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(e) alcohol jet

(f9) (f10) (f11) (f12)
(f) gasoline jet
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(a) water jet

(b13) (b14) (b15) (b16)

(b) sea water jet
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() diesel jet

(d13) (d14) (d15) (d16)

(d) kerosene jet

(e13) (e14) (e15) (e16)

(e) alcohol jet

(f13) (f14) (f15) (f16)
(f) gasoline jet
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(a17) (a18) (a19) (a20)

(a) water jet

(b17) (b18) (b19)

(b) sea water jet

(c17) (c18) (c19) (c20)
(c) diesel jet

(d17) (d18) (d19) (d20)

(d) kerosene jet

(e1l?) (e18) (e19) (e20)
(e) alcohol jet

(f17) (f18) (f19) (f20)
() gasoline jet
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JUN 4.25 wansruiianisvenedaves bubble Tunuiueu (average expansion
velocity of bubble in x axial; V, ) ¥8dmas 6 ¥ia 3INFUNUI bubble Minanaws
uiufiwaiausilunisvenediaan lngaziiaduiiviawindu 33 s 593a907A9
[ go’ goj 901 o (2% a R o w = I3 [
waaNeges, Wnela, W1, drduuialedu waziduiin auaiiu lnedanusuvinhu 252.88
m/s, 200.58 m/s, 172.63 m/s, 172.18 m/s, 142.04 m/s Wag 89.44 m/s ANUEWU Laydl
< Y ei A a o - L3 a A
ANULSIluNISVEIEMLadeved bubble MifinanasduLeanegedgian 789890 AB
ndfuufialedu dimega dn ddfuiasazdduiea lnedawindu 26.29 m/s, 2591 m/s,
22.49 m/s, 20.60 m/s, 20.54 m/s uag 20.16 m/s MUY INNITAATANAMANTANIG
o R a a ! < v a Ql'
NENBVDINT 6 ¥TAINATTIT 4.1 Wud1 AnuSIluNsveeimiadeved bubble 7
Ananamsiianuduiusiuanufsin (surface tension) Ao LoAUAIRIAAAIAIAIINST
lun15981863%049 bubble  MARIINEITAEITU Daugddn bubble Ainana ey
= 5 o e Y av v v & 1da v Y v o &
Aanaviiduinaglinanlidulumunnuduiusud v liuiiaenndosiuauduiug
aanan luvagfianusiedelunisaudives bubble  MAnnamstuindiausias
- = S T o o S v o = s H A W
ign sosasunAe 11, drdudiea, dnifuuialedy, weanesed wazumzia lagllAviniu 13.48
m/s, 12.66 m/s, 12.03 m/s, 11.38 m/s, 10.69 m/s Uag 8.70 m/s AUAWU MIELVANE
a YY) < o a a o 1w anw v
Weatuiuanusilun1sveiedives bubble MAAIINAMIRININET LT
JUN 4.26 wanavunidusAugnansues bubble Tukuiueu (bubble diameter in x
axial; D,) VeI 6 ¥ila 1MNFUNUI bubble MARNEMAZARY ) VeumILRUTULD
nar1uly Tngagdivuaduinaudnatsves bubble  adengalinandnainiufies
Uniuing, 41, weaneged wavusuwialeau Man 3,233 s, 2,967 ps, 2,900 ps, 1,633 ps,
1,767 ps wag 1,500 ps mua1du Fellvunadudigudnalsves bubble  Tuwuiueu (D)
WINU 65.19 mm, 60.95 mm, 59.75 mm, 42.78 mm, 39.75 mm uag 38.87 mm ANA1AU

[
[

31NN15ATUIAUANTANINIEAIBVBIEININT 6 ¥TUAIINAITIN 4.1 WU YUA

9

1% 1 6 A a [J A LY v § v = a . A
LEUNIAUENAINYDY bubble MNNIINAININANUFUNUSNUAIIUAIND (surface tension) AD

£
1 =

WaANARIAAMIAUUIAEUNIALENA1909 bubble  MinandvisaziiA1adu Bauddn
bubble TAn a1 azinuLialsduazlimanliiduluamuanuduiusunniivualdud
v ) U o W | & | ) P Y
ADAMADINUAINUFUNUTAINGTT 31NUU bubble I¥ABYS) YUAIAT BINI1TYUANIVBY bubble
JUDUIAFIFANIAT 6,000 ps, 5,467 ps, 5,600 ps, 3,867 ps, 4,000 us uay 3,733 us
dm¥U bubble MAnanavsiuAwa W, Uduine, Yz, woaneses wazuiduuialy
au lnedlvunawduriAugnansingawiniu 31.48 mm, 26.83 mm, 25.01 mm, 21.18 mm,

