [ 53 T I
‘;—‘f =Ly (Q), (2.8)
CHEBb S D, AT & LT 3 K5 EE Strong Stability Preserving Runge-Kutta 14(SSPRK) U814
Wiz, ZoOFETIE

0" =0" +Ad,, (0"),

3 .1 1
0 =20+, 0"+ Al (Q7), (29
a1 .2 2
Q" =20+ 30V + S AL, (07),

&3 BHEARRT, ROKFHAT v 7B 2R FREEZEHT5.

2.2.3 REDEAIE

STk L Cid, 3 %A Monotone Upwind Scheme for Conservation Laws (MUSCL 72) 11,2 &2
O HARZE (B, BT, WEE) OWIRZATV, WisREHiiE & LT HLLC A% — AP L7z,

2.2.3(a) Monotone Upwind Scheme for Conservation Laws (MUSCL ;%)
MUSCL Tl%, Z¥# g 5B EER~

1 1
(qL )j+1/2 = qj + ZB(I - KmusclB)(qj - qj—l ) + ZB(I + KmusclB>(qA/’+l - q/' ): (2'10)

1 1
(QR )‘/Jrl/z ij+1 _ZB(I-I_KmusclB)(q/'H _q/')_ZB(l_KmusclB)(qj+2 _q/'+1)’ (211)
ERFRIIND. K = 13 ETHZETIWMBEAFFL D, 22T, BITEIEREH A <29
3N ST i I PR BE 4K
B 2(q/'+1 —Q_;)(Q,- _qul) _ 2(qj+1 _qj‘)(q#z _‘1,‘+1)
L~ 2 2°7R T 2
(qj+1 _qj) +(qu _qul) (qj+1 _q_/) +(qj+2 _q.,‘+1)
Thod. Kt — R TlE, EREEp, u, v, p DEAER~ENHIND. T70b5H, X(2.10),
NRIDBEIOK(Q2.12)D g 13p, u, v, p IZFHY¥T 5.

R (2.12)

2.2.3(b) Harten-Lax-Leer Contact (HLLC)

HLLC TlZ 32D Wi, Wu, Wr 22HAEK S41 5 Riemann A B 2 5. THZENOHE O
EZ% by, by, b TRL, by < by < b DAY H 5. WOBEE D RE SR AERIZEBIT 5k
i
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E, (0<b,)
EHLLC — EZ (bL <OSbM)
E, (b, <0<b)
E, (b, <0)

DINF—MEZ NS, WOEE b, BLXObhrIIZENEN

. * *
b, :mm(uL —c,,u —c¢ ),

b, :mm(uR +cg,u +c ),

(2.13)

(2.14)

(2.15)

EH5A6ND. EFET ALY A7 OFEER L O HIE Roe 1% i\ T

»  APLUL T A[PrUR

e

¢ =\/(7/—1)(H*—%(u*)2j,

Lhzbnd., 22T, HiFBET U2 LE

H:e+£+lu2,
P

Td 5. Roe s HIX

H = \/pLHL +PrHy

ol

E7D. K21 DL 57, WL E WriIZK Y XYL IREEIC

& MUf4FE EABF (287572 @ Euler J7 25
$(Qdx— Edr) =0,

ZEMALTHELND 2K

O Ax, +EAt—E'At=0Q Axy, = -b 0, +E,

O Ax,, + E'At—E At =Q Ax,, = 5,0, +E

ZHENTHI LT

Q* — bRQR _bLQL +EL _ER
by —b, ’

(2.16)

(2.17)

(2.18)

(2.19)

BWT by &K 7=. MU CDEF

NROLND., NQR2B)DHE—pksy &5 a2y S5 2 LT,

. pR”R(bR_“R)_pL“L(bL _”L)+pL_pR

(2.20)

=-bhQ +E, (2.21)
=b,Q +E,, (2.22)
(2.23)

: (2.24)

b,=u =
" pR(bR_uR)_pL(bL_uL)

& bufFoND.
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WAV
0

2 |,

- = L 3] = L x
Axpy Ax

Fig. 2.1 Schematic of Riemann problem by two waves.

WITE,, Ey 8425, X221238) 50U ABCD & EFGH (2443 JF Buler AR A M L

QEAXAB = QLAXAB + AtEL _AtEE = bLQE - E; = LQL _EL =L, (2.25)

(AXBF - AXBE)Q}: = (AxBF - AxBE)QR + ERAtEI + E;(At - AtBl)_ ERAt

* * At_At >
j(bk _bM)QR =(bR _bM)QR +(ER _ER)TBI

NELND. 22T, L=, b, THY, R=@1,r,1m) THD. Axy =Aby, =Atyb, 72D TH(2.26)
i

(2.26)

b Oy — Ey =b 0y —E, =R, (2.27)

LERTE D, XR25EXQ2)M1D

pr = : (2.28)
- bL _bM
p=byl -1y, (2.29)
. L+b,p,
EL=—3b _BZPL, (2.30)
L M
. 231
PRy (2.31)
Pr =byri =1, (2.32)
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E, =Bt Py (2.33)

b —by,
LEnn, E,E, WEHTES.
! W
W, M W,
D c o G
Oy
0, :
1
Al ELL-
QL Z_ 1 Q
|
A | BI B R F
«—
« . Axpg TR X
A'X:AB AxBF

Fig. 2.2 Schematic of Riemann problem with HLLC.

2.2.4 FEMETEOBERE

XFPEEIL MUSCL % FIV T 3 UGS CHERUL SV D 728, FEE A2 RO 72 DITREMETEIL 3 kS
LIEREE LW, 22T, AT, 4 UHREERLESC K > OREEZ BT 5. x ks
PEI Ly TR & B IZERROBEB L FIE AR 3 5729, 22T, x HmiZiBW CHERK
EFIEZOWTHIIT 5. x FIkEEIL 2 VB R OfiE 2 T

OE, | E,, »,—27E,, ,, +27E, ., —E

_ v, j+3/2,k 1o} A)‘/_4 , 234
ax |, 24Ax ro(ax) 239

&4 RKEETHEIE S LD . KR E 3RO B2 A4 5. £ 2T, BUWERMIEBT DRMIHE
&

ou

x|,
J+lk
&4 KSR ES THEE T 5. 22T, LIX32, 12, —1/2, =32 ThD. y TRk HE
%

_ Ui 32k _27uj+1v—l/2,k + 27uj+lv+l/2,k U 32k N O(Ax4) ’ (2.35)
24Ax

a_u _ Uik _8uj+l,k—l + 8uj+l,k+l Uk 4 O(Ax4) , (2.36)
oy JHLE 12Ax

&4 WKEE LA THEb SN D . BABEFMETH D wipen (m= —2, —1,1,2) 1X
u‘/+1’k+m _ _uj+l—3/2,k+m + 9uj+l—1/2,k+m1;- 9uj+l+l/2,k-¢—m _uj+l+3/2,k+m + O(Ax4), (237)

28



EAWNEECTHIET S Z L TES. (236)ERQ3ND y HFaREEIX

ou _
5 = [_”j+1—3/2,k—2 + 9”j+/-1/2,k-2 + 9uj+l+l/2,k—2 U3 k-2
J+Lk
+ 8“j+l—3/2,k—1 - 72uj+1—1/2,k—l - 72uj+l+l/2,k—l + 8“j+l+3/2,k—l (2.38)
- 8uj+l—3/2,k+1 + 72”j+1-1/2,k+1 + 72uj+l+1/2,k+1 - 8uj+l+3/2,k+1

UL g T 9uj+]—|/2,k+2 - 9”]+1+1/2,k+2 U302 1/192,

LB,

2.2.5 SEOERYHKN

JEABPE SR MR OfRNT T, REA$is 2 & 2774 Lz diffused-interface 5&, Zifiik%
SERITTBET 5 sharp-interface VEIZ KBS LS. ZiLE T, Mengetal.BOS Liu et al. B4/ E W)+
DAV B LT 7 % diffused-interface 15D —->T& 5 five-equation model' 1% N THEHT L 7=.
ZOETITHE, KESFEOBRAEZM 2L TREOBEIS LOEELZI S, ks LT
BRI 26§ 2 & CRFER I -ORE il &\ o 7o AR A B0 O D JEREME AR O fENT Tk
DHWONLT-O, FmpsioTLE . X 23 1% Mengetal BONZ X - TIHii 4172 five-equation
model Z N2 & BB DT PR OMEHTIZ 31T D RFE S 30 A D @mMAE R &2 S BT L TH W
o, fENTHEROFEEROMIEK THSH. K 23 b, FEICBWTEEMRIELNIIELLTE
D, ZHRENRESTWD ZLR3b0D. RIEOHEHE T, iR — MR DHREIZ L - T
WHETIR SRS N D, O XD AEBBIIH D WO —DICRERN DB DHDH. LIen»> T, K
RifbZ IEMEZ AT 2 720121F, REENZBET L Z RO 6N 5. RiEmEITA =7
HROONDTD, HREEIEMHICHET LI ENEE L /05, diffused-interface £ T, ik
B 72 )E IR 2 DT D, FEONEN A TH D, £, EfgZeftmiRzigh 452 &
WEEL <, RN/ ON L REBEN S IEMIZED 2 LITNE#ETH 5. FEES, diffuse-interface
EOMNTHITEH % Meng et al. B Linetal. BHD U I 2 L—3 g U CIIRBEEDTEEBE SN TR
V). —J5 sharp-interface £ TIE, FREICBWTERIZ A EZDHEL THITT 52N TE 572
D, REOMEITHETH D, 207, FEih=R4 EMICEE T2 Z L@ T 5. LzRn>T
sharp-interface VA IIMCRAL DFEFTICHE T 5 & Z 2 HIVDH T2, AWFSE T sharp-interface 4% i
T5.

sharp-interface 74Tl 24 O XD IZFHEIZEBWTERSM 2T L O 2Bk 2 E &,
KB L ONEMAZ ZNENEFE E UCTHITT 5. IR 2809 2 & 135 O s ARk %
BEX, WAL U CRBEEZBITT 5. RERICZHEZ T2 & & I3RHE oI A8 R % & X,
HM L L CRMZITT 5. (AERAEOERTIESL LTUE, WETERRDFH Y v o 7 &A%
Z & L7z Fedkiw etal.[1213526217 1. % J57% &, Riemann [HE*2225SID MR % W5 HIEBNRE ST
7.
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Fig. 2.3 Schematic image of contour of volume fraction distribution in the simulation of shock wave —
drop interaction using the five-equation model. This figure was drawn with reference to figure 3 of paper

written by Meng et al.[3¢],

Ghost liquid

P=

)

je1)
y

Ghost gas

Fig. 2.4 Illustration of ghost fluid method.
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2.2.5(@ REIYUTEH
i OJF S PR N LAGET B &, FRECHIT D ERARAF L EB R D

rh=p,(u,—u,.)-nng(ug—ui)-n, (2.39)

(ug—u,)lhz(p,—pg)n—n-(r,—rg)+mcn, (2.40)

DFEOLND. 22T, p, plFTREB L OKIKOBEE, w, uy, w XA, KR KO HE O
X7 MV, m (3ERFEE, p, po [ TREB L OKREDIET], 71, 5l TR T ORIEORYEIS 17
Vb, oldEKERS), dIStmEE, n IREOBMERN S MR EAEIURT. (2.40)TRE
N2 EE R FUm I3 L E T m & R s ol 5 2 & T

n'z(ug—u,)-n:(p,—pg)—(n-rl)-n+(n-rg)-n+m<, (2.41)

rh(ug—u,)~t:—(n~r,)-t+(n-rg)-t, (2.42)

BEHND. 22T, t IXIRmOBMERNZ ML TH D, KL TIEABIIBE L 720z,
m=0& L, X(23971H

u,-n—u-n=0, (2.43)

EHEY v T REOND. AN &R A2 B L TRES 7200, QAN SIED Y v v
7

P, — P, = 0K, (2.44)

LELND.

2.2.5() ghost fluid %

Fedkiw et al.'2Z &1 % ghost fluid £ ClE, SREIZHT DEE - £ v o 7 &M% O TR
BEERTD. ET0E, fHOTZD, —RITIBIT A IRAATRIKD EF TIEE IR~ 5. [X 2.5 |Z ghost
fluid JEICB T AR D ER T EE2 R~ K(2.43)0 5 Fii & 15\ TR U C R g T
TR CTH D720, FAEFRKOEE 220 EERAT 5. RQANTTREND L ICREICBNT
REENCLDEND ¥ v TRB B0, EIEREDENNLEN Y ¥ v T2 LB L, KIEHE
DEHZERD D (—KRITTIE, REHRRIL oD, FEEHOEMIZRVY) . FEICK ST
BrRICRT 2y br EE IR~ EAMET 5. BET DL, For brEAFERL
BEZRDTND. UEEZ2XTELOTORTLELUTICRD.

ghost __ gext _ ghost __  real ghost __ real
SE =8 u™ =u™, pr” = p™ —ox,

Sshost — Sext’ughost — ureal’pﬁhost =preal + oK.

