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ABSTRACT 
 
 The objective of this research is to study on the characteristics of high-
speed liquid jet injected in condensed media (water) and ambient air. The high-speed 
liquid jets were generated using “impact driven method” in a Horizontal Single Stage 
Powder Gun (HSSPG). To produce the jets by this technique, the liquid contained 
inside a nozzle is driven by the impact of a high-speed projectile. In this study, the 

projectile velocity of 950 ± 30 m/s and 30  conical nozzle having orifice diameter of 
0.7 mm were used for jet generation. Characteristics of 6 liquid types (water, sea 
water, diesel, kerosene, alcohol and gasoline) were described by visualization using a 
high-speed digital video camera with and without shadowgraph technique in normal 
and axial views. From shadowgraph images, the jet body of whole liquid jets was 
quite similar. Jet-generated shock wave, change in shock angle, break-up, atomization 
and vaporization of the jets were obviously observed. The maximum average jet 
velocities in air of water, sea water, diesel, kerosene, alcohol and gasoline were 
1,669.03 m/s, 1,514.17 m/s, 1,453.95 m/s, 1,264.68 m/s, 1,548.58 m/s and 1,634.62 
m/s, respectively, while they in water were 374.24 m/s, 195.00 m/s, 576.41 m/s, 
412.95 m/s, 292.51 m/s and 111.84 m/s, respectively. The maximum average velocity 
of jets injected in water was slower than that in air because the hydrodynamic drag is 
much higher than the aerodynamic drag. Moreover, water-vapor bubble, expansion 
and contraction of the jet-induced bubble, shock wave in water, compressed wave 
and rebound shock wave being generated by water bubble collapse could be 
obviously observed. From the visualization without shadowgraph technique, the 
bubble generation, expansion, contraction and collapse of the bubble were clearly 
seen and easily interpreted, while the shock wave and rebound shock in water could 
not be observed with this visualization. Besides, the generation, expansion and 
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contraction of the bubble were clearly observed and easily interpreted using 
visualization on the axial view, while the shock wave and rebound shock in water 
could not be observed with this visualization as well. The maximum expansion rate 
(Vx, e) and contraction rate ( Vx, c) in x-axis of the bubble are 26.19 m/s and 13.48 m/s, 
respectively, obtained by alcohol jet and kerosene jet, respectively. The maximum 
expansion rate (Vy, e) and contraction rate ( Vy, c) in y-axis of the bubble are 23.34 m/s 
and 13.66 m/s, respectively, obtained by alcohol jet and kerosene jet, respectively. 
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 2.1  [44] 

 

  m/s km/h mph knot 

 15 °C (59 °F) 340 1225 761 661 
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29,000 m -48 °C (-53 °F) 301 1083 673 585 

 

2.1.2   
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dx
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1
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     (2.17) 
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M
RT
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1

2
1

2 C     (2.19) 

 
 0T     pressure reservoir 
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   R    universal gas constant 
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2.4.2  (two stage light gas gun)  

 (piston)  (driver gas) 
   (two stage light 
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 steel diaphragm  

 

 

 2.11  two stage light gas gun 
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x = 0

(4) (5) (6)
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 2.12  powder gun 
 
  2.12  
 (1)  
 (2)  
 (3)  
 (4)  14-68 MPa 
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2.5  (visualization technique) [45] 
  3   

1.  (Shadowgraph technique) 
2.  (Schleren technique) 
3.  (Interferometer technique) 

 
  3  

 2.20 
 

n = function ( )    (2.20) 
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n = 1+
s

     (2.21) 

    

  s  =  0  C  

      =   2.3 
 

  2.3    [45] 
 

Gas  
Air 0.000292 

Nitrogen 0.000297 

Oxygen 0.000271 
Water vapor 0.000254 

Carbon dioxide 0.000451 

 
  y ( /d dy ) 

  y ( /dn dy )  
 

 
2.5.1  (Shadowgraph techniqud)  

  2.13 
 

 
    

2.13 
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 2.20   Shadowgraph 
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2.5.2    (Schlieren technique)  

 Schlieren  2.15  
  

   knife-edge   
Knife-edge   Knife-edge 

  2.16  Knife-edge  

 
 

  2.15   (Schlieren) 
 

Deflected beam        

- brightness increased

Undeflecte

d beam

Deflected beam                      

- brightness 
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Knife-edge
 

 

 2.16  Knife-edge 
 

 
 