13.11 mm uag 13.05 mm AUa1AU NTUEURNAUENA19Y83 bubble A¥vgn8fTudnasy
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JUN 4.27 wansmnusilunisvenedives bubble Tuwuafis (average expansion
velocity of bubble in y axial D,) Y@M 6 ¥iln 31NFUNUI bubble MAnaINE
uiufiwaiausilunisvenedigan Ineaziiaduiiviawindu 33 s 593a907A9
¢ 8 o o S S Y (24 a o v = I | v
waaNeges, Wliuie, U1, dnela wavdduuialedu auaiiu lnedanusuvinhu 252.88
m/s, 208.60 m/s, 204.02 m/s, 193.71 m/s, 164.78 m/s Uag 126.69 m/s AUEWU Laydl
< Y ei A a o - L3 a A
ANULSIluNNSVEIEMLadeYed bubble MifinanasduLeaneedgian 789891 AB
ndfuufialedu, dmea, 1, diduing wasddunea lnedawiniu 23.34 m/s, 23.18 m/s,
21.50 m/s, 20.48 m/s, 20.62 m/s way 20.10 m/s MUY INNITAATANAMANTANIG
° Y a a ! < v a Ql'
NENBVDINT 6 ¥TAINATIT 4.1 Wud1 ANISIluNsveneimiadeves bubble 7
Ananamsiianuduiusiuanufsin (surface tension) Ao LioANUAIRIAAAIAIAIINST
lun15981863%049 bubble  MARIINEITAEITU Daugddn bubble  Ainana ey
= 5 o e Y av v v & 1da v Y v o &
Aanaviduinaglinanlidulumunnuduiusud v liuiiaenndesiuauduiug
aanan luvagfianusiedelunisaudives bubble  MAnnamstuindiausias
- = 5 o oa ¢ 5 B o e = H A v
ign seeaenfe Ududiwa weanesed 1 dluuialedu uazimela laglawindu 13.66
m/s, 12.36 m/s, 11.60 m/s, 10.67 m/s, 10.58 m/s k@i 8.75 m/s m/s AUAIRU MIEIMAKa
I [ < o A a (J ' [ 4 J £9
Wwearuiuanusilunisveedives bubble MAAINAIMS AslanaiuIwe
JUN 4.28 uansvunaldusigudnansves bubble Tuuuina (bubble diameter in y
axial; D,) ¥9E99 6 vl I1NFUNUIN bubble MANINTMALARY ) VeEMmILRUTULD
nauly Tngaslivunaduriaudnaiavedwes bubble  niefigainaIndedTuRes
Uniuing, 11, weaneged wavunsuwialeau ian 3,261 ps, 2,967 us, 2,867 ps, 1,867 ps,
1,800 ps wag 1,567 ps mud1du Fellvunadudiaudnaisves bubble  luwuiueu (0,)
WInU 65.69 mm, 61.20 mm, 58.74 mm, 43.58 mm, 38.70 mm uag 36.33 mm ANA19Y
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31NN15ATUIAUANTANINIEAIBVBIEININT 6 ¥TUAIINAITIN 4.1 WU YUA

9

a o

1% 1 6 N A LY v § v = a . A
LEUNIAUENAINYDY bubble MNNIINAININANUFUNUSNUAIIUAIND (surface tension) AD

£
1 =

LﬁammﬁqﬁaaﬂﬁwawumLé’ur;hgms?ﬂmwm bubble ﬁLﬁmmﬂé’W\jq%ﬁmeu faugddn
bubble  TiAnandnsisfutuazirduialeduaglfnadludulunueuduiusudad
wnlufiaenadosiumnuduiusinananiu bubble agAen gusiias Fsn1sgusiaves
bubble udswUIAGIEATIIAT 6,000 ps, 5,467 ps, 5,600 s, 3,867 ps, 4,000 Us kay 3,733
us  @1%3U bubble ﬁLﬁﬂmﬂﬁwvﬁqﬁ;ﬂﬁuﬁma 51, 5ﬁﬂuﬁm, 5’1‘1/1&@, Leanesed uaztnsiu
uhaledu Tnedvunaduriaudnarssigaindu 31.48 mm, 30.63 mm, 24.77 mm, 20.13
mm, 18.45 mm 1ag 13.05 mm AUaIeu mﬂﬁ?ul,ﬁw;h@uéﬂawum bubble AwVENFITY
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NG
Vi m Ao m’lﬁ,JL%LaaEJgﬂfjm“Uaﬁé”]vﬁﬂ, m/s (Maximum average jet velocity)
L, » A0 28¥N15AGOUNGEAY03a1Ws, mm (Maximum jet penetration

distance)

a

Lo,m 78 iwzmim?{aumqqqmaq bubble, mm  (Maximum  bubble
penetration distance)