(2.45)

ZZT, EBfFE? ghost, ext, real IZZIEIVRARGMR, SME S TiitR, FEET DIIKAEENE
AR

31



interface S

Ghost liquid
Real liquid /":t:::j:::fjiij::::::::\\\\\\\w

o O O O . . 8 “

[ oy ’\ ] L

N - N -

|

Real gas

Real liquid

S . . >, 0 O O O

Ghost gas S I Real gas

Fig. 2.5 Definition of ghost fluid values in ghost fluid method.

WIZ ZIRITEA~DILRTGIEZ B~ D . SMEGIELE LTS, [EEOWHLE ¢ 13

% 4 povg=0. (2.46)
ot

ICEkoTOHMESND. TP Z T, 22k, IERAZ b n OROFITE 2.2.6 HTHb
NG AARIRIAR R E T N E IS g S IZSME S 3D £ TH(2.46) TR S 4L 5 IR THIJE I & fif
<O KMZEBIcEDE, K267 T X918, SMFXIKR (extrapolated gas) BRI S+ O 5 HH
OYEREPIMNFESND . IMFRURTEIR O LN S X, IR EENT T 520 A —LDOARAT
Nt A RN X -T2 5. Fedkiw et al.l?Z 1 % ghost fluid 5 TIEZ OXAEHNT, = hrbtk
K OHENY bVEIMTT L. B~ bWCBIL T, RS U CHERE ST A & TR O
FTCEROBNRERL D . KAARTRIE OB E D ERFTEZ DN TR DA, AR S R
Th 2. KARRARGEIAR DS ek LR 7 [/ O3 51X

ghost __  real
Uleg ZUiss (2.47)

EEETHRMOEELZZOEEMHES. 22T, P& LIZAMEICK L TEESBOMS ThD
ZEERL,

u, =n-u, (2.48)

ERODZENTE D, —77, KHRBAEGLAR O SRE 3 LTI O EE RS 13 4MH L TR %
728, [RUEDBEFERIRDOHE 2 b i

ghost ___ ghost ext
u, " =up, o ntu’ (2.49)

D, ZZT, FAE NIEAmEICH L CTEATHIROK Sy Th b 2 & &md. st Uit
MR T h ik
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ext ext ext

w' =u; —ul.n, (2.50)
L%, XD, EERT MvEROCTREREICRS T 23 E~7 iRt e
i = (0 =t Y s i (w2 = Y, 05 [, (2.51)

L%, ARBBTARDENIEET DIARDES NSO REERINIE LTV ¥ o TE2ZELTEHERD
N2, BARREDRRE SN DM RICE T o lliR GHERIE 22.6 1) »OENY v o FIFEHRE S
ns.

Extrapolaté

| Gas

Fig. 2.6  Extrapolation of variables near the interface.

2.2.5(c) Riemann BABEDFEZFH WS F%

2.7 1%, Riemann FEHODMEZ HD FIESN BT HRBREOER HFiEZ R LTS, ZF
ETE, FFRmAE0 S0 EREZ Y & 95 Riemann [ Z S0 F 72 1 3EE I2fE < .
KRS ZBE ST H72DIZ, Riemann BEZ T 5 & S ICRBEICBWNTENY v 7

p.—p =ox, (2.52)
T, 2B, #hERe OROIFIT 226 HTHERD., EEHIK 2.7 IR SND L H I, IR
OO Z R L, ZOFIROMEE R X OE) 22N EVRBRAEOEE S KOS & L TEHRH
T5. HEIL, ghostfluidiEEFILULHIC, = babzi/dT 5. LEZXNTELEDTRT LD

Tz 5.

ghost __ qext _ ghost __ ~* _ ghost __ _*
S =8 =uLpr = py,

ghost __ gext _ ghost __  * ghost __ _*
S0 =8"u,”" =u,p;” =p,.

(2.53)

WIZ ZRIIT BT DR EARIIR O E FIAZ UL FICRT . WHEEAREDOKE LR TH 5.
O (2.46)% FAIWT, REHEOEE, EERY, EHEIMETS.
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Qtrear, Uexi D> D FHNT TR 72 H 1A DL S % u™™, u™ %R 5.

©) (p'ea',uf"‘l,preal) BILW (pe’“,uj“,pm) A HIHAME & 9% Riemann [7#H % fif X 571, (p:xt,uiext,p:xt ) ZEHE
+5.

@ poy BT DO EEIBFARDOIES & LCTHAT S, RAHKKEOZ Y ka U 23ME L7 fiko=
FEEERUICARD LI

Do TIT Do T Doy + 7
= y:@m=%{ ‘ ], (2.54)
pext (pghost ) pext + }/72'

ENBEENG 2 Hivs . (AEIROEE L, SME S -8R 7 & Riemann [FEEIZ K- T
RO FEICEEREEND

u

host = UL ext T Uy e , (2.55)

EH x5, ZIT, HERTMEEX
ull,ext = uext - ul,exln > (256)

Thn. O, RAREDEERSITIE

ughost = (ui,ext - ul,ext )nx + uext > (257)
vghost = (ulext - uL,ext )ny + vext s (258)
THOLND.
interlface S

Real liquid m
|

O O SR
Ghost liquid

Ghost gas Real gas

o o O O

Fig. 2.7 Definition of a ghost fluid value using the solution of the Riemann problem.
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2.2.6 level-set ZOEBEHFERK

level-set LTI, FUh b FF 541 & Bl 2~ 3 2B % (level-set BAE) g2 EA L, ¢=0 725
HifR 2 m & 3%, RmoBiix

%$+WV¢=O, (2.59)

WZHE D .
level-set BASIIIFREI & & HICHBERIS S L COMEZ KL H 720, —RICEIEERNTTHhD.
ARIFGE T, ko g
0
a—¢+s(¢0).(|v¢|—1)=o, (2.60)
ty
ENEIELZETHUHELZIET. 2 2T, (3R 2R i < Ui HTh 0, &
VX EAIHA L Z it TR level-set B4 v 9.
okt U CEE AR BAXY ML n i level-set B2 a AW TC

V¢
==, 2.61
n RZ] (2.61)
RS, AT
_ —V n=— ¢xx¢y - 2¢x¢y¢xy + ¢yy¢x , (262)

(6 +4)"

LELND.

2.2.7 level-set ZDBEEBEFi%

level-set Bt O AE L OB LU 1 A RS> & L C SSPRK!81Z 7~
BFEENTED & X IR BN EI LS4 & L, BIREENADL XD/ 2% L
A% e L5, B x FIRS ¢ IBTRIEE u D5 21280 T

(8.), = {(¢’“L ) i w0 (2.63)

(¢XR )j otherwise’

EGADBND. y T ¢ bBIREE v OFF SIS U T x FRFEEROTIETE A bN 5. £z,
A3 T D 22T I,

E¢f %, S(#0 ) =0 and (40 JpF >0
_Jgl), S(¢,‘? - <0 and S(¢;’)¢j <0 o
(¢X)j f;é(sj) S(¢f)¢f>0and5¢f)¢f<0’ (2.64)
0 S(¢f " <0and S(¢f)¢XR>0
v if s >0
IAHE ij ;’ other’wise, (2.65)
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) -t e e

o), ) Nl Y+
EH 2 b5 B0 PR EIZA=A2 & L, 20 AT v Z7OREFNREZT 5. y FEIZBWTh
Rk TH 5.

weighted essentially non-oscillatory (WENO) A — ARNZ K o Tyl ¢ ATl Lz, RIS 13EE

Bz
EESLNRTED. 22T, )l
o) = [ n(E)de. 2.68)

VCE)% @ h( ]+I/2) j+1/2 %E%jA WENO T&i h;ﬂ/z %%Iﬁﬁﬁ{/L L/ ¢;>¢f ;i”/fgfé 2.8 W—-i—\‘

ENDHEIIZ, 5SKKEE WENO OFFE AT VX, 6 SNBSS, 6 AT VE 3D
DY T AT Y EIT L. #HT AT T jab‘f(ﬁ)j B

) -3l 150 A0, (2.69

/ Ax 6 Ax 6 Ax

Fn) =129 5490 149, (2.70)
e 6 Ax 6 Ax 3 Ax

R @.71)
/ Ax 6 Ax 6 Ax

LEPlEND. 22T, ANg =49, ThHD. AR, (4F) 1F

J

(JRI ) _ l A_¢j+3 _Z A_¢j+2 +E A_¢j+1 , (272)
B3 Ax 6 Ax 6 Ax

) _ 1A¢, 5A4., 144, 2.73

(¢x,2)j_6Ax+6Ax+3Ax’ 279

(&R} )j :l A +§ Ag, 1 A , (2.74)

3 Ax 6 Ax 6 Ax
LIPSND. ZITC, Agy=4,—¢,, THD. BFTAT VTRLNIZ (§1F) EHBIPE
%LWk%)EHb\—(;

(5:7),= 2w (827 &7
LIEETHI LT, (%) BMEDND. AU T WENO T, AR EA weld
L/R d
wir= P piRa S (2.76)
z B (e+15")
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CEHZEEIND. ZIT, dildxEERE L, di=1/10, d,=6/10, d3=3/10 THZ b5, ¢l
PoBZi< oIl BAINI-BMETHY, 105E Lz, miNdi &2 5L, sfk**r“f(w)

NIELND. IS X kB AT U NVICEBITH OS2 /REL 537 A—4%ThH 5 smoothness
indicator TH Y,

13 2 1 2
ISh = Ag . —2A¢ , +A" ¢ ——(A*G. . —4AA G +3A G ) 2.77
S = A (N =28+ 80 ) 4 (A 48 38, ) @77)
13 2 1 2
IS) = Atp L —2AP  + A" Atp. . —3A"4.) , 2.78
= AT (A 20 A ) (AT 30 (2.78)
b 13 (A NG+ A L) +— (AT NG + NG ) (2.79)
IS3 - 12A%2 (A ¢j—1 - ¢j + ¢j—2) +m( ¢j—l - ¢j + ¢j+l) > .
. 13, . . 1 IR
ISF = o (A B —20 4, +A ¢_M) e (A B, — 40 ¢, +3A ¢.,-+1) , (2.80)
ISF = 13 A 2A° A ! A, —3A 2.81
e (Mg, an g A g) (A, 30 (2.81)
R 13 _ _ 2 1 _ _ _ 2
I8 = (8 204+ 8, ) + (3070, 4044474, ) (2:82)
LhHEzoNn5.

Jj=3 j=2 -1 jtL jt2 j=2 j=1 AL 42 43

Fig. 2.8 Computational stencil of fifth-order accuracy WENO.
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2.3

Z R DIREE
AT, AR 2 — ROTMMEERIET 5. R 2.1 \CHRIET 2 18, B3 L ORI 5.

Table 2.1 Validation tests.
i RE he R i H B
TE B IR G 2 B8 1T
. Level-set BI# DR e \F] 7 .
Zalesak’s disk [#]/&H X . HUNASZ 6 O | Level-set {EIC & -
PSPERONER £ - . .
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Navier-Stokes F 2= | FiJE & gt 2 FRRE
WUNR BTN G2 5
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(7/314)(0.5-y),

v=(7/314)(x-0.5),
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Fig. 2.9 Initial interface shape and steady velocity field for the Zalesak’s disk problem.
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Fig. 2.10 Interface shape after ten rotations for various grid resolutions in the Zalesak’s disk problem.
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2.3.2 vortex—in—a-box [5z&
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(//(x,y,t):sinz(ﬂx)sin2 (ﬂ'y)COS(ﬂ't/T), (2.85)
THZLND. MO ERED HHE R 1

_ov v (2.86)
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Fig. 2.11 Initial interface shape and velocity field for the vortex-in-a-box problem.
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Fig 2.12 Interface shape for various grid resolutions in the vortex-in-a-box problem
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R22 gas bubble shock wave
2 (M=122)
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X
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Fig. 2.13  Initial conditions of R22 gas bubble-shock wave interaction problem.
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Fig. 2.14 Numerical results for a R22 gas bubble —shock wave interaction problem.
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Fig. 2.15 Comparison with results of Shyue for a width of the upstream and downstream bubble walls.

solid line show simulation results of Shyue 81,

2.3.4 ImRIEMRE

BERCRI R EICB W CERENER SN Z ML TWE, RIETIE, ERBICHTD
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ThHZ2 65, BYRERE X UMEMREIIZ 4 0.0257 W/m* K 35 KT 1.808 X105 Pars & L
. ZOFRFETIIHEBEREESSIT S0 um L5, HGHEREE SICHT D REK T
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DEHEFNTI T DNTRE R & Blasius OFLFRfE A R~ 7. X 2.17 SR Ay/6=3,4,5 12331 2 it
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Fig 2.16 Initial conditions and computational domain of boundary layer problem.
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Fig. 2.17 Velocity distribution in the boundary layer.
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Fig. 2.18 Computational domain of liquid column oscillation problem.
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Fig. 2.19 Amount of change in interface position from » = Ry at & = 0 for liquid column oscillation

problem.
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2.4 B EBERDOTHOBIERRM

2.4.1 FEEH

220 ICEHER T L WIS AR T, X220 IREND X 91T, BEREMHIZEBIT A EELNK
HEMIZH2 DB TEOIL, ANy TFEFERAWD. RN CIE, WIETRAER do,
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Weber 252 W THENT T 5. Weber 2013

2
we = £212% (2.92)
(o2
L EF L, Reynolds %
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7
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Fig. 2.20 Computational grid and initial condition for liquid column-shock wave interaction problem.
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Table 2.3 Computational conditions of liquid column shock wave interaction problem.

case u2 [m/s] - p2[MPa]  do [mm] We M M> ke t gy [ms]
[kg/m’] X10*
1 193 1.88 0.263 0.5 500 1.33 0.43 1.0 0.061
2 256 2.13 0.320 0.5 1000 1.45 0.56 1.5 0.043
3 336 2.47 0.404 0.5 2000 1.62 0.70 2.3 0.030
4 393 2.72 0.472 0.5 3000 1.74 0.80 3.0 0.025
5 438 291 0.532 0.5 4000 1.84 0.87 3.5 0.021

2.4.2 WFROKFHE

WIS ZEE LT 9 2 TR T 8% Ax/dy = 1/400, 1/500, 1/600, 1/700 ® 4 ST+ 5. X
221 1% We=2000 (23T L fiftris ROFmIBIRZ £ Eird. X221 2BMAEDOT A VIBIR %
PrEREERITT R COBRTRETIZTEALRETHD Z ERHEREIND.