 2.17  
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  2.18  (Schlieren system with mirrors) 
 

 2.17  knife-edge 
 y  knife-edge  x 

 x  knife-edge 
 y 

 (Parabolic mirror)  2.18  
 

2.5.3  (interferometer system) 

  2.19  splitter plate  splitter plate 

   
  

 Fringes 
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Path 1

Path 2

Splitter
plate

Screen

p
q

screen
formed on

Fringes

 
 

 2.19  beam splitter 

 
 

 2.20 Mach-Zenhnder interferometer. 
 

  
2.20  Fringes 

  
  Mach-Zenhnder interferometer 

  2.18  
  2.21 

   Shadowgraph 
 Schlieren   Interferometer 

 Fringes  
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             (a)                (b)          (c)  

 2.21  (a) Shadowgraph photograph, 

 (b) Schlieren photograph  (c) Interferometer photograph [51] 
 
2.6  High-speed liquid jet  
  high-speed liquid jet    
 
2.6.1 Water jet cutting technology  

 water jet cutting  
 (supersonic) 

 
   40 

ksi  2   60 ksi 
 Mach no  3  2.22 

 

   
 

  2.22  Water jet cutting technology [46, 47] 
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2.6.2 Water jet cleaning technology  
 water jet cleaning 

 water jet cutting 
 (supersonic)   

water jet cutting  
 1,500-3,500 psi  2.23 

 

  
 

  2.23  Water jet cleaning technology [48] 
 

2.6.3  Needleless technology  
  

  

30%  

  1.3  

 ( )  

  

 (  121 oC  20  

)  

 needle-free injectors (NFIS)  

 (nozzle orifice)  76-360   

  100 

m/s (  )  

 (sharps container) 
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 2.24 Injectors injectors [49] 
 

  
 

 2.25 Jet engine technology [50] 
 
2.6.4 Jet engine technology    
  2.25  Jet engine technology  jet 

 
 compressor  starter  

compressor  compressor  
  12  

 (igniter)  
   

 compressor   
starter  igniters   

 starter  igniters  
 25%  

 (turbine) 
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 compressor   (thrust) 
 

 compressor 
  Jet 

 
 
2.7  High-speed liquid jet 

 

 . .1958, Bowden, F.P.  Brunton, J.H. [37] 

  (high-speed projectile) 

 0.1 cm3  (nozzle)  stainless steel 

 Neoprene  2.28   1-2 mm 

 

 1,200 m/s 

 impact driven method  Bowden and Brunton method 

 2.26  

  

 

 

 

 2.26 Bowden and Brunton method [37] 

 

 . .1992,  H. H. Shi  [15] 
  shock wave  
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 auto-ignition   impact 
driven method  4.5 km/s 

 interferometer 
 2    

  
 

 2 km/s  
 . .1995, T. Obara  [19] 

  3 mm 
 single impact jet  600 m/s 

 polymethyl-methacrylate (PMMA)  15 mm 
 Polyvinylidene Fluoride (PVDF) Film   image-

converter high-speed camera  shock wave, cavitation 
   cavitation 

 
   PMMA  

  PVDF  water-hammer 
 . .2002, K. Pianthong  [51] 

 (high-speed liquid jet)  vertical single-stage powder 
gun   

  Shadowgraph 
   2,195 m/s  2,150 

m/s   
 2,500 m/s 

   . .2003, K. Pianthong 
 [52]  (supersonic 

liquid jet)   single-stage powder 
gun    supersonic 
liquid jet  Shadowgraph 

 2 km/s  
  shock wave 

  pulse  
1   shadowgraph image 

 (CFD)  
shock wave   

  2 
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km/s  110 oC  cetane number  50 
– 100   auto-ignition  H.H. Shi [15] 

 . .2007, A.Matthujak  [53]  (high-
speed liquid jets)   impact driven method 

 vertical two-stage light gas gun  
 optical fiber pressure transducer 

 0.1    
1.24 GPa   10.6 mm × 
10.6 mm 

 holographic interferometry   shock wave 
  holographic interferometry  high speed 

video camera  shadowgraph  5  
      

1.3 km/s  2.3 km/s  
  auto-ignition  

 holographic interferometry  auto-ignition 
  

 . .2550,   [54] 
  (CFD)  

 2     
 1,300 m/s  

 
   CFD 

 
 200 μs  

 
 

  
 

 condensed media   . .1996, Hitoshi 
Soyama  [43]  cavitation 

  shadowgraph-type  
reflective-type  xenon flash  3   horn 
nozzle, canonical nozzle  cylindrical nozzle 