Vo e RO audilunisuenediadeves bubble luguuesuni, m/s (Average
expansion velocity of bubble in normal axial)

Vi, fe anuilunisgudiade bubble lugsimesund, m/s  (Average
contraction velocity of bubble in normal axial)

Dy m 7O GummLﬁuﬁhquéﬂawﬂ*ﬁmﬁqmﬁum bubble, mm (Maximum bubble
diameter)

Ve R mmL%Iumssuma&fmaﬁ'maﬂ bubble IuLLm&T’Q, m/s (Average
expansion velocity of bubble in y axial)

Voe A9 ﬂfnuﬁﬂumsquﬁuaﬁamaq bubble Tuuwads, m/s (Average
contraction velocity of bubble in y axial)

Dym o vuindusinguinatsniisfigaues bubble Tutuiuau x 9ngusesly
LUILAY, mm (Maximum bubble diameter in x axial)

D, @ GummLé’uﬂh@uéﬂmm*ﬁ’mﬁqmm bubble Tuwuawnu y 3 nyusasiy
UALNY, mm (Maximum bubble diameter in y axial)

Veo fo anuiilunisvenediadeves bubble  Tuuuiuny x nyuuesly
UILLNY, M/s (Average expansion velocity of bubble in x axial)

Vic o mﬂm%ﬂumsquﬁuaﬁ'mm bubble  Tulwiknu x 3NyuNBItY
LUILNU, M/s (Average contraction velocity of bubble in x axial)

V,. 78 audalunsveneiiedses bubble Tunuuny y ANYUBIIULT
LUILNU, M/s (Average expansion velocity of bubble in y axial)

V,. ¢ mwm%ﬂumwuﬁ’m?{mm bubble  Tuwwawnu y nyuuasly

LUILNU, M/s (Average contraction velocity of bubble in x axial)
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4.8 d@yUnan1snaasy

MnnsAnwandnuurressinIiIgereni (water), 1mgia (sea  water),
dsfufiea  (diesel),  1stuRn (kerosene),  woanesad (alcohol) wavtingiuufalady
(gasoline) #anlusnieias condensed media (1) mendevinlennuiigsuiumaile
NN5018AMLUY Shadowgraph wazlildinaila Shadowgraph saudsnisatsniwlukuiunu
Ingldldinaila Shadowgraph wuin

1. 29nAMa18 Shadowgraph maqaﬁ”]w'a‘fﬂua’]mﬂ waglALiunT5IAn Shock wave
fiAnainnsiadeuiivesdrjssoauiiigiosisdaiay Imaé’wﬂaﬁﬂﬁmmL%’;qqqmwhﬁ’u
1,699 m/s (Ma = 4.9) uazdawun1siia second shock wave tag change in shock angle
F9An9n second jet wananiigamunalnnisuanda (break up) msuandudesazess
(atomization) wagn1ssewmenanailule (vaporization) agnsdniau

2. INAMEY Shadowgraph %aﬂﬁ’wiafﬂuﬁw wandliiiunisiin bubble MAnan
é’wﬂaﬁﬂufw slutenalnnisvenedinasgudives bubble Jaaunsnesuiglian
U31n9N1581904 cavitations wenniifsdunmdiu  shock wave, compressed wave,
rebound shock wave a1nMsgUFes bubble luth uazanmedielaglildinadanig
018AIMWUY Shadowgraph wazn1satenislutinugeyiladunalazit langinssumnige
294 bubble laagadaLau

3. anamdgvesdmeiiaie luenie wui Smsihuasimzieddnuazden
grawasdvuanau Tnelduandinduiclnnanisuandifunesazenasnnisnismaass
Turngiidmniiufwauaswoanosedasiivunaillngninditufinfivguasnuifssliuandlf
diudsnsusniududosaressegisdnnu Tasnsuandanfudosaronsiigunsafntufugm
ihifufauazthifuuialedy Fadunamanauiein (urface tension) vesihifufauas
ihifuufaleduiiiniian Tnsnsuandagesuusaienufsiaveswaunaiiias a1nnis
prvtanuinuit djsiifinnuiuedsgagageiiandiofisutuynsinlaeianud
Wiy 1,669.03 m/s (Ma = 4.9) 1ummzﬁé’w§a1§wﬂuﬁmﬁﬂmmLéaLaﬁlaqaqmﬁﬁquﬁaLﬁauﬁu

nnwtialaedausuiniu 1,264 m/s (Ma = 3.7) 1{8a119nANAIRIveNdAE9INI1v84

1%
o w &

Uffufing neanuisivesdgetudennnufisinreveunaigeiy

4. NN ME18Y0ENIuTAA199 Tuin wudn bubble VRN W 6 wtinasdl
anvazilunsinauedieiu witliiwinuazaudalunsiiiangfnssusigg wanensiuldasy
Tupn5199 4.3 Uarann1siarsauInud ANumviaaal (Kinematics viscosity) UagAFaRa