S HIT, FAEFITBWTELOIEZ RO THIET 5. HMIELHFDL 7201, Mk 57
A NRZ RN e 2 T RAE 2 fRATRE R DRI T 2. 3 7HHEIZER y=y, b &L R CTHEN T
oy ETEFRSA, b &y iX

[ j (1-sgn(¢"))dvdy =S , (2.95)

b+y,

j j 1-sgn(g'))dvdy =0.55, (2.96)

M-I THD. ZI2T, x & pFFHREHRICR T 5 x &y BIEOR/IMETH Y, x 1TFHHEE
WIS x BEORKETHD. SIZTANVDONEEC L > THRENT-T7 T 7 A M &RV
WFOmE, ¢'1ZZTDLHIRT T T A MTBW TR 5 ZIEITEIE S L7z level-set Bz /R
BlE LT, K22212y=08 D& EDaTiREEZ7T. x FE LT

J::ore pp'x:ddASig (2'97)

OFEFANBELND. £, K222 1SN D L9518, QRIS EWMIZT L OITROOBNTZb &
TR S 0D

S
TR S ZERT DH. X223 1F Weber 28203 2000 12351F 5, #ix Rylcxtd 5, 2 7HRAED
HIMIEBIWVESZZNEIURT. X223@)005, AL THLEMIERIZFEAEEDD
RN ENDbND. —JT, K223(b)0 5, w=0950 3 TR S ZRIE, v LTHE
SITRERETR OGN, AFFETIE, HAZ < DBEOIFERE KM TE D X512, =08
ET5.
B 224 1IBMETSMCBIT D a7 RFEREOEZRT. K 2.24 DDA REOMITIERD H5
ODNAHELDIEIZES —H L TWAD Z Enbod. BTRFEZEE L THRmRE L OE L

(2.98)

47



BEIZELS—HLTEY, Ady = 1/400 [IZBWTIGR L TWA Z LRSI NT-. Zokix, +54
ISR N 72 STV D & E 2 BIDAx/dy = 1/500 D&% V5.

Ax/d,=1/400
Ax/dy=1/500
Ax/d,=1/600
Ax/d,=1/700

08 h\J

06 r

04 r

_1 1 1 1 1 1 1 1 1 1
-06 -04 -02 0 02 04 06 08 1 12 14

x [mm]

Fig.2.21 Interface shape of liquid column — shock wave interaction problem for We = 2000 at #/t;= 0.82

(¢ =25 ps) under various grid conditions.
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Fig. 2.22  Extraction of liquid column.
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Fig. 2.23 Center of mass and thickness of liquid column as a function of time for various . Weber
number is 2000.

1.6

14 r

12 r Ax/dy=1/400

-l — AX/dy=1/500
< —— AX/dy=1/600
08 r — Ax/dy=1/700
<

0.6

04 r

02 r

0

0 5 10 15 20 25 30 35

time, ¢ [ps]

Fig. 2.24  Location of liquid column centers of mass of We = 2000 for various grid conditions.
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Fig. 2.25 Error of liquid mass as a function of time for various grid conditions.
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Fig.2.26 Temporal evolution of nondimensional pressure distribution and interface shapes for We = 500,
2000 and, 4000.
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Fig.2.26 Temporal evolution of nondimensional pressure distribution and interface shapes for We = 500,

2000 and, 4000. (continued)
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Fig. 2.27 Wavelength of the tip normalized by A; as a function of time for various grid conditions.
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Fig.2.28 The density gradient (top) and non-dimensional pressure (bottom) for We = 1000 on the shock

wave and liquid column interaction stage.
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Fig.2.29 Pressure distribution and interface shape immediately after the interaction between shock wave

and liquid column.
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Fig. 2.30 Pressure distribution and interface shape of shock wave-liquid column interaction (left) and

wave propagation in liquid phase (right).
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Fig. 2.31 Drag coefficient of transient deformation liquid column for various Weber number.
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Fig. 2.32  Color contour of non-dimensional gas pressure on interface for We = 500 and 4000.
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Fig. 2.33  Velocity magnitude color contour and velocity vector for We = 500 at #/tgy = 0.10, 0.17, 0.20,
0.23, and 0.27.
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Fig. 2.34 Liquid column center of mass, thickness and spanwise diameter as a function of non-

dimensional time for various We conditions.
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Table 3.1 Laser specifications and investigation results.

Oscillation )
Model type Wave length Pulse width Power Results
method
Stabilite 2017 Ar* 514nm Continuous - 2.0W Rupture
LS-2131 Nd:YAG 532nm Pulse 9-11ns 120 mJ No rupture

Table 3.2 Film materials and its characteristics and investigation results.

material characteristics thickness [um] pressure [kPa] results

25 1 no rupture

PEN difficult to tear 38 1 no rupture

50 1 no rupture

PET difficult to tear 25 1 no rupture
PP difficult to tear 30 X natural rupture
PE difficult to tear 100 X natural rupture
CPP difficult to tear 20 X natural rupture

easy to stretch

laser rupture

40 ~ 67
(Cellgghane) easy to tear 18 (205)
2 ~40 natural burst
easy to tear laser rupture
OPP difficult to stretch 20 2~40 (instantarlieous)
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Fig. 3.1 Rupture behavior at a pressure ratio of 5.3, and an OPP film thickness of 20pum.
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Fig. 3.3 Schlieren image of shock wave generated by the laser rapture and natural rupture method.
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Fig. 3.4 Schematic of the observation system of deformation and breakup of a liquid drop in high

speed gas flow using the shock tube operated by the laser rupture method.
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Fig. 3.5 Experimental flowchart.
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Fig. 3.6 Shock wave speed derived from initial pressure rate, pressure sensor, and photographic image as

a function of pressure of high-pressure region.
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Fig. 3.7 Schematic of shock wave, contact surface and rarefaction wave propagation behavior on shock
tube.
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Fig. 3.8 Zcontact and frefieet as a function of shock wave Mach number for various tube length.
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Fig. 3.9 Schlieren image of reflected shock wave.
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Fig. 3.10 Dimensions of the shock tube.
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Fig. 4.1 Visualization system using continue laser as a backlight.
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Fig. 4.2 Visualization system using xenon lamp as a backlight.
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Fig. 4.3 Visualization system using pulse laser as a backlight.
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u, = |2, 2, (4.6)
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Fig. 4.4 Drag force acting on a rigid sphere in the gas flow.
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Fig. 4.5 Time series of 11qu1d drop breakup for We = 1.9 X10%, M> = 0.191, Re = 1.26 X 10°, u» = 67.8
m/s, T» =41.7 K and do = 2.30 mm. These images are obtained by pulsed laser backlight visualization.
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liquid clump’

L

Fig. 4.6 Time series of liquid drop breakup for We = 2.0 X 103, M> = 0.470, Re = 4.42X10°, u, = 178
m/s, T» = 85.7 K and do = 2.31 mm. These images are obtained by pulsed laser backlight visualization.
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Fig. 4.7 Schematic image of liquid drop breakup for various flow Mach number with constant Weber
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Fig. 4.8 Flowchart for obtaining the center of mass of the parent drop and the average intensity value

distribution.
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Fig. 4.9 An original image and an image that has applied background removal processing using various

intensity parameters.
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Fig. 4.10 For various exposure time, original image and image that applied background removal

processing and normalization.
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Fig. 4.11 Snapshot by image data processing. (a) Original image, (b) image applied by difference filter

processing, (¢) image applied by binarization processing and (d) image applied by grouping processing.
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(elimination background) 4.5.5 normalization | | 4.5.6 division processing |

Fig. 4.12 Snapshot image processing procedure, (a) original image (b) image with difference filter, (c) normalized

image, (d)-1 and (d)-2 are upper image and lower image obtained from division processing.
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Fig. 4.13 Tllustration of averaging process. Image of outcomes for each times are derived from averaging from

image number 1 to N on corresponding time.
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Fig. 4.14 Average intensity distribution for various number of samples.

88



1.0

Average luminance
o o
> S

o
=

02

0.0

(a) t=0.7ms

Average luminance
=
ES

I~
=

0.2

0.0

x [mm]

50

60

70

80

(c)t=2.2ms

20

30 40
X [mm]

50

60

70

80

Average luminance

Average luminance

o
%

S
o

o
=

02

0.0

(b) t=1.5ms

®»aoD B

=10

30 40 50 60 70 80
x [mm]

0.8

0.6

02F

0.0

(d) t=2.9ms

=10

30 40 50 60 70 80
x [mm]

Fig. 4.15 Average intensity distribution on the centerline for various number of samples.
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4.6 AL B R B e

ABFFETIL, KRR BEREIC W) T O KL BRAIFR ZHIE TE, MRDAEH ITITEA L X
B 22 W E B 2R R L B ARRF R ORE Tk & LT, UITFD 3SR ET D,

(1) BB B O « BRI L > ORI B D A il U, R B D O R R 28 k) Bk L BR 46

WFfR] 2 E9 5. BLGR B OE T O D IR R EBRAGRE R &2 1.6 & 975, (4.62 THZH)

(i) BfRHERETE « ok mifg & e FIEIC A A A0 5 2 & T S AL 5 G 5 S ek b BR 4G e ] &2

HIET . BHEHERTE TR B D IRIE KA L BR AR & 1 &35, (4.6.3 THEZR)

(iii) PHIBREEAETES « VRIBREEAE AT 2 S BRI AR 2 8 H U, BLETR (AR O BRFRIZE(E 7> B eks

{LBRARIETR] 2 HIE 5. VIR E S T DAL D GRMR LB AR R & 1. & 975, (4.64 THS

)

4.6.1 EEREZH

PRI BRAARE ORE LGB L OGO CHW O EBRSGMEEZ R 41 I LD TURT. £ 4.1
IR ENDEREMFTOREBIZR 4.1 DT AT L TITH.

PORLALBR LA RER O EEGIILRI SRV TR D IR LIRE 21TV, BEE A SE L TR b
DR A 2 N D 7o, EEREIFTEHME L LTORT. R 42 1%, Mk{bBHLAR R ORIE
(1) DR TV 5 F2BRIC IS 1T D Stk D fEd K ONEE AT VO 2 B SRR LR % o e 4
OKEE N, 43 13EERE (CV) 2T, £42ITRENDFEBREMHED S D, case 1,2 DAL
IR oz ——E Ry 7 T4 & LTHWTITOIL (K 4.1), case3~9 TIEE 42 1T
EINHXE) T TENRY I TANEL, WATE _HRAWTIREAITo72. £ 43 DO EH)
BEDNS L, FBROBIMENRE N L3005,

Table 4.1 Experimental conditions used in the discussion of measurement methods (i) and (ii).