  (pressure-sensitive film) 
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  cavitation 

  
 

 
 cavitation 

    horn nozzle  
 canonical nozzle  

 2009, K. Otani  [55]  
Ho: YAG Laser  

 Shadowgraph   
40 m/s   PVDF needle hydrophone  

 shock wave  22.7 MPa  water vapor bubble 
 shock wave 

  
    

  condensed media
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  3 
 

 
 
3.1  

 impact driven method 
 Bowden and Brunton method  3.1 [37] 

 (high-speed projectile) 
 (nozzle) 

 GPa  
  

 
 Horizontal Single Stage Powder Gun (HSSPG)  3.2 

 

 

 
 

 3.1 Impact driven method  Bowden and Brunton method [37, 38] 
 

3.2  Horizontal single-state powder gun 
 3.2  Horizontal Single Stage Powder Gun (HSSPG) 

  5    
1.  (launcher  powder gun)  

  
(firing pin)   (primer) 

 (smokeless powder) 
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2.  (launch tube)  
 

 8 mm  1.5 m 
 (pressure relief section)  

3.  (pressure relief section) 
 

  40 cm 
 3 mm  4   

4.  (nozzle assembly) 
   

 

1 2 3 4 5

0 1 m
 

(a) 
 

 
(b) 

 

 3.2  (a)  (b)  Horizontal single stage 
powder gun (HSSPG) 
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5.  (test chamber)  5 mm 
 39.5 cm  60 cm  35 cm   

25 mm  
 
3.3  

 3.3  HSSPG 
  0.92 g 
 (cartridge)  10 mm 

  (launcher) 
 3.3(a)   (cartridge) 

 (smokeless powder)  
 (launch tube)  (primer)  

  3.3(b) 
 

 3.3(c) 
 

  3.3(d-e) 
 (  ) 

Primer

Firing pin Launch tubeProjectile

(a)

(b)

(c)

(d)

(e)

CartridgeTrigger

 
 3.3  HSSPG : (a) , (b) , (c) 

 , (d)   (e)  
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Test 

Chamber

Test 

Chamber

Projectile

Launch tube

Pressure relief 

section

Blast pressure 

Compressed air

 
 

 3.4  
 

  3.4  
 (launch tube)  (pressure relief section) 

 
 

 
 

 
 3.5  time of flight method 
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3.4  
 (laser 

beam interruption method)   time of flight method  
 3   sensor  oscilloscope 

  dual trace oscilloscope 
( )  2   1  sensor  1  2 

 2  sensor  2  3  
Sensor  1  2  105 mm  sensor  2  3  33 mm 

 3.5  
 sensor 

  oscilloscope  3.6 
 1  2 

 

t
sV       (3.1) 

 
V       

s    laser beam  1  laser beam  2 
t     oscilloscope 

 
 3.6 

 

  
t
sV 1

1  ;    
s

mV 6

3

1 10)5.132263(
10105  

 
                                                       6.8041V  m/s 

 804.6 m/s 
 

 3.7 
 

  
t
sV 2

2  ;    
s

mV 6

3

2 10)177216(
1033  

 
                                                15.8462V m/s 

 846.15 m/s 
 



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 34
 

 
 

 3.6  laser beam  1  2 ( 1s =105 mm)  
oscilloscope  1 

 

 
 

 3.7  laser beam  2  3 ( 2s =33 mm)  
oscilloscope  2 

t

t 

laser 1 

laser 2 

laser 2 

laser 3 
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3.5  

 4 g, 4.5 g, 5 g, 5.5 g, 6 g, 6.5 g  7 g   3.5 
 laser 3   (g) 

 (m/s)  1s   3.8 
 1s

  721 m/s  
4 g  1,119 m/s  7 g 

 
 

6.1681.1341 gmV      (3.2) 

 

1V     (m/s)  (launch tube) 

gm    

Propellant mass (g)
3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

Pr
oj

ec
til

e 
ve

lo
ci

ty
 (m

/s
)

0

200

400

600

800

1000

1200

1400

V1 =134.1 mg + 168.6
R² = 0.992

 
 

 3.8  1s  
 

 3.9 
 2s  

 873 m/s  4 g 
 1,294 m/s  7 g 
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2.2207.1532 gmV      (3.3) 

 

2V     (m/s)  (test chamber) 

gm    

 