(Surface  tension)  LUuANEANTANIINIEAMVBIVBINAINAATYADAMAN BUZVDIA N

< H
Anasasluu
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U 5

ayunan1sAneLazdatauaLuL

5.1 ayUHanIsAne

nsfnwInAdn YA uaIANIgeidnlusinauarly condensed
media () TusmiAded Taldnmanandmsdemaiafidondt impact driven method 91079
yAABY Horizontal Single Stage Powder Gun (HSSPG) Faflanssauglumsnananiuisives
nazquiuléaeaadl 1,290 m/s Tneldutiudintn 7 ¢ weediuduiusserismiinuesiu
Vufuanuimesnszaululuiemeseufie v, =153.7m, +220.2 TnensAnwnilldnus

vosnszaululunsuananaviiiu 950+ 30 m/s NAuTuWn 5 ¢ Fednaazgndneenuiain
v A Ao . O o (-
MAANLINYUENTINTIY (conical nozzle) yu 30 VUMFABABA (orifice) WINU 0.7 mm
lneandnwuzvesdmaiiinTuiulagnesuiainmsaiennly 3 dnvugde 1) nsatenmn
fendesinlendnuiigs (High-speed digital video camera) saufiunisanannsieimnaia
Shadowgraph 2) n1saneamiendedinlennuiigiluyunesinalaglildinaiia
Shadowgraph  wag 3)  n1saneaIndendesiflonnusgiluwuiunulaelildvada
Shadowsgraph a1 nagvesa1nell (water), Unela (sea water), Unifudwa (diesel),
g o 6V 3 go/ £ 2 a . aa

1n1iufm (kerosene), Loanegod (alcohol) wazusiuuialaau (gasoline) NanluoiniAuag
condensed media (1) a1xnsaasulanadl

1. ainamdne Shadowgraph vesdmisivlueinia uanslifiunisiAn Shock wave
fiinannaiedeuiivesdirafisanuiageegistaau Inedmsidannusigegainfy
1,699 m/s (Ma = 4.9) Lagdanun1sinn second shock wave Wag change in shock angle
§9An97n second jet uananiigamunalnnisuanda (break up) mauandudesazens
(atomization) wagmssemenateilule (vaporization) eegnedniau

2. 9nnnee Shadowgraph vasdniainluth uaesliifiunisiia bubble fAnan
gvjaiirlu sawlufenalanisvenefiuazgudaues bubble  Feanunsaedunsldain
U354 N158lv84 cavitations uenanissdunaiiu shock wave, compressed wave,
rebound shock wave a1nMsgUITes bubble luth wazanaemelaglaldinaianis
8180MMLUU Shadowgraph waznisananiglukuiwnuglsyilidanauazidlangfinssusiag
984 bubble lapgadaiau

3. namaisvesdweiiagineg lueinia wuin dshuazimeaddnunzie
grawazdvuianay Tnelduandinduislnnanisuandiludesazenasnnisnismaaes

Tuvasiamshduiwanazieanegedazdvunafinginindiuifivavasniuandiliuansls
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v o 1

wiansuandalunesarestegataau lnonsuandulurlosazoesfiguusainTuiuains

q

b

°Y a

LY

futauazinrundaleau FadunaniannaumEl (surface tension) a9uNTUAALAY

oY

o 123

ununialeduiidfga lnen1suanfi9sIulInilnnNURRIT0Iu 41aIA1a3 31NN
[ < ! o 8 A I A a 4‘ = v a = <

n733IAANEINUI aahiianaseifagaasiaaieiieuiuynulinlaegianiiuga

Wil 1,669.03 m/s (Ma = 4.9) luvasiiasiniufiaiienuiiedegeaamaadladieuiu

nnetialaedanusuiniu 1,264 m/s (Ma = 3.7) {8au19nAuaIRIvesindaAaintves

1
o @ &

ihifufne Tearudivesdmageduidionanufsinvesmoanargedu

4. Mnamdneasdsianigg Tuth wudt bubble ARINEWI 6 wlnawd
anwasdunsinauedieiu wilvuianazausilunisifangAnssuniee) wnnssiuluagy
Tupm997l 4.3 wazarnnsiiansannudt avamilnaad (Kinematics viscosity) LagAARAIR

(Surface  tension)  LUuANEANTANIINIEAIMYBIVBUNAINAAYADAMAN BULVDIAINT

< H
Anansaslui

5.2 Ualauauue

1. mswannszquiiulildvunauazdmiinfiviiuynnismnaes esinaedinad
A mesnsEguliunazaNuSve s itnEn ¢