: u2 o) . do We Re
case fluid 7, [C] M; M, tq [ms]
[m/s]  [kg/m?] [mm]  X10? X104
1 Water 61 1.4 46 2.3 1.7 1.11 0.17 1.1 2.48
2 Water 92 1.5 59 2.4 4.3 1.17 0.25 1.9 1.61
3 Water 133 1.7 75 2.3 9.4 1.26 0.35 2.8 1.02
4 Water 171 1.9 89 2.3 17 1.34 0.45 4.0 0.75
5 Water 187 1.9 96 2.3 21 1.38 0.49 4.5 0.67
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Tabel 4.2 Experimental conditions of average value used in the discussion of measurement methods (iii).

uz o) Tz do Re ta
case fluid 5 We M M, N
[m/s] [kg/m’] [C] [mm] X10*  [ms]
Water 64 1.43 44 2.31 187 1.12 0.18 1.2 2.34 100
Water 157 1.80 86 2.31 1420 1.31 0.41 3.6 0.84 62
Water 68 1.49 38 2.39 227 1.13 0.19 1.3 2.22 40
Water 104 1.63 54 2.30 564 1.20 0.29 2.1 1.33 96

1
2
3
4
5  Water 147 184 69 229 1258 129 040 34 089 25
6
7
8
9

Water 178 2.00 81 2.31 2038 136 047 4.5 0.70 46
Hexane 84 1.57 42 2.33 1450 1.16 0.24 1.7 1.37 25
Hexane 102 1.65 49 2.30 2185 1.20  0.28 2.1 1.09 25
Hexane 196 2.10 86 233 10415 140 0.52 53 0.51 24

Tabel 4.3 Experimental conditions of coefficient of variation used in the discussion of measurement

methods (iii).

02
Uz do Re
case fluid [kg/m®* T»[C] We M, M, t4 [ms]
[m/s] : [mm] X 10*

Water  0.028  0.012 0.031 0.019 0.0063 0.0035 0.030 0.038  0.045
Water  0.0069 0.0069 0.014 0.010 0.019 0.0021 0.0074 0.013 0.84
Water  0.012  0.004 0.022 0.012 0.029 0.0014 0.012 0.019 0.18
Water  0.046  0.013 0.034 0.017 0.100 0.0083 0.044 0.060 0.060
Water  0.010 0.005 0.018 0.011 0.027 0.0024 0.0089 0.018 0.015
Water  0.006 0.004 0.013 0.007 0.018 0.0018 0.0055 0.013 0.0089
Hexane 0.018 0.007 0.012 0.016 0.045 0.0027 0.018 0.029 0.025
Hexane 0.011 0.010 0.035 0.017 0.031 0.0023 0.012 0.023 0.024
Hexane 0.005 0.003 0.014 0.025 0.031 0.0014 0.0039 0.0028 0.023

O© 0 3 O »n K~ W N =

4.6.2 BEBELE

W EAE TR UL S B E O LE &, (4.4 E R4S ZEN. L TR LD, B
THER oAl S VT2 FIARER O B O B
2
t
a1 )=(LJ : (4.19)

¥ 417 12T 4.17 1B, b DK Z 2 5 & Bk O B O E O R EhEE B ) S H N
LTWAZENHERIND. Bz, We=17X102TlL, tts=024 FHFIZBWTCHIKFE.LOB
FHEENEHE LTS, 22T, K418 TREND X HIT, HikiEE LOBENME R N ERL L TV
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Fig. 4.17 The center of mass normalized by liquid drop diameter as a function of #/¢; for various Weber

number. Results of cases 1 to 5 for the conditions in table4.1.
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Fig. 4.18 Transition point of displacement of the liquid drop center of mass for We = 4.3 X 10 (table 4.1

case 2).
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Fig. 4.19 Comparison of the liquid drop breakup behavior with different Weber numbers. The snapshots
surrounded by the blue line indicate deformation phase, and the snapshots surrounded by the red line

indicate atomization phase. Results of cases 1 to 5 for the conditions in table4.1.
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Fig. 4.20 Cumulating image of liquid drop breakup.
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Fig. 421 Image of liquid drop breakup and average intensity value distribution for water drop breakup
under the condition of We = 187, M;=1.12, M> =0.18, Re = 1.2 X 10%, up = 63 m/s, p> = 1.4 kg/m3, T» =
44°C and do=2.31 mm (case 1 of table 4.2).
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Fig. 4.22 Image of liquid drop breakup and average intensity value distribution for water drop breakup
under the condition of We = 1420, M;=1.31, M>=0.41, Re = 3.6 X 10*, uo = 157 m/s, p» = 1.8 kg/m?, T»
=86°C and do=2.31 mm (case 2 of table 4.2).
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Fig. 4.23 Results of liquid drop breakup for We = 187, M, =1.12, M>=0.18, Re = 1.2 X 10*, u = 63 m/s,
p2=1.4kgm’, T»=48C and dy=2.31 mmatz=1.12 ms (#/t4= 0.47), (a) average intensity distribution,
(b) average intensity distribution /. on the broken line of (a), (c) snapshot of liquid drop breakup. The
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Fig. 4.25 Liquid drop volume normalized by initial liquid drop volume and standard deviation of liquid

drop volume obtained from each original images as a function of time normalized by characteristic time.
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Fig. 4.27 Initiation time of breakup are normalized by characteristic time #; as a function of Weber

number.
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/N 72 DFRAVTT AL Xarop D BN Weber BUZ K B0 Z 300 5. Fio, KOWER & ~F
YU RTEORERIZFRETH o7z, b FEBREEI /NS K RDALE Xap DRFHIZLRE ugrop =
(Udrops Varop) £ TEFE L, X429 TR ZID Xarop ZWFHIZEDT 5 T & T uarp ZHIT 2. X430 1357
PERER] ¢ TR TTAL ST RERIIC )95, RREERE s (X(4.6) THERITTAL SV tdp 7R
X 4.30 275, PR T/RIND, ths= 1.1 FREEE T, Weber HOMRAFEIZ L 6T, gy I
NFECFHERTHD. LOLERD, =11 RELZEBZ 5 &, RELED, vl EICRELR
W2 ERDND. ORI D ERIE, BRI K o> TBIRRHAV/NS <72 b, BIRHEORE X
DRALIZ L > T END 7 T 7 A NORE S LRREIC/RD Z & T, f/NEEEEONLE )
B ONEZ IR LRSS RDTZOTHLEZEZOND. o, 7T 7 AL FEXFIRONR
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Fig. 429 Location of minimum average intensity value normalized initial liquid drop diameter as a

function of #/¢,. Results of cases 3 to 9 for the conditions in table4.2.
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Fig. 4.30 Velocity of minimum average intensity value normalized initial liquid drop diameter as a

function of #/¢;. Results of cases 3 to 9 for the conditions in table4.2.

X 4.31 1%, We=227 (water) COHEZ BIfG I H SR B I X ONESULAAER A i U 7= F5 R4~
X 4.5 TR L7z We= 187 IZH 1T Dk fehifb s s & [IERIZ, #.=0.22 (B14.31(b)) 1T VTZEH
ERSHERR S AL, F DR Tl ~MAR L, ZRHEOLmSAET 5 2 & THROMIETRE A TE R S
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5 (K4.31(c) . BRI BT 2R E A kR TN D 2 & T, B3 tR < 12/h s <
720, ty=1.09 (K431(f) TIiX, PIHOBIKREIZHANKIEINS < RoTWD Z LB bnD.
52, BRI LT #6,=1.30,1.52 (X 4.31(g)h)) Ti%, B FET DI N TER0.
Thbb, th=1.1 OEFTCIEBIEHEIZIEFITN S <o TEY, tha=1.1 LA TITBIR 23 H K
Lzt T2 @b chrEILND.

(a) t=0.02 ms, #/t,= 0.01 10mm (b) t=10.50 ms, #/t,=0.22

(c) t=0.98 ms, #/t;=0.44

¢

(d) =146 ms, t/t,= 0.65

(e) t=1.94ms, t/t,= 0.87 (f) t=2.42 ms, t/t,= 1.09

(g) t=2.90 ms, #/t,=1.30 (h) t=3.38 ms, #/t,=1.52

Fig. 4.31 Image of liquid drop breakup for We =227, M; = 1.13, M>=0.19, Re = 1.3 X 10*, u> = 68 m/s,

p2=1.49 kg/m?, T, =38°C and do = 2.39 mm (case3 of table 4.2).
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4 4.32 1%, We = 1258 (water) COHpsZ BI{RICH mbr B I L OVEBY LAV it L 7 F5 R &2 7=
T 1/a=0.73 (4 4.32(d)) F TIRIEHE PRI T 2FEHD 12 X 2Bt 3 ke 5. £ D%,
R FRIC I HFIKED 12N %, tta=1.00 (X 4.32(e)(f) THHND X 212 < 72 - 7= Bl
WS D, =127 (432(0) TIE, BUKRDRICE > TR ENTZEBEZADND, Bk
il & B U CRE RN SN D . BIKE O FITMERARBR ThH L LE2 B, MED
R T L > TR SND ENOIRIIALEIT R 2D, LIRS T, tta= 1.1 FEE T Xaop D3 —
FUCIRE B2 R DB, tta=1.1 FRE CHERPR BRI RN E L H72DTh D, thy=1.1F2
BECHURR N DR END T2, Z O Z B ARERF & L COERT 5 Z LIx#lTchsr L%
265, K429 B LIOK 430 ISR SNDHGEEOH T We = 227 (water) & FR<, OFERFIZHBN
TH, FROERNT, =11 REZIHED & Xaop D—RICKRE SRS, YL EBR(4.22)1F
BT AT DR IR T 5 Z LN T& 5.

X 4.29 725, IR B CHER ST S M7 BUIRIR A AT 5 (0 xais 13

Yas _g 4. (4.23)

0
THZOLND Z RS, Lo T, BRSO OR 8.4 (5BET 2 RNk b3 58
TTHE N 5.
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(a) t=—0.07 ms, #/t,= —0.08 10mm (b) £=0.17 ms, t/t,=0.19

. | ¢

(c)t=0.41ms, t/t,= 0.46 ) (d) £=0.65ms, t/t,= 0.73

(e) =0.89 ms, #/t,=1.00 , ® t=1.13ms, t/t,=1.27

(g) t=137ms, t/t,=1.54 ) (h) =181 ms, t/t,=1.54

Fig. 4.32 Image of liquid drop breakup for We = 1258, M; = 1.29, M> = 0.40, Re = 3.4 X 10*, u, = 147
m/s, p2=1.84 kg/m?, T, = 69°C and dyp = 2.29 mm (case5 of table 4.2).
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4.7.2 BEDHRELDLER

WEOHFIETIL, 58 TR & 709 2 & 23T & DR LIRE A 236k 2 127 E % S 4T X 7=, Pilchand
Erdmant X, BIEHB LT 7 7 A2 RO X 5705080 E U < 7 A5 2§ — 2 VHhi biRE
M tor & TEFS L, FOFHI

2.46(We-12)"7, 12<We<18,
101(We—12)"",  18<We<45,
%f= 5.79(We—-12)"",  45<We<35], (4.24)
0.315(We-12)"",  351<We <2670,
2.26, 2670 < We,

AEEZLU7-. M%7, Pilchand Erdmani%, =t —L > ARG NFE LR I A 2 7
T A~ U —TRAVIEE tprimary & EFE L, £ DO THIFN

Q?ﬂ1:0511 We>350, (4.25)

a
AREELL. 22T, BURRO = b — L2 MBI 4.33(d)I2R S L5 BER O AR N O# 53 T
H5. TRRDE S T-— T, wave crest stripping (& K > THIEIH 22T HE OIS 72, Weber
Bs 350 A D& T TA~ ) — Wb ZIRET 5 Z L ITREEE 72 5 LR 5TV S,
7T A< —REREIC 72 E#E & LC, Theofanous et al POIBIETH DO = & — L > M OIR
R B2 kel %, FERVEIRER tan & EFRL, ZOTHIE

%?L=024@ We>1500,0h < 0.1, 4.26)

d
IR LT, SEAMBIRIE, YAG-LIF AlIf{bic L > Tl b b a e — L Ml O &2
LR b, S BIT, ZORBITEEMEALZEE O > v NG I X OBRSHE IR mig
Z W THERR STV 500, X 4.33 13 Weber £ 2.0 X 102 DR L OfREAE R 2 <7, [ 4.33
NE, FERZRHIEAAND D, tta=0.40~0.50 DRI DO = & — 1 > FER A eI EE
HEBEZHND., ZORMIIN@25) TTHRIEND T T A ~ U —fekifbief] &, 2(4.26) TTHl &
NDEEMHBREMOMIZH D Z LoD, b, AFEERICBT e —1L 2 MM
RIRDEA I ZITBMEOHR LMD —FHL TWDHZ ERbnd.