V2 =153.7 mg + 220.2
R² = 0.976

Propellant mass (g)
3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

Pr
oj

ec
til

e 
ve

lo
ci

ty
 (m

/s
)

0

200

400

600

800

1000

1200

1400

 
 

 3.9  2s  
 
3.6  

Horizontal single stage powder gun (HSSPG)  4 g, 4.5 g, 5 g, 5.5 g, 6 
g, 6.5 g  7 g  time of flight method  

 
 721 m/s  873 m/s  1s   (launch tube) 

 2s   (test chamber)   
1,119 m/s  1,294 m/s  1s   (launch tube)  2s  

 (test chamber)  
 1s    6.1681.1341 gmV  

 2s    2.2207.1532 gmV  
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 4 

 

 

 

4.1  

 (high-speed jet) 

 (rain impact)  [1-8]  

    

   [11-36] 

     

[39-41]    

  

 

 

   

 [42-43]   H. Soyama 

 [43]  K. Otani  [55]  

  

  condensed media 

 

 condensed media ( ) 

 

 (High-speed video camera) 

 Shadowgraph  

 

4.2  

 impact driven method [37]  

4.1  (high-speed projectile)  Horizontal 

Single Stage Powder Gun (HSSPG) 

 3  Polymethyl methacrylate (PMMA) 

 15 mm  8.05 mm  4.2(a) 
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  D = 8.1 mm 

 d = 0.7 mm  l = 3 mm  4.2(b) 

 950 30 m/s  5 g (

 3) 

 

Liquid

section
Pressure relief

Projectile Nozzle
chamber

Test
chamber

Test

Liquid jet

Shock wave

 
 

 4.1  (Impact driven method) 

 

 

   (a)                                                  (b) 

 4.2 (a)   (b)  

4.3  (Visualization) 

 (supersonic) 

 ( s) 

  (high-speed digital 
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video camera)  photron  FASTCAM SA5  30,000 fps 

 (shutter speed) 1 s  

Shadowgraph  4.3  (light source) 

 (xenon) 3500/4300 K  (convex lens) 

 (pinhole)   

(parabolic mirror)  30 cm  1.5 m 

 

 

  (plane mirror) 

 19 cm  2   

  

 

Test chamber

Light 

source

PinholeParabolic Mirror

Parabolic Mirror

Convex lens

Mirror

Mirror
Pressure relief 

section

High speed 

video camera  
 

 4.3  Shadowgraph 
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 4.4 

 Shadowgraph   2 

  4.5 

 Shadowgraph 

  2 

 
 

Test chamber

Pressure relief 

section

High speed 

video camera 

Spotlight Spotlight

 
 

 4.4  

Shadowgraph 

 

 
 

 4.5  

Shadowgraph 
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4.4  

 4.6  shadowgraph  (water jet in 

air)   

 12   

 (nozzle)  shock wave  much wave  

  4.6(a-f) 

 250 mm 

 4.6(g-l)  

shock wave  

 250 mm  1,127 m/s  Much number (Ma)  3.3 

 shock wave  992 m/s  Ma  2.7 

 shadowgraph  shock wave 

  shock wave 

 

   

(break up)  (atomization)  (vaporization) 

 shock wave  

 1,669 m/s  Ma  4.9  t = 33 s 

 

1 cm 1 cm

1 cm 1 cm

1 cm 1 cm

1 cm

1 cm

1 cm

1 cm 1 cm 1 cm

(a) t = 33 s (b) t = 67 s (c) t = 100 s

(d) t = 133 s (e) t = 167 s (f) t = 200 s

(j) t = 333 s (k) t = 367 s (l) t = 400 s

(g) t = 233 s (h) t = 267 s (i) t = 300 s

jet
shock wavenozzle

 
 

 4.6  shadowgraph  (water jet in air, Vj , max = 

1,669 m/s, Ma = 4.9) 
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Elapsed time ( s)
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Average jet velocity
Jet penetration distance 

 
 

 4.7  (Average jet velocity and jet 

penetration distance in air)  

 

 4.7  (Average jet 

speed and jet penetration distance in air)  

 33 s   aerodynamic drag 

 (break up)  (atomization)  

(vaporization)  1,669 m/s  67 s 

 

 

4.5  

 Shadowgraph 

   20 

  

 4.8  shadowgraph  (water jet in 

water)   