2. msinsAnwuieiuyannassfiannsadsnsrauliuldedsioieuazannaily
N3UTENBUYANAGDS

3. msfinsfnwuRsafuanudunszunnvosdmsnsddelu ietnlugnis
Uszgnaldasaiunisinievsennlassainslinea

4. AsinsAnwiaudnvuzvesaaviindug vieveslvaviaduitu Non-

Newtonian fluid nseiaalusinidwazluun



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 89

LONE15D19D9

[1] Methven, T.J., Fairhead, B. “A correlation between rain erosion of perspex specimens
in flight and on a ground rig”. Wear 2 (6), 498 (1959)

[2] Methven, T.J., Fairhead, B. “A correlation between rain erosion of perspex specimens
in flight and on ground rig”. Wear 3 (6), 485 (1960)

[3] King, R.B. “Rain erosion IV An assessment of various materials”. Wear 4 (4), 328
(1961)

[4] Springer, G.S. “Erosion by liquid impact”. Wiley, New York (1976)

[5] Adler, W.F., Hooker S.V. “Rain erosion mechanisms in brittle materials”. Wear 50 (1),
11-38 (1978)

[6] Zwaag, V.D,, Field, J.E. “Rain erosion damage in brittle materials”. Eng Fracture Mech
17 (4), 367-379 (1983)

[7] Adler, W.F. “Waterdrop impact modeling”. Wear 186-187, 341-351 (1995)

[8] Westmark, C., Lawless, G.W. “A discussion of rain erosion testing at the United States
Air Force rain erosion test facility”. Wear 186-187 (2), 384-387 (1995)

[9] Lesser, M., Field, J. “Studies in shock waves, liquid impact, jets and cavitation”. Proc
1 1SSW In: Takayama, K., (ed.), 61-72 (1991)

[10] Bourne, N.K, Field; J.E. “A high-speed photographic study of cavitation damage”. J
App Physics 78, 4423-4427 (1995)

[11] Bowden, F.P. Field, J.E. “The brittle fracture of solids by liquid-impact, by solid
impact, and by shock”. Proc Royal Soc London 282, 331-352 (1964)

[12] Reichman, J.M., Cheung, J.B. “An oscillating water jet deep-kerfing technique”. Int J
Rock mech. Min. Sci. & Geomech. 15, 135-144 (1978)

[13] Vijay, M.M., Brierley, W.H. “Cutting cleaning and fragmentation of materials with high
pressure liquid jets”. Proc 1" U.S. water jet conference, 272-288 (1981)

[14] Kobayashi, R., Arai, T., Yamada, H. “Structure of a high-speed water jet and the
damage process of metals in jet cutting technology”. JSME Int J Series B 31, 53-57 (1988)
[15] Shi, HH., Dear, J.P. “Oblique High-speed liquid-solid impact”. JSME Int J Series | 35
(1992)

[16] Shi, H.H., Field, J.E., Pickles, C.S.J. “High speed liquid impact onto wetted solid
surfaces”. J Fluids Eng 116, 345-348 (1994)



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 90

[17] Yamauchi, Y., Soyama, H., Adachi, Y., Sato, K, Shindo, T., Oba, R., Oshima, R.,
Yamabe, M. “Suitable region of high-speed submerged water jets for cutting and
peening”. JSME Int J Series B 38, 31-38 (1995)

[18] Lesser, M. “Thirty years of liquid impact research: a tutorial review”. Wear 186-187,
28-34 (1995)

[19] Obara, T., Bourne, N.K, Field, J.E. “Liquid-jet impact on liquid and solid surfaces”.
Wear 186-187 (2), 388-394 (1995)

[20] Shi, H.H., Takayama, K., Nagayasu, N. “The Measurement of impact pressure and
solid surface response in liquid-solid impact up to hypersonic range”. Wear 186-187, 352-
359 (1995)

[21] Nakahira, T., Komori, M., Nishida, N., Tsujimura, K. “A study of shock wave
generation around high pressure fuel spray in a diesel engine”. Proc 2" 1SSW In:
Takayama, K., (ed.), 1271-1276 (1991)

[22] Shi, H.H., Takayama, K., Onodera, O. “Supersonic diesel fuel injection through a
single-hole nozzle in a compact gas gun (part 2)”, JSSME Int J Series B 37 (3), 509-516
(1994)

[23] Akiyama, H., Nishimura, H., lbaraki, Y., lida, N. “Study of diesel spray combustion
and ignition using high-pressure fuel injection and a micro-hole nozzle with a rapid
compression machine: improvement of combustion using low cetane number fuel”. JSAE
Review 19, 319-327 (1998)