AWFTETIX, 7T 7 A2 b ERBIBONRWEEE F TICBIREN NS oo o & & %, BETH
FREEIFRET & L, ZOTPHIN@2)Z|RE L. 22T, @EONZE L L, X4.22)02 4%
RRFET 5. B ARERF A EOMZEICB O CIHIE SN TE LT, @BEDHIZE L RO
BRI TE 220, L LDy 6, BRI 23 i 5 R 0 T 1120(4.22) 12 5(4.25)°(4.26)
EOREVWZENRDNY, BRALIZE > TSNS 7T 7 A b EBURTFENFRIFICIR D Z A
YL, A — L v MO KORICHHIND 120, BEOHFEE FIEIT LRV, S5, X(4.24)
PO TRSID N —Z VR LR I e, BURR AR I & v, Bl L7 7 7
AV RNDELIRDBHENAETC R DA A I 7 X0 RICBIKFIIAET 2 EE20N5720,
N(4.22) EK@20)IFTFE L2 EWR 5. BIRER T, MEMRERIZE EE>TnD 23, B8
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PED O EREME IR AT = — N 2 W T2 EEUEART I L~ T, O RS A EHERGET
HIENTED.

() t=0.36 ms, t/ts=0.51 (f) t=10.42 ms, t/ts=0.59
Fig. 4.33 Image of liquid drop breakup for We =2.0 X 10?, Re = 4.4 X 10*, M= 1.4, M>=0.50, u» = 1.8
X10? m/s, p» = 2.0 kg/m?, T, = 86 °C, do = 2.3 mm. The red frame is the coherent portion. These images

are obtained by pulsed laser back light visualization.
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4.8 RVSLOT Yy bITUDUADER

PRBER 31T DR OWHERFEIIE I UBLIT LIEFIZE. RV 75V =y PP T,
ZOFEWREH OB, ki, &, 2R E OIRSE, BBEE W o T RIS 7 D ETHIE A 5T
BIZTET SELIREN DD, £ 2T, AWML CTIRE Lo Bk AR THI@.22) 2 v T,
WRRDO—2>TH HMIALICE T LR A2 RS 0, kil Z 27 2 R & S AR RF# 2 BLige 4
5.

B AR R 2 (4.22)00 6 B S 5 729121, secondary breakup D S A 7 — )L, SUREEE,
SR LRI O R E & -2 50835 5. £ 2T, Mach#4, 6, 8 TRITT 2 Z L #HEI 1
TR T LY xy hOBEEGROAD OOKE GF1EOXK 1.3 2R) 726, XA8)%E- T,
secondary breakup DR E A7 — /L& BfEH 5. KJUKEEITIR 14 BLO 1S 0G0 5. AEIE
SR L B O R ICBI LTI, BRAx REAIRD . WRIAIREE & LTI, WA EEDS 654.82 kg/m?
THOH~FVUEZBEEL, WMHALEZE DX 1lmm 95, /2, RITEHENOAT TV v b
TV DALy AR ORRER KOS EER % T oRRE A kD, H(1.8) & X@.22) W5
Z & T, Mpign ZBAE & 3 2 BUKTF AR EERA ] tas D PRI EZE TE L2 LN TE L. Zhdhbh
%L, AT Mach $0)> BUKTFAEREE, TR DBMBLORMA 7 — V2 BEESEDH 2 LN TE
575, A ENIFIT Mach 2078 4, 6, 8 D& THORLLIZ ZE T 2 ] & FEARITERF I O ELige 217 9

4.34(a)IITIT Mach £0i2%F9° %, secondary breakup (23317 2 Bk A TH KT 5 F TORER %
~L, Z#% secondary breakup DI A — /L B2 5. A7 T LV xy bV O BERIC
TARDHAET DI (FRARITERE ] fes) %

L
— combustor (427)

res >
Uny

EEFRTD. ZIT, mglFAT T LYy h U OBRBEGRA N OKFEE,  Leombustor 1 ZIEHE
WMORZEZNZIRT . Leombusior \AVFHE EFRERBICHW B L= 0 2 0 ORBESRE & 800 mm %
Hx72. FH1EOR 13 NOHELINDIT Mach 223 4, 6, 8 (Z351F ZBRBERRA IR wp 2> HIEIA
THTEIRFRE] o5 1, TRAT Mach 278 4, 6, 8 TZALZE41 0.97 ms, 0.60 ms, 0.38 ms ThH 5. T DOfEAAH
VY, TEAARIETERER] fes CHEVRITAL S IV BURIE VS JIRE R 1ais 21X 4340 T, [ 4.34(a)00 5, FH
SR EE DS 95 & UK TH R s lIRE < 72D Z LoD, ZhUd, fERHEEA/ NS < 7
DL, K[URDRIBIZE 2 580 /NEL< 720, EHICET 2RHAREL 257D THDH. F
7z, AT Mach B3 HEN$ 5 &, BURIEIER M 1 D RE LR D 2 ERb0D. Tk, =Y
VAT DEROBEEDN/NS N ERERTHD EBZHND. K 434b)0 D, FLiH1ERERH
tres CHEWRIUAL S AVT- LRI A BRIt 1T, FEXPREEDN D T2 L RELS DT ENbMND. 2
AU, X 4.34(a)0> D BRI AR EEREE tas OB LY, =2 P UICAT RO EERIZE D
TRARHTERGE fos DT E > THZL END. LN LR D, X 4.34(b)5HTRAT Mach 078 4 5
FOV6 TiE, MHEE u /NS < &b, WRMERFR tres (2563 2 BUEIG AREERER 10 13 5%FRSE
THY, AT Mach B2 8 IZBIT D LIUIIMA TS 4%RETHDH. LLEND, FliRHErRER &
b U TR BIC T DRI NS W2 E DB N 72 o T
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0.1

009 F o u.=200m/s
o u, =400 m/s - normal shock wave
0.08 T & static liquid clump
0.07 A u, =200 m/s
006 F & u,=400m/s é
g A u, =600 m/s oblique shock wave
s 005 1 A 4 =800 m/s
~0.04 | A static liquid clump
0.03 | 8
0.02 | 5 6 Q
A
0.01 A
2 R
0 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10
Mg
(a) actual time
0.2
0.18 + o u,=200m/s
016 L ©u,=400m/s - normal shock wave A
o static liquid clump o
0.14
A 1, =200 m/s
012 & A u,=400 m/s
‘\ﬁ o1 | & u.=600m/s oblique shock wave
3 A u, =800 m/s
0.08 A static liquid clump 8
0.06 CA)
0.04 8 A
A
0.02 g
O 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10

Mﬂight
(b) nomalized time
Fig. 4.34 Predicted annihilation time of liquid drop as a function of flight Mach number for various

relative velocity of liquid clump.
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4.9 #E

W E O Tl SN B A R EIZE L, KSR BRI E ShTne., &
D, WEHICL-T, BONIMERPELLBENH D, 2T, AFRETIE, WEHICEX
B 2RI IR L BRARIERE O W E JiiE A 3 SRR Lo, 9, BRI E.OLE & BT I X
S TEI L, ZORMEE Sz, FONTRERN O EIIENRMICKRE {8d 2 EBnbny,
SEENA U DREE 2 NHEIC L o TR 2. 2 ORI 2RIk L g & k25 &, ZORHO
& EITERBRAL S BIRAT 2 Z L b2, BRRLRRAAII & L CRET Sz, Wi, #okifbi
ozt L, FERIEICEAERZ. ZOX 9 IHELNZEE TIE, WA Friaic
RELSFKELIRD DM R b7z, T O bk bBAsAR R & U TRET &7z, &&ic, [
SR WT, BEHREIEREZIT O 2 & TH LN D FEEEE A D BRI R Z BF L, £0
IRE 251k BRI LB ARRE 2 I E 3 5 HiEARRE Lo, Bl E 3 SORIEFIETH b kil
BRARRER] 1L, Bl RRERE T DN DR LR Ll —BT 2 Z & Wb ofz. Lizhio
T, FITRE LT 3 D OB LR ORE HIEIT RS TH D Z LR Iz, BEBREGR
TN S CRORIA L BRAG IR A I~ 2 515 L1372 0, BRI E.OUES KON L CIHR
IR fRRER S T DN D EBRIZB W T b IERER IR LBHLAR R 2RO 5 Z &N TE D, I HI,
BONTRERIZT 4 v T A TS5 28T, MR LBIAARER O FRIXE2) 22 L. £
72, MERSTHT R LBR AR £/t 122 ORI E CIZAHAER O BRI KT 2 B4 ~T. L
DU S, TR IEAIARER & 13872 0 B & SRR ET 5720, MIRERIZ S ~SBRR 1 XE<0 <
TRV EF 2 DD, £2C, ERICHENSERSTZTBE L7 & & oRE TlRonb I
TR PRIA L BRAGI M /16 % t/ta & HBR LT, T OFER, t/t 1 IBORALBREA £ C OB B & 218
B L TV D Z ERbh o

BT S RS DR IS OW TRl L7z, PR R & R D a2 s L, £
DENMEE RO T, ZETHE TIREFICHINT 228, &2 ER TR M ZBEICESH LIZLD 5.
SIHIT, ZOERTIFFIIRMC IO TFERROMEE 722, REEBEZ LD L, & Weber (21T
1% Z OEERCHERM BRI O HNAE L D Z LR SN, DT, 2 OR & Bk
BRI L L CERT O LM TH D EBEZOND. LR - T, BkMAmEIE Z 5 8K0T
RERIRIFIC L T —ETH Y, BRI RHERER O TRIR(4.22) 2R L. & 612, B E
F COBIRHBEIED Weber 212 X 572 W PRI @4.23) 2 RE L2

AMFTE TR U723 (4.22)7> b BLKR A BRI R (ORI L RRPERFRY) 14 25RO, A7 T AV = v b
TV DIRBES I D WARTITERFH] fre & ORIAVRFMEIRFRT tann 22 FEEE LT, T ORER, VAT
TEREM] & bhl U TR BIZ BT D I/ N S W2 E BB Bz S 7.
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FOE MMREDNED M

5.1 #&&8

TWRAEIS K > TR S AT BN ORISRt O 7R RICH B2 AT L, fRE LT, B
BEBRRICRE R EAE G52 5. 2O, WAL &> TR S Wi o2 T4 5 2
CIXEE LS. MEOHSE TIL, bagbreakup ZHEX® sheet-thinning breakup JEHEN 5415 Weber
s 101 ~ 102 A —F =2 B DR PR E R LA THE S0P L Len s, 277
AAT T KT =y NP D secondary breakup Tlid, Weber 273 10° A — X —\Z2 5 Z &0 dH
HEMESIND. £ T, AAFFETIX, Weber 75 10° 4 —F — 281 DIEHEMAAL TR S D

TR ORLEE S A LN T L2 ENRETH 5.

TR TIX,  BEARRER & F N CRokni 4 mﬁﬂ%fﬂﬁ%ﬁ L, #REEGZ AT 5 Z & T
W OREEZNET S, £ 2T, BRI K DRENEICHT, HEEREVAT VX (B
Hi) OREEZALRICHIETE SBEREEZHNT, Mm%%@ﬁ%k;@&@ﬁﬁf@ 2z
179.

5.2 EEAHE

AAFFETIE, WK OBRIZ K > TR S LD WA b 72 D84, BAMERE I A T L
REFTHEBESN AT TIER L TRET 5. BOoNCEGREZ EGAET 5 2 & TRk o 51
RaET D, WAL TR S 405 BOigE OBITE pm 22620 10 um L/ SN2 &, FfFIT X
S TERWEEEZ 100 m/s LLED X S 2@l Th D 2 Lovh, FREHEHGICHAIRE OBENIC X 5
AR BN E DT D OICHBIER M 2 FICE<< T2 Lk bhnsd. 5.1 1%, #t
IRF ] D RNTRL 23 B 8T~ 2 BRBE 2 KL OB ERREL IS5 L CRd. 2 2T, 20ns (s 8y UL 2
L —#— (CAVITAR #t, Cavilux Smart) D PIYEHEEETH Y, 293 ns I% Photron D& E D A Z T
H5HSA-X2 DE/NDY v v X —HKETHD. X510, BRI 293ns TiX, FHRFHIC
T MR OBE EIIRE N LD, iz “,ﬁﬂmﬁ#mmmfﬂﬁﬁékﬁ,%t
e B T DA OB BN B 1ISum FREE CTH 5. Zhuid, MM 42 10um THH Z &
BERETDHE, BHETEXARVAENEUTLE . —FH CELRRA 20 ns ([ZI 1T 2RI
i EIIIEF NSV, 2 2T, MR YA AORIETIE, tRE LTI A L —F—Z 5.
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50

293ns (SA,'XZ) exposure time

__ 40  —— 20ns (Cavilux Smart)
S
(0]
§ 30
z
2 |
>
s
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0 /——o——r//l_’//l/_l/

0 30 60 90 120 150
Particle velocity [m/s]

Fig. 5.1 Particle moving distance during expose time as a function of particle velocity.