[24] Lee, S., Tanaka, D., Kusaka, J., Daisho, Y. “Effects of diesel fuel characteristics on
spray and combustion in a diesel engine”. JSAE Review 23 (4), 407-414 (2002)

[25] Shimotani, K., Oikawa, K., Horada, O. Kagawa, Y. “Characteristics of gasoline in-
cylinder  direct injection engine”. JSAE Review 17 (3), 267-272 (1996)

[26] Kamura, H., Takada, K. “Development of in-cylinder gasoline direct injection
engine”. JSAE Review 19 (2), 175-180 (1998)

[27] Alle, J., Hargrave, G. “Fundamental study of in-nozzle fluid flow and its effect on
liquid jet break-up in Gasoline Direct injectors”. ILASS Europ 2000, 14.2-14.5 (2000)

[28] Lee, KH., Lee, CH, Lee, CS. “An experimental study on the spray behavior and
fuel distribution of GDI injectors using the entropy analysis and PIV method”. Fuel 83 (7-
8), 971-980 (2004)

[29] Billig, F. S. “Research on supersonic combustion”. J Propulsion and Power 9 (4), 499-
514 (1993)



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 91

[30] Ferri, A. “Review of problems in application of supersonic combustion”. J Royal
Aero Soc 68, 575-597 (1964)

[31] Rubins, P.M.  “Review of shock-induced supersonic combustion research and
hypersonic applications”. J Propulsion and Power 10 (5), 593-601 (1994)

[32] Adelberg, M. “Breakup rate and penetration of a liquid jet in a gas stream”. AIAA J 5
(8), 1408-1415 (1967)

[33] Catton, I, Hill, D.E., McRae, R.P. “Study of liquid jets penetration in a hypersonic
stream”. AIAA J 6 (11), 2084-2089 (1968)

[34] Kolpin, M.A., Horn, K.P., Reichenbach, R.E. “Study of penetration of a liquid injection
into a supersonic flow”. AIAA J 6 (5), 853-858 (1968)

[35] Horn, K.P., Reichenbach, R.E. “Further experiments on spreading References 205 of
liquids injected into a supersonic flow”. AIAA J 7 (2), 358-359 (1969)

[36] Edelman, R.B., Schmotolocha, S., Slutsky, S. “Combustion of liquid hydrocarbons in
a high-speed air stream”. AIAA J 9 (7), 1357-1364 (1971)

[37] Bowden, F.P., Brunton, JH. “Damage to solids by liquid impact at supersonics
speeds”. Nature 181, 873-875 (1958)

[38] Bowden, F.P., Brunton, JH. “The deformation of solids by liquid impact at
supersonic speeds”. Proc Royal Society London 263 (series A), 433-450 (1961)

[39] Ohki, T., Nakagawa, A., Tominaga, T., Takayama, K. “Experimental application of
Pulsed Ho: YAG laser-induced liquid jet as a novel device for rigid neuroendoscope”.
Laser Surg Med 34, 227 (2004),

[40] Nakagawa, A., Hirano, T., Komatsu, M., Sato, M., Uenohara, H., Ohgawa, H., Kusada, Y.,
Shirane, R., Takayama, K., Yoshimoto, T. “Holmium: YAG laser-induced liquid jet knife:
possible novel method for dissection”. Lasers Surg Med 31, 125 (2002)

[41] Hirono, T., Uenohara, H., Komatsu, M., Nakagawa, A., Satoh, M., Ohyama, H.,
Takayama, K., Yoshimoto, T. “Holmium YAG laser-induced liquid jet dissector: A novel
prototype device for dissection organs without impairing vessels”. Minim Invas Neurosurg
46, 121 (2003)

[42] Iwasaki, M. “Application of Water Jet for Drilling Rocks Undersea”. Turbomachinery
17 (12), 761-767 (1989) (In Japanese)

[43] Soyama H., Yanauchi Y., Sato K, lkohagi T., Oba R. and Oshima R. “High-Speed
Observation of Ultrahigh-Speed Submerged Water Jets”, Experimental Thermal and Fluid
Science 12:411-4162, 1996



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 92

[44) PNITENMAIVINENS AREINEIANERT JIaINTaINNIeNdy. THANE 1. NJUnnNUnIUAT :
PNANTAUMNINGTEY, 2538

[45] Patrick H. Oosthuizen and William E.Carscallen. Compressible fluid flow. USA
:McGRAW-HILL INTERNATIONAL EDITIONS, 1997

46] http://www.optaminerals.com/Water-Jet-Cutting/

a7
a8
49
50
51] Pianthong K. Zakrzewski S.,Behnia M.and Milton B.E. “Supersonic liquid jets:Their