52 1%, MR LI X > TR S LD IR b 7e 2 FEE, BEMGE TR 5%
BOMMKXTHD. MEEIRAT (v s A4 A—VFT 7 /) aY—t:, MEMRECAM ACS-1) 125
PREEBEA SR 2 255 U, T IoR L & 8 S iR G B iR 3 5. UL A L — 4 — (CAVITAR #t, Cavilux
Smart) #/\v 7 74 h& LU THERT L. BAMEEA FWCGBILKIR 217 5 729, ki & ik o
ERENLONDEID S A T OFREFRFAINCTH D, £ 2T, THMEZTIET L7202, LA

)

L—HF—y FOBEIT S 9*mmLﬁﬁ%7(7fFﬂ/ﬁ]%MO%MAXﬂ%’ &, WK &
BT OEZEN AL O 3L D sk & i THELDOHATTIE, AXANTA RICE->THRL X

MKﬁ%#6@ﬁ%%%itﬁé.ﬁm HEE T A T OIRFEFIRONMERRZ TR L Tk< Z
L, EE%@M%ﬁ%EéMtﬁf7@@%%W&$ﬁu%&@u%%%#bﬂé HIE AN A
FEDRAREAGDT2OICIE, T I NI A X RELTHIENROLND. ZD2®, HIKLHE
%%ﬁb%%ﬂ%éﬁ —EDOFERTLY 2 OMMEHZ o T2 LT, MORLEEZ/NS
KTHZENTE, DRMCT—FEIHBTHENTED. £IT, Eﬁ%@ﬂ%éth@
FEJ AZ (MEMRECAMACS-1) DERESRIIZOVWT, 7R E (1280X896) & L, R

1% 50,000 fps & EHIZERET H. it,=%ﬁ%iﬂwzv~#~®%t%%2Mwitiwns
Thb.

Compact RIO

High speed camera  pyse laser head
EEE z FASTCAM SA-X2  Cavilus Smant
|:| oo Computer | )
© Oscilloscope Signal Metal halide lamp
conditioner Valve controller
. — Dropping nozzle
m Diaphragm 400 mm_ } 800 mm [T 2o00|
Nd:YAG laser |—— L L] B _:|
(CW) Shutter SH-05 1000 mm 2000 mm

Piezoelectric pressure sensor

High speed camera
MEMRECAM ACS-1

Fig. 5.2 Measurement apparatus for particle size and number density in drop breakup.
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5.3 RIEXER

BN G SN B B BRI 2 RIE T 5 FIEIERICKRD 2 DO FERA LN TWD. £T,
B2 “fE{bT 5 2 & THLNDR D O EMERLZEN T 5 HECICH D, WRIZ, HES
Bl b FEALE A2 i L C, BEREZREHT2HECITHL. WThoFECBWTH, 22— —
REDLEWEZEST 5720, RRHEEBROR & FEORIEC L v A& W TIRIEZITV, i
W2 LEWVEEZRET HLENDD.

%] 5.3 I Takagaki et al. SR % 25 |ZHUE L 728 2 E OIS L OVEHE 287, KR &
LTHWD UL A L—HF =D~y Ripb L —WF =3 BIR S, Pl &> TRBED A T O~
EL—V = Ens. U7 RITERAT—Y (THORLABS £, LTS300/M) (ZHLY i)
SNTEY, ghEHHE (X 53@)D z HH) IZENTZETY—F 0 T 4 A RAEELEED
TENTED. ZoMRRIE, HEMEEEZERET L L EIMEHIND. ND 7 14 L DR
EaZET 52 LT, il sEEAHEld o2 LN TS, £, HERRMRL 7R Y
~— (B, 77 RY ~v—) ZEBERFEERL, TORE SITEEMNETBMEE (B
INAT T, S-4300) THEKRT 2 Z &L THIET S, X 5.4 [XIERL 1% 3 7 BAMEE O L7253
TR 54 6, BIBEMELHWDZ LT, BER O ARIICIEX 2 2 LN TE,
ZNOEMRYA RERETHZENTED. 22T, AFRETIE, BEFEBEOHREMSEND
O DBER T DEREEDEL dpe & 707, BEEOREIL 057 ~ 92 f5E TEILEHED
TLENTED. AT, BMEEIC 25 5O L X2 EE L THWD. SHITEREELSTD
EEL 2MEOT LAy R—=F 2T 5. 51 ICKIEERBOBEMEMSR, Lo ABLOT L
aOREEE, ST D b —ZAEER, B EICBIT LY 7 BVIE R ENEIURT.

Table 5.1 Magnification and pixel width on the picture.

Microscope Lens Teleconverter Total
) i ) . Pixel width 4 [um]
magnification (X2.5) (X2) magnification
X3.2 O X 8 2.76
X5 O X 12.5 1.77
X9.2 O X 23 0.96
X9.2 O O 46 0.53
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ND filter

0
669

Pulse laser controller

Particle Electric stage

| ’
Sefitple stags

. IMirTon
High-speed camera

MirA I:[]

Microscope

(a) Schematic image (b) Photograph

Fig. 5.3 Calibration apparatus for particle size and number density measurement.

Fig. 5.4 Calibration particle observed by electron microscope.
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5.3.1 MIFEZEDLEIMENRKRIE

I53ﬂ6%%ﬂék HRIZIE, HEORLFREY, ZZ TR &5 i 28 AT5. 561
CEMRICRT L C b & fiid 2 & C, i radit U, i TRF O A KD, T b5
4

d,,=|=A4, (5.1)
T
LRI 5. ERYbENn ZfEfED L& WE
Z:—Ji—n (5.2)
Ibd,i_ min,i

%%ﬁ&‘IEgégﬁc:%b\Tﬁ%é . : : VC“, Ibd,i ﬁi l%*ﬁ%)ﬁl D ODIlZy}jﬁE'fﬁ) Imin,i !i l%*ﬁ%@%d\ﬁg
BAEZNEIRT. [ OBEZE Y FOGIMEDOEREEZAWD. 22T, i FhiE Y Ok
PEAE Ty 13

(J;TI(”)
Ibdz_ Z 1 ’ (5'3)
(jk el'
thEzbn Z 2T, fEEK X
Rz%ﬂﬂ¢<ﬂ%—%fﬂ%—hf<w%, (5.4)
ko ThHEZBLNS. RE2)MHb5 L 91T, LEVWME L 55720121, i RO sl

FEAE Ipqi & B/ VEBEAE Lyin; Z LBEE T 5. DD, TNOLEHGLIOICETIX, LEVHEL =
Ila CAEALL, RFZHIHT 5. 22T, LalTRTF OG> TOZRWEB ORI TH 5.
dey Xey YelE T O fEALTH: B D WO OERE, x HIXOALE, y FHMOILEZ 2R
N A
BB TR SN TCIERL F DERE L dpe LTEE, T1VEIE SN DRLFERE dn & DFED
LIREE &
d —d

E: m true , 55
R (5.5)

true

LEFRTDH. MEIEOLEVELAZRELTHIZONTHEDNTHOLNDIERIIREL 2V, E=
0 2z 72%, REFRELSoTNL. T ITHE, F—FAMEENS, 12,5, 23 BIL T 46 %I
BUF5, @2 ENEr, 201225 EHMEIN-LEVET 2, E 27 8ME b TERbIh
diwe DB E LT S5 IR T. F72, BEENER, 202125 ER LS LEWET %X
5.6 12T, 72, HBIX 256 BEFACTH Y, BEAMTIZ/RWO T, LEWEIZNET S Z & ThHx
5. H551FE=01L75L&\WMEL E= —01 L7425 LEWEOMO LEWETHIE, HIE
éhéﬁ@®%§ﬂMM®Wi6:k%%LTwé.E%K,ESMiﬂwzkﬁébéwﬁk
E=—02 725 LEVEOHO LEVETHIUE, REINDHERORET 20%DINEDH Z &
ZRLTWAD. X 55 006, LEVEDIETLDEXREVNR, $xft*£f®%i ED/NSL T2 BITD

T, 782 10%NICIE 5 L EWEOIEIN NS 8D 2 ERNbnsd. K56 1o bIAEERIZ, L
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SUVMEDIEX LD IRE WD, BIER FOEEINNS RDITHONT, AZE20%UANIZINED L
EVHEDIEN /NS KR D 2 ENbnd. MEEIZLEWET O E LTRSS, REHM

~0.1<E(T,)<0.1, (5.6)

T LEWET 2R, ORI RLEVET DELNL/ZE E 1TV 7R DRIFEIZIBWT
HG.6)ZT 2 L, RN 10%ANIZINE D WD, L LAans, K55 ORI /NS UVHE
WERLE, ZOLIRLEVEIIIAONNWZ ERbnd. £ T,

d,./h>d/h, (5.7)
DOFAPANTHRGS.6)Z T LEVEI WRDOTHZEE2Ex 5. 2oL X, /D di (dmin) B X
CEDOLEDLEVMEL 2K 5217 dymin T7R7E 10%LAN THRIE ATREZRRIEE O H 2 2~
72720, 55N SNDRERD 46 15D dih =12 F2E (Kb o FERFEM THbZEH) 128
FHE=00DLEVMEIIhE K& < BB, ZHIEER L TWBARIFOE Y ok N FE
L, WHRIEEENNSLSRDTDTHD. TZT, dpn DEHTIE, ZOT—XIIWHE L. F
72, ZOT7 B ATHRLATZ LEVE] CRENHE S L7z & &, §87E 20%ANITIE 5 fi/hod
WEIERL RS (dimin) DFE 52 IRT . dimin 13 L EVWMET TH DN DRIARDOFRZEN 20%IIE 5 iy
INORIFEREDOBRZEZERT D, K52 DPOMERPRELSRDIZONT, h TESMEINT dimin
BERNdpin DRELRD T ENRDND. ZHUE, EREPRELSRDITONT, SFEELBE LT
EEOWEHEITETT DI L2737, 51T, 23 5L 46 fFICHled 2 &, 5628 2 5 R
HIZHBEDE T, dipin BE RN dipin DZEIT/NIW. LIRS T, N7 T4 Mg TELNLDEE
ZRAOWTORZRRIE T, OISR E RE < LTH/DNSRFEETHIE TE 28/ HI2IXBR Y 2
o LTINS,
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(b) Magnification is 12.5

Fig. 5.5 Normalized intensity value when the erroris —0.1, 0, 0.1 at each magnification of microscope

as a function of true particle diameter normalized by pixel width.
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(d) Magnification is 46
Fig. 5.5 Normalized intensity value when the erroris —0.1, 0, 0.1 at each magnification of microscope

as a function of true particle diameter normalized by pixel width. (continued)
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(b) Magnification is 12.5
Fig. 5.6 Normalized intensity value when the erroris —0.2, 0, 0.2 at each magnification of microscope

as a function of true particle diameter normalized by pixel width.
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Fig. 5.6 Normalized intensity value when the erroris —0.2, 0, 0.2 at each magnification of microscope

as a function of true particle diameter normalized by pixel width. (continued)
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Table 5.2 Magnification, thresholds of binarization.

. E= %0.1 E= %02
Magnification I
dimin'h dl,min []—lm] drmin /h d1min [],Ll’l’l]
8 0.63 4.25 11.7 3.08 8.5
12.5 0.52 6.64 11.7 437 7.7
23 0.53 7.23 6.69 493 4.73
46 0.51 11.3 5.96 11.3 5.99

5.3.2 WERREDLEMEDKRIE

571%, KS21R-END VAT A% RAWT, IR 2 3 Lo R 423, S0 e =
204, M>=0.196, Re = 1.21 X 10%, uo = 67 m/s, pr = 1.46 kg/m®, T =42.6 K, dy =224 mm TH 5. [X 5.7
ORSHEIE A, B, C Z i3 2 &, B O NIk fm sl o8 < 36 X QMmN E3 272 5 =
EWOND. TIUE, MR OBAT N EN RS-0 Th D, (X 5.8 IIHE FIRE OHES
B AL, MR A, B, C I 5.7 ORHKIHETE O BATH IMALE 2~ 7. MR A 1XB £72
X C &R LT, BN/ NS NI ERNbnD. ZHUE, B bREIMEOU T A DFET
HOIZK LT, BV IBREIMMENDOREANTMEICCRHLLTHLD. £ T, BIEHE
BEAME, U—F 7T AZ A LKA OO Z BRI LT, #5FIRE zpor & &
b9 5.

Fig. 5.7 Photographic image of measurement apparatus for particle size of fine droplets in drop
breakup.
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Focus section

High speed camera Pulse laser head

A

®
C 5
O @

Depth of field

Fig. 5.8 Schematic image of depth of field and position of particles A, B and C which are observed
in Fig. 5.7.