[
[47] http://www.hayes-stolz.com/Iwjpages/lwjhome.html

[48] http://www.acp-micron.com/5699 CO2-Schneestrahl-Reinigung.html?lang=1

[49] http://www.planebuzz.com/2008/06/0il_goes on_a_tear_jet_fuel fo.html

[50] http://commons.wikimedia.org/wiki/File:Jet_engine.svg

[
generation and shock wave characteristics”, Shock Waves 11: 457-466,2002

[52] Pianthong K.,Zakrzewski S.,Behnia M.and Milton B.E. “Characteristics of impact
driven supersonic liquid jets”, Experimental Thermal and Fluid Science 27 589-598,2003
[53] Matthujak A., Hosseini S. H. R., Takayama K., Sun M. and Voinovich P. “High speed
jet formation by impact acceleration method”, Shock Waves 16:405-419,2007

[55] Ohtani, K. Numata, D. Takayama, K. Kobayashi, T. Okatsu, K. “Experimental study of
underwater rock drilling using a pulsed Ho : YAG laser-indued jets”. Shock wave 19, 403-
412 (2009)

(54] ’Jiu‘l’\luﬁ ?Wi’ﬁﬂll ’NNSUEJ ’d‘V]ﬁ’N‘l‘Z} ﬂalfl]‘tﬁ L‘WEJ’TV]EN bbee E]ﬁi@(ﬁ ﬂ‘l/lﬁ‘:]’ﬂg “N1591999
ﬂmaﬂwmymmmwmmwawaL‘waqmmmm” ﬂ’]iﬂiuﬂm’mﬁﬂﬂﬁmi@“mU?ﬁ?ﬂiillLﬂi@\‘lﬂaLm\‘l

Usenelnensed 21,2550.



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 93

AARNUIN N

N13DINLULUUYANNE DY



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 94

Flash Hole & Primer

Cartrldg / Firing Pin Trigger /Body Recoil Spring

2 7 T [y T ,hnlr

é r I

|' (1} Kt

% ?V m ‘
N
SECTION B-b End Cap
SCALED (1.2
ﬁ“Eﬂ | §

5UN n.1 yaudesnszaulu (launcher #58 powder gun)

Rk RsTE
&J @00
POl f————————e Ei
_E l%@8

P e -
l}\ 12 £0.50

1500

- il

sUT 0.2 viedsnszauiu (launch tube)



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 95

[ | e | e

505
lI:':iﬁ.lJIII

0.8

@101.40

i

O :h:’.:-c:g‘_m. Fresane_relife 1

[r— H i

=] =

o H R S Sl ges T Py g g
211 A HOTH AR A D = = TS |
APLTY I INRREAND G R RECRCRRE il 5
‘TR AHEr TITEE = — [ =

1 1
C 1=
i . ~*Test Chamber | *

g‘dﬁ n.4 VeInAaau (test chamber)



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 96

AMMANUIN UV

VURBUNMINAABIBINTTAUTUANSES



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 97

2.1 38vin1snaassdanseguliuauiigs
nneaesBensyauanusigaiieldlunsndndisanuiigaiuluwsastuneunis
naaevinmeaeesAdiiauauvasniowazauasidunsouney Jasgaziden

Tunsymnsnenasesail

.1.1 NM3TWIAVDINTLFULAZNTINVUIAVBINTLHUTY
Weasanuiaveanszaulukazvuinvaanssauduiunuand1aiuiue1ainayinlv
AnuseInszauluiildannsvaaesdinnuuansng seulunismeaesusasassdsdesdingg

Fauarn13ianszaulumnass Aegun ¥.1 uag 2.2

“ =m=mADAM \

sUN 9.1 Fanavesnsyaulu




MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 98

Ul 9.2 Snvunavesnszaudu
2.1.2 N15UT5aNsTgulY
dlovihnsinrunuasdanavensyauiiuuds mnduhnsussynsrauiulngluns
ussllannsoussnsvaudniuUaennszauldlaede fifulsfesdiniesthsussynszauiiu

lpgnsdnlimrionszauiuaInUasnnszgu 5 mm. fa3un 2.3

(a) NEUNTUTIINTLEY (b) Ma9AINNNTUTIYNTEAU
sUN .3 ussansvautu
¥.1.3 M5UTIRAUTY
WRIIINUITINTTAULESILAD Tunaunisussypuduvilalaenistaiminauluse

'
[

wsnstsidneauagldlnsiwes (wi) lnemshndomyla AU v.4




MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 99

JUN ¥4 usseRuluuasinlnsides

< o .
v.1.4 n5LUAsIU laser beam wag oscilloscope

(% '
Y v L4

cs' 2 o ] A o ] ~ ° - a
bUBLAIVVUADUAI ) NHIUUILAT ﬂaucl/]"ﬂ3‘1/]'1ﬂ’]iﬂigﬂ@UﬁmUULsﬂqﬂU%ﬂmﬂﬁaﬂmaﬂﬂJ