5.9 IFOERL T DEG 2 z FIIE TR A RS, z=0mm (35 B> FBE S NLE T, KL
FEAIT 15 pm, THERIZ 23 THD. z=0mm TIE, FORENROSNDA, z=0mm 05D
BN D Ic o CRmEEE Y, FmiiENAMIC/2 5. £72, z = 0mm CTILEmELPN O E I K
W23, z=0mm 2 HHEENL D IO TIRENO L EVMEIERE <25 2 &b Db, z HRfLE &
BT F7A=2L1LT, WBNOMEMZRFT 5. K FICET 287 BLOEEMED S b,
INEVMEN S 10% 2 B0 U CEY LaEfE A 1, & L, ENETsEEE Ly THl- 72

a,0.1

I~h :Ia,O.l/Ibd 5 (5.8)

Z5.10 177, K510 05, z=0mm P HEENDIZONT, I, 3HMLTNWD Z ERbn5.
BUZRSD K H1Z, T, =const DEFRIZIS T B iti REIOFAPH 2 # 5 FURE zpor & EFRT 5. KT
RENDLDIE, T,=030LZ0HITHL. XS, BERITHT 29T RIEE zpor 2 RIEED
B L U ORT. S 0D, BTG FURE zpor (IRFRITIKAFE L RN 2 L35, £ 7, Takagaki
etal. PR 7N IMEEE 2 VTG RIREZ ER L), 2 THOLNHTIIRE bRk
MRELBRDICONTIRS I ole. ZO7®, BRI T D WA ORI RN ER L e A M7 F
LATRBL, BRI THGREEZRD, HEFREICLC CERICEEZ N 52 LT
R ZAT ) 2 LN TED, BFHRICKIT 2 G FIREZ TG 5 & E1T1E, T REEDR
ERLINTVD LERITHD. 2T, RFEROBKE L THESTREDRS 2 kX
_{1.63001d2 +0.93982d, +18.14225 if d,__ <25um
DOF —

true true true

0.528584>, +19.6337d, +239.18725 if d,,, >25um’

true true

(5.9)

EERAET D, X 5.11 0RO dh#IER(5.9)%E R~ T

126



Z=1—0'08mm
ZE
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Fig. 5.9 Image of calibration particle with diameter of d = 15um for various z. Magnification is 23
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Fig. 5.10 Average intensity value belonging to the 10% percentile normalized by average intensity
value around the particle with diameter of d = 15um as a function of z. The width of the arrow

indicates the depth of field zpor.
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Fig.5.11 Depth of field at 7, = 0.3 for various magnifications.

5.4 REFEDEHAIFE

AHEITIE, BMEFROBRLEE 2, MAEROFHIFELRET S, K512 ITRELHET D F
JE 2 7R BETFNENE Loa 38 KON L B S — &, BEHPRL Ol S— &, K7D HEBRS— ~ D 3
DO/N— MBI SN D, LB S— N T, R 25 > TOZRWER AR D, £ OHE
DSEYEFENE Ly 23K, LEWEZ 1,1 & U CHEE2ARZ —4Et U CRomigii o fm 2+
5. BHRFIZBNT, (53D DRI JE VA ey 28T 5. RO/ S— F T
L, T B L Ly BHN— N TR Z SN DT Thay B E O Ly T, G 2)EER LT

It,i :it([bd,i_l )a (5.10)

min,i

& i BRI O MEIL U EVME L, 23R, BEEGR O R 2 S 5. BRI OPER S— R T
i<,
I

a,0.1 7

ST (5.11)

bd

wUGT- R %, BT RREESN & B LEEBR T 2. X 5.13 1, S o mig &, 7, =0.2,
0.3, 0.35CBTHFIEV (X 5.12) £ THML- L Xt Sk ol & R~3. 1, 230
THIEE, ISR FNEL D Z BRI, VTN A X2 RELTHZENTE
L. LocL7edn s, 1, =03, 035 TlE, WBABL TR LN 5 6, B HIZMMZ/2> T
WHLDONREGND. VTl E R~ % L, oMM TH DEmEiidfim s —E LT
WRWZ LR IND. ZO LD ML, BEBIRREAER D Z &R, WERIRED b
AR O— A2 T2 Z LI k> THND. 22T, Wi i (2B W THIE ¢ %
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C. = md 5 (512)

m,i

EEML, HBEZHWTEAZMHERSZ b O 72 EGRNOBRAT L L E2ELD.
T, WiFwmAOEEEZRT. HEE ald 1l 0L EICHMERD, 1 TOETHS. MBEIC
I AR

¢ <c,, (5.13)
Tt e X, WK FRmARZE L TWRNE L, JIESSRNOLBT 5. X514 1%, MEE
i D3 0.7 £ V/INEL IR AR 23, EmEBIC VT O & D PO O I/ E <, ¢ =07
HHZDHZLET, TOX) R =BT D Z LN TES.
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MBS > TV OV EHR O TABRE I/, 0 Bt
11 ~ G
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Fig.5.12 Procedure of particle size measurement.
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(a) original image

(c) 1,=0.3 (d) 1,=035

Fig.5.13 Original image and extracted particles with various 7, .

Fig. 5.14 Particles with a circularity of 0.7 less.
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5.5 fEFICKBHLE

5.5.1 &

52 \ORSNDEEE A MWT, IR 2 BEE TS MG E rTdlb 4 2. & 5.3 ([l
T ORLESAE BT 2 FBRGM: (ERER T ORE u, BEp, WE T, YIHNRFHER do,
Weber 2 We, EE Mach 2 M,, BB 7LD Mach 28 Ma, Reynolds $¢ Re, ZZER[AIEL N,
E U B Vg b, FEVERET 1) AR L, R 54 XFEBRSEOLETRE AR T, & Weber BUZHIT DK
TR L ORI I E O E ORI 22 <, KRS A TH 57, SIRREDE
KR DBERERIZ G2 DB OVWTHN, BoNBROGEMELZREDD. £2T, £ 5312
ARENDEIE, BIERFHICBWTHEELEETLHZ LT, et s BVIE L IZBT 53R
79 . MARIIT N TKRTHD. RS E LT, BEMENESEShmEED AT (K520
MEMRECAM ACS-1) D5 1% 1280 X 896, i di 1% 50,000 fps Td 5. #EILRFRHIIZ LA L
— P —D PRI L D IRE S, ZAuiE case3 TiX30ns TH Y, flod case 1,2 TiX20ns Th
5. BEEA T 5720, B Loy B UEIEIEFITNE < (K51 2R), R EsiIIER
. D78, IRERIC X o TR S D BMIEREEED 5 b—3 02752 L &7z
5. KS15ITREND LI, ERFEERICBWTENCE > TE T HHEMS, HEL TR
2B BEFE (X, YIZBWTH 7Y vV iEo %

O ={(X,Y)|(~d, <X - X, <d,)A(~d, <Y -Y, <d,) |, (5.14)

L5 2% FERESRX, VYD BT & R S E LT HALE L L, (X, Yu)lXH 7Y » J 8D
OHLZ R, BIEIZIBWT, BRI TR ER D 8.4 58 LIz & TR E T2
AT 72 (304.23)) . A ENTIERMRCIZ X > TR S 5 B m e s s B9 5 7
D, RS TIRHCBIIEAFAE S DALE DK 4 5 T, TR0 5, ) Xa/ldo = 34 DILE Z R
BT 5. V=0L9 5.

t=1.19[ms], t/td = 1.30 ' 10 mm

initial liquid drop

Fig. 5.15 Image of liquid drop breakup and sampling region.
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Table 5.3 Average values of Experimental conditions for measurement of fine droplets for various

microscopic magnifications.

U 02 T do Re h tq
case . We M; M, N
[m/s]  [kg/m’] [C] [mm] X 10* [um] [ms]
1 158 1.80 86.7 2.26 1403 1.31 0.42 3.5 11 1.77  0.82
2 152 1.78 82.7 2.25 1282 1.30 0.40 33 39 096 0.85
3 151 1.81 77.9 2.24 1287 1.30 0.40 34 62 0.53 0.85

Table 5.4 Coefficient variation of Experimental conditions for measurement of fine droplets for various
microscopic magnifications.
case u 02 7> do We M, M, Re ta
1 0.010 0.0057  0.0066 0.034 0.046 0.0027  0.0094 0.040 0.034
2 0.0065  0.0072 0.019 0.028 0.025 0.0020  0.0070 0.024 0.034
3 0.021 0.0078 0.034 0.015 0.050 0.0050 0.018 0.031 0.026

5.5.2 Sauter FHhiR

Sauter YRR (SMD) 1%

z nl.dl.3

SMD =41 (5.15)

9
2
Z nd;
i=1

TEFRSIND. TIT, ISR OEE, nl3BEHR i OEREZNZIURT . K 5.16 [ZRFERFRH]
ta TR STAb S VT RN k- 5 B BAMEBIRERIT I 1 5 Sauter PRI 2 R4, R ORE & &
12, Sauter FEJRIBITIEINT 2 Z LA DD D, 53D 12.5 f5D Sauter PRI T ELEAIR & 0
D3, B 23 fi5 & 46 (5D Sauter FEPRIRITILVMEZFFD. L2 o T, 55 23 5 ThL,
FBEEORBWERBGEOND EZ 2 DN, LML, (538 23 (EORERRIC O W TiEm T 5.

50 5
O magnification is 12.5 (h = 1.77 pm)
401 A magnification is 23 (A= 0.96 um) o A
O magnification is 46 (k= 0.53 pm)
7 30+ . ° AP
E o A 4 g
s ° o
2201 ° 4 B o
o ©0°%aanm
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o o] ﬁ
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Fig. 5.16 Sauter mean diameter as a function of dimensionless time for various magnification.
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5.6 MESM

5.6.1 &

T TINY A R RELTDHEOIL, HVIRLEREZITY. RS5SITERFMEOTHME, £5.6
IXEREM OISR AR, R, o) U (K5.15) IZRiEiE AR TH D, £
S55I0RENDE DI, EREZBEE LT, HERETOWNEZ(LIED 2 &L T, Weber s LD
AL Mach 8t b &85, F72, 3 5.6 0°5 Weber 2035 X OViE 41D Mach £x D ZEEMR N 0.05
T ENEL, FROFEMENE N EDMERIND. REICIHE, AFEMERE A6 OREFZAL
IZOWTHEBEEITH. 22T, MaBEIZHW DR A NS 572018, LB OHFIFEIZ
X tita= £0.5 OWEEFF-ZE 5. BlZIE, t/1s=03 £V ORIESARIL, tita=0.25~0.35 DFEIZH
7Y RIS BE U AR 2 D EAS T 5. IR LIXIEE EBIS TH DA, Bk AR
R (X(4.22) D 10% U T TH L0, ZORMEITEHMET 2 ICH7-> THAESND EEZD
n5.

Table 5.5 Average values of experimental conditions for measurement of fine droplets for various Weber

number.
u Jo)) b do Re h ta
case . We M, M, N

[m/s]  [kgm’]  [C]  [mm] X 10 [um]  [ms]
1 67 1.46 42.6 2.24 204 1.12  0.196 1.21 34 096 2.13
2 108 1.60 63.8 2.19 561 1.20 0292 2.07 44 096 1.24
3 152 1.78 82.7 2.25 1282 1.30 0.402 3.34 39 096 0.854
4 181 1.93 91.7 2.21 1940 1.36 0472 425 51 096 0.676

Table 5.6 Coefficient variation of experimental conditions for measurement of fine droplets for various

Weber number.

Re
case u> op) T do We M M, tq
X 10*
1 0.021 0.0074 0.067 0.020 0.046 0.0022 0.019 0.028 0.029

0.011 0.0071 0.015 0.022 0.033 0.0020 0.010 0.026 0.027
0.0065  0.0072 0.019 0.028 0.025 0.0020  0.0070 0.024 0.034
0.0078  0.0051 0.023 0.018 0.022 0.0020  0.0060 0.018 0.020

AW
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5.6.2 AIEHEREESM

X 517 1%, SEKITHRICEIT 53 5.5 D casel (We=204,M>=0.196) (28T 5, (RFEHERE
FESAR L, 3% 4.2 D case3 DISRALIREEIE (X 42 \RINDHH AT _HEHE->THE) 2/R7.
ZOFRMICBNTIE, K45 LEMERICFROMBALZEE 2R, td = 0.9 (2T, BoriidE
DD TH 7V o THEICERET S, t/6=0.9 ~ 1.3 128 D EHREMEREESMAIIOLE SO E—
7 &R, 2RZE LT, REEARET DI O TR O YA ADOIEN Y NKREL 2D &
NbhNd. K5181F, K43 ITRENDE SNV AL—F—% RNy 754 M LT TRIGEENS,
Weber 273 2.2 X 102 (23T D HRIRMRALOFGERE R A~ d. K518 6, a4 7 MLy RO
T D% O AR X - TR S A2 ORI 1%, A PRI WV THRIK S — N OfEZE (sheet
breakup) TIEAK S0 5 IEH T/ S A OMR R &, BLIETE 72> B AR O 5 iR 23 AR 29 5 (ligament
breakup) Z & TIEAK S 45 HLEGHY R & 2T I 01 DD . R R EE T AR S 41 2 ki i
DRI, HRIK S — N O TIZAL S 4L 2 IR ORI/ N ST, JRAVSIBHRE L7 0.
DI, thty =09 28T 2% 7Y o Z R OBEIRIR DOI1E & A E13HRIK S — R TR S
nNoEEZLND. ZTDHK, thi=1.0~1312BWT, KEERBESMMOE AN T LAOE—7
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(a) film breakup

(b) ligament breakup
Fig. 5.18 Image of liquid drop breakup for We = 2.2 X10?, Re = 1.3 X10*, My = 1.1, M> = 0.19, u, = 68

m/s, pp = 1.2 kg/m?®, T» = 42 °C, dy = 2.3 mm. These images are obtained by pulsed laser backlight
visualization (Fig. 4.3).
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Condition of images of liquid drop breakup is case 4 of table 4.2. (continued)
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Condition of images of liquid drop breakup is case 6 of table 4.2. (continued)
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Fig. 5.22 Mean diameter of fine droplets which are formed by liquid drop breakup as a function of time.
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SR e

(b) liquid fragments derived from parent drop disintegration
Fig. 5.23 Image of liquid drop breakup for We =2.0X 10°, Re =4.4 X 10*, M;= 1.4, M, =0.50, u» = 1.8
X102 m/s, p» = 2.0 kg/m?, T» = 86 “C, dy = 2.3 mm. images are obtained by pulsed laser backlight

visualization (Fig. 4.3).
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Fig. 5.24  Volume probability density distribution of We = 204 (casel of table 5.5) for various time. The

red line show root-normal and log-normal distribution function.
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Fig. 5.25 Volume probability density distribution of We = 561 (case2 of table 5.5) for various time. The

red line show root-normal and log-normal distribution function. (continued)
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Fig. 5.26  Volume probability density distribution of We = 1282 (case3 of table 5.5) for various time. The

red line show root-normal and log-normal distribution function. (continued)
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154



0.08

0.08
—— root-normal pd f —— root-normal pd f
0.07F 0.07F
:5 0.06 :53 0.06
E 0.05F ‘%' 0.05 F
3
Eom £
z E
£ Z
£ 00 :
o
£ £
E 2
60 ) T00 120 40 o 20 40 P m To0 120 140
d [pm] d [pm]
() tta=1.6 () thta=1.7
0.08 0.08
= root-normal pd f —— root-normal pd f
0.07F 0.07F
_:5 0.06 F EL 0.06 F
E it ! r
5 3
£ o004t £
: E
2 0.03 2 0.
-8 a.
5om 5,
2 g
0.01
o0 60 80 0 120 140 60 30 o0 120 140
d [um] d [um]
(k) t/ta=1.8 () t/ta=1.9
0.08 0.08
—— root-normal pd f = root-normal pd f
007} 007
__E_l 0.06 :5 0.06 F
z z
Z 005t g 00sp
3 =
Z 004t Zomt
= z
: E
g 0. g 0.
£ £
g g

Fig. 5.27

60 80 100 120 140

d [um]

(m) t/t4=2.0

0.08

60 80
d [pm]

(n) t/ta=2.1

0.07F

006

0.05

0.04

0.03

volume probability density [1/um]

0.02F

0.01F

0.00

= root-normal pd f

0 60 80

d [pm]
(0) t/ta=2.

2

100

100

Volume probability density distribution of We = 1940 (case4 of table 5.5) for various time. The

red line show root-normal and log-normal distribution function. (continued)

155




57T RVSLYzy bITUDUADER

5281%, A7 T ALV xy U0 OBRBER TR OGNS, EE IS S 7o ig A pRoE
DOFRIAL OB X 2 7R 3. WG S VT2 R BREH T, WRIRIE T ) DRI 41 5 primary breakup
&, EOWMMARITIC L > THKI{k £ 415 secondary breakup % % CTHGHIIETH & 72 5. WRIKBAELD
Wb b B L, WIARREL 2 iR lc L, TOREBE NI TARZRESELZETH
D128, BB 7RO ORLE oA &2 T35 Z L IXEETH D, secondary breakup % FEEE L
TR TR S A 2 PO O RLEE 73 AT TIRINAFIH T 5 &, LAND & 5 72 515 THRAEH)
IR 2 TS Z LR TED.

- 55 1 =OH(1.8)7> 5 primary breakup TIZAL S5 KR X - — /L % 3K 8 T secondary breakup ¢
S 2R E L, WR MR L TIZER S 40 2 Pkl R EE 7341 T2 H T, secondary breakup ©
TR S 0 2 ORI DORLEE AT 2130 Z L BN TED.

c AT T AV xy FT VU OWKERAERIEE ms LT &S <, BRIMbbsED 2 LB
F O A /NS THZENEBETH LD, /S ANVANOELRRSF Y E T —2a Itk b
MRALEdE, =7 7> X b7 b~ A F—OF I L DMRARER RO Hivd. T K 5 Zefiokn
LARTERERS 2 (i 2 T2 RIRBINE ST o A 7 D OBIFEIZ ISV TUE,  / AV & & 3 7o I HE R A
MrdgR ) 72 B3y —n b7 &2 65, LN LMD, secondary breakup T S 41 5 HHl
W ORIEITE um~ $t um & FEFI/N S W2, EEEEMAT CROmIERE O % T3 572
DOITIE, BFREIEFINS S LTRSS, fRELT, WRRFHHEaAINELS. £
ITC, WRRHEI A NEBET 5 72DIZ, primary breakup [XELEEEAEAENTIC & o THEST L,
secondary breakup 1XE7 /L& FHWTIENT 2 HERE 2 5. secondary breakup €7 /L DBH%E
R Y MEDORRFEIZIX, secondary breakup Z At U 72 R MCRIALAZ 33V TR AR S 40 2 TEORIR i DR
ENHTRRST — 2 _R= AN EEZHND.

L EM G, secondary breakup % #E#E U 72 ORI L CHEBL S AU 2 PG OORLEE 5347 T =)
b, AT LV xy bZ UV ORRBERCIIT DRI I K OMER G0 b Bk r 22 ki i
DRLES A 2 TR TE D728, WRIFEMRLIZ 31T DGR ORLE 54 TR A ST 5 2 L 1%
HELRD.

secondary breakup

o 1

- I ° o ©0 °© |

supersonic gas flow liquid clump © 02 ° o

[——2 Q @ oy xS |

I © 0° 1

— Q @ o © 1

= SrLIUES

@0 8 o [} 1

— bow shoc 1S §°°° ° J

— separation shock

— = boundary layer

e R ARy I ARy |

boundary separation

Fig. 5.28 Schematic image of liquid jet breakup in supersonic gas cross flow.

156



HERORIL TIZRL & 20 2 UM ORLEE /3 A O PRI AR T 512007 — 2 2 BT 57
OIT, mERIS & 2 ERBRA L TR & 5 i o/ & 72 IR O 3 A X 231 % Bt 2 e
ST DI ENRDOHND. FDTD, sULVA L—F— & BERET O CRGIIR S & R Lo
22 M RRE Tliie L, BHRALERIC & o TRIFE &2 E 2 I A ENL L T2 ARMTZEIE,  BaRmkiqt
(BT DR TRROMNLICHEIR L2 L WA D, SIS, ML LIEHEFEZAWVT,
T 705 TS 2 BRI D —FB A3 (S DU T OB 2 E L, IR ORLEE 3 ARt 22 B 5 728
U7c. ARBFFED T TEREIH I BAG O SRS 2 B O — ISR O 525, HIEALE 2488 L7k
RaATH T LT, WO D IR 2 SRR W T, il O A EST S 2 EnTE, Ml
TERE F BRI TR S 40 5 B ORLE SR O FRIRPIRETE L LEZEZOND.

5. 7.1 4% D PR

AT TGAEYxy N YT, BRBERRICURIR DR DR (FRRTHTERER] fres) 135 ms LA
TEIFITHELS, ZOFEWRFHORMIC, ek, 2%, 2R & DRE, BREEL Vo loRmiEN b
IR OMETEIRBE R SRR T SEDMENRD D, 22Tk, MRHbIZ L - TR X 2 3 o
ARHE - RBEICE T DRI OW TR S 0, TRIRHTEREH & T 5. Bl O BRI E A
EDE pm~ Bt pm EFFEFITNI Vo), KIRICTERIBHEL TWDH EEZXLBND. £DT7D,
PRI DIRBEI L L AR TIC B W TRBET 2 - — R CET /UMb T2 Z LA TE L. HKEA
BEIZ Lo THRT 2 £ CORRITIKM KT 2720, HORRBERF R 2 AR S 5 7201213
TORRE G 2D VENRDH D, EEEOD secondary breakup TlE, primary breakup T4 U7=4k % 724
A ZOWIRHBRALT 2703, K529 17 END K 91T, FEMME CEZE— A O &
RIS L0 R L S DRI AR ET D Z & T, secondary breakup % B L35, ZEfMRE CE
VTR — Y A XD DRI L U TR S LT ok 2 4 5.29 ORI TRIE L, £ OHIE
fi R BAF B DR AT IEAR TR T & i 2 25 WF ] O RLEE 7341 O RFRIFE 312 % L EiFIR T
X5, T, ABETIE, KRETH ORI S ORIy (7Y v JREIRICEIE L
7o X TOMHIIRFEOFHE) 25 %2 5.

high-speed gas flow

0000 0000

0000 OOQQ  mesurement of
0000 0000 b
0000 - -0000 -
0000 0000 e
0000 0000

O000 0000

Fig.5.29 Schematic image of the scramjet engine and liquid jet breakup in combustor

Sa VNN Ul

157



B 5.30 (X4 Weber #Z351F 2 K WEH ORLE o34 &2 Ry L TR GO RIES A Th H.
530 7225, Weber #0728 204 ZBRE, RESMOE—7 B—2ThH DI LR ON5D. —F5 T, Weber
3204 TiE, BEOE—I7RAONS. 2T, MEEORKBER TSNS, E—2 3
B, R E 2R 75D RE N (5.17G)K)(1) &2 b SRR I CENT 5 &2 5
nb.

ZIT, IS ORI X AL BRI L L0 E S v E B 2D, K531 1Kty = 2.05 1
BIT5, BEMEEZHAWEEEOREERETRT. IFPOE S NOA o757 >OMMETRIZEB
L, ZNENOEMEREZRD L. 61T, HsgeEiE 0.02 ms ORITHEA 72 FEEED O HOIR
OEEEREL, Fhl[dn (EBREE TR HE &g O R 2 R, FHXFHEE &
B D Weber 22 H T 5. T OREE, 5.31 OFHIIETE D Weber 21X F 429 B XL
W15 ThHote. TDOXIIT, WHINED Weber 2IIEF RN E3bnd. Mz T, HHO
BRUCR SN D KE RIS Ao, Bl D Weber 203 204 ORI CIZ 31T 2 Fcf& B
BECIER S 41, ARFEBRCH A DAV L Z L OB EIT LR vz 5.

X532 1%, X530 DKESHNSESLND Sauter ‘IR %2 Weber OB L LCTrd. X
5.32 775 Weber FAMEINT 512240 T, Sauter FEJRIEDN/ NS oo TWDH Z En3bind. £z,
Weber 2003/ N S WVEI TIE, Sauter PRI R E K BLT 52, KEVWGEIKTO Sauter *F-HIHL
BOZEHFIT/INE <, Weber 073 1282 3 L T8 1940 TiIM4a SMD = 16 um TH 5 Z LB,

0.030

0.030

0.025

=4
=3
I
s

2 0,020 = 0020}

0.005

volume probability density [1/um]
e e
= 2
= o
= T T T T T
volume probability density [1/um]
e e ° °
= = = =
=] =) = =2
=] = =) 7y

0.000

25 50 75 100 125 150 175 200 ] 25 50 75 100 125 150 I‘:’S 200
d [um] d [pm]
(a) We =204 (b) We = 561
0.030 0.030 =
_ 0025t o0t L
E - E
= =
Z o00f L Z 0020
Z0015F Z o015t
E 2 [
2 2
£ £
2 0.010F ] 20010k
£ £
E E
~ 0.005  0.005
C"0000 25 50 75 ICE 1 55 IéO 1 ‘:'5 200 C"0000 25 50 75 IbO 1 55 IéO 1 ‘:'5 200
d [um] d [pum]
(c) We = 1282 (d) We = 1940
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Fig. 5.31 Image of fine droplets for Weber number is 204 (casel of table 5.5) at t =4.36 ms, #/t; = 2.05.
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Fig.5.32 Sauter mean diameter of time integration of fine droplet size distribution as a function of Weber

number.
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Fig. 5.33 Combustion time of fine droplets normalized by fluid residence time.
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