9

% I

nslindayayias laser beam wag oscilloscope nnAsslaansBensyaulumeluan Aegui
.5

an
c
=2
@
(S,
=2
o)
€
2

fU10d laser beam azoscilloscope

2.1.5 Usznauyatuy
J 2o S Y o Y o 2/
NntufrinsUseneuyndudniuyanaasdlagusenaulasnnseaudinuniiuau

YosAINdeIneu wadsuseneuyatunldlun1synsuiu Asgun v.6

sUN 2.6 msusznauyatu



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 100

9.1.6 1584
Lﬁmmﬂiu%’umaumi@ﬁmﬂu%’umauﬁﬁmmé’uquqLLazﬁaﬂﬁi’fﬂfnmzﬂmzi’q oK)

tulunsdldldngvaingslnunsesmedeniiievinisfiagaulnuiissegiiainyanaaes

'
v

Usganal -5 m. fagui 0.7 Wunsduaanisveaes a1ntuiinisnsininainuiaiie

oscilloscope §195U7 9.8

e i
WM EY-Mm

”tyq,nm Laser beam 6137 3

3 lb—

(a) AUNUY laser beam UUNLEN9D oscilloscope



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 101

SUN 9.8 (a) funis laser beam Uunti98 oscilloscope Wag (b) Auvtafnns laser

beam

[
i -~ = 2 e

3282119 105 mm. Ye2 419 33 mm.

»

(b) PwrUaRnAa laser beam

sUN 9.8 (a) funis laser beam UuUnti98 oscilloscope Wag (b) AunaRnfs laser

beam (78)



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 102

A139 2.1 AISIeINsEaulunINNIIAaed laser 1 wag laser 2 Svaghng As,

WIAVRY | ASS UIAVDINTZGU | YWIAVDINTZGU | At | As Av
Yu (9) i (9 (mm) (ps) | (mm) (m/s)
1 0.92 8.00 144 105 729.17
4.0 2 0.92 8.00 14351 105 731.71
3 0.92 8.00 1495 | 105 702.34
Aade 721.07
e
1 0.92 8.00 130.5 | 105 804.60
4.5 2 0.92 8.00 134 105 783.58
3 0.92 8.00 13251 105 792.45
Aade 793.45
e
1 0.92 8.00 129.5 1 105 810.81
5.0 2 0.92 8.00 129 105 813.95
3 092 8.00 1275 | 105 823.53
Anade 816.10715
1 0.92 8.00 119 105 882.35
5.5 2 0.92 8.00 113.5 ] 105 925.11
3 0.92 8.00 1149 | 105 921.05
Anade 909.51*5%
1 0.92 8.00 105 105 1000
6.0 2 0.92 8.00 109 105 963.30
3 0.92 8.00 112 105 937.50
Aade 966.93 %50,
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- ﬂ%ll\‘i ma‘uax‘mizqu %mﬂ%a\‘mszqu At AS AV
AIAUBINUY a
- # (9 (mm) (ps) | (mm (m/s)
du (9)
)
1 0.92 8.00 103 | 105 | 1,019.42
2 0.92 8.00 103. | 105 | 1,014.49
6.5
5
3 0.92 8.00 103 | 105 | 1,019.42
Aade 1,017.78
+1.64
-3.29
1 0.92 8.00 945|105 | 1,111.11
7.0 2 0.92 8.00 92 | 105 | 1,141.30
3 0.92 8.00 95 | 105 | 1,105.26
Aade 1,119.2 29
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Aoty | A UIAVBINTEHY VUNNVBINITEU At | As Av
Uu (9) i (9) (mm) (us) | (mm) (m/s)
1 0.92 8.00 37 33 891.89
4.0 2 0.92 8.00 37 33 891.89
3 0.92 8.00 3951 33 835.4
Aade 873.08
“sres
1 0.92 8.00 39 33 846.15
4.5 2 0.92 8.00 36 33 916.67
3 0.92 8.00 37 33 891.89
Aade 884.90
“ars
1 0.92 8.00 355] 33 929.58
50 2 0.92 8.00 35 33 942.86
3 092 8.00 335 ] 33 985.07
Aade 952.50
e
1 0.92 8.00 32 33 1,031.25
5.5 2 0.92 8.00 295 | 33 1,118.64
3 0.92 8.00 315 | 33 1,047.62
Anade 1,065.8 5%
1 0.92 8.00 275 33 1,200
6.0 2 0.92 8.00 28 33 1,178.57
3 0.92 8.00 29 33 1,137.93
Anade 11721755
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