(  1,669 m/s  33 s )  shock wave 
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 4.8(a)  

hydrodynamic drag  (  Drag= AVCD
2

2
1    1,000 

)  374 m/s  67 s 

 shock wave   1,563 m/s  Mach number  

1.04 (  1,500 m/s)  4.8(b)  shock 

wave  

 

1 cm 1 cm 1 cm 1 cm

1 cm 1 cm 1 cm1 cm

1 cm 1 cm

1 cm 1 cm

1 cm 1 cm

1 cm

1 cm 1 cm

1 cm

(a) t = 33 s (b) t = 67 s (c) t = 367 s (d) t = 700 s

(e) t = 1167 s (f) t = 1900 s (g) t = 2600 s (h) t = 3033 s

(i) t = 4900 s (j) t = 5400 s (k) t = 5433 s (l) t = 5500 s

(m) t = 5900 s (n) t = 6267 s (o) t = 6633 s (p) t = 7000 s

(q) t = 7433 s (r) t = 7467 s (s) t = 7500 s (t) t = 8433 s

1 cm 1 cm

shock wave shock wave water vapor bubble

core jet core jet

compressed wave rebound shock wave

core jet core jet

core jetcompressed wave rebound shock wave

 
 

 4.8  shadowgraph   

(water jet in water, Vj , max = 374  m/s) 
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 water vapor bubble  (atomization) 

 (vaporization)   (expansion)  

4.8(b-d)  4.8(d)  water 

vapor bubble (bubble diameter) 

 bubble (bubble penetration)  

 (jet penetration)  bubble   

 4.8(e)   bubble  47.88 mm  

1,167 s  bubble   

 4.8(f)  bubble  bubble  

 bubble ( )  

 4.8(g)   bubble  57.34 mm 

 2,600 s  22.05 m/s  bubble 

 (core jet)   

 4.8(h,i)  bubble 

  bubble  4.8(j)  

compressed wave  bubble  18.63 mm  5,467 s 

 13.50 m/s  rebound shock wave  4.8(k,l) 

 bubble  bubble 

 cavitation 

 rebound shock wave  1,503 m/s  Mach number  1.00 

 4.8(m)  bubble   

rebound shock wave  water vapor bubble  4.8(m-p) 

 bubble  

  compressed wave, rebound shock wave  shock wave 

 4.8(p-r) 

 water vapor bubble  (  4.8(a-j) 

 rebound shock wave  1,556 m/s  Mach 

number  1.04 

 4.8(r)  rebound shock wave  

bubble   bubble  bubble 

  rebound shock wave 
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  bubble   core jet 

  4.8(s-t)  (Dynamic force) 
 

1 cm 1 cm 1 cm 1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

(a) t = 33 s (b) t = 67 s (c) t = 600 s (d) t = 1133 s

(e) t = 1633 s (f) t = 1800 s (g) t = 1933 s (h) t = 2933 s

(i) t = 3900 s (j) t = 4933 s (k) t = 4967 s (l) t = 5000 s

(m) t = 5433 s (n) t = 5833 s (o) t = 6267 s (p) t = 6667 s

(q) t = 7100 s (r) t = 7133 s (s) t = 7167 s (t) t = 8167 s

precursor bubble water vapor bubble

core jet

core jet core jet

water vapor bubble

bubble cloud bubble cloud

bubble cloud bubble cloud

 
 

 4.9  shadowgraph  
 

 4.9  shadowgraph  (water jet in 

water)  20  4.8  

bubble 

 Shadowgraph  4.8 

 

 water vapor bubble  345 m/s  33 s 

 4.9(a)  4.9(b-d)  bubble  bubble 

  bubble  44.14 

mm  1,633 s   4.9(e)  bubble 

  4.9(f) 
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 4.9(g)  bubble  (Dy)  

64.87 mm  1,967 s  32.97 m/s  bubble 

 4.9(h-j)  4.9(j-l) 

 bubble  28.02 mm  4,800 s 

 13.00 m/s  bubble  

 shadowgraph  4.8(m-r) 

   shadowgraph 

  4.9(m-r)  bubble 

 bubble   

bubble  bubble  

  bubble  4.9(q-s)  bubble 

  4.9(t) 

 4.9  shadowgraph 

 bubble    bubble 

  shadowgraph  

shock wave  rebound shock wave   

Elapsed time, t ( s)
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Bubble penetration 
Jet penetration 
Bubble diameter

DdLj

Lb

 
 

 4.10  bubble  bubble 

 (jet and bubble penetration distance and bubble diameter of water jet in 

water) 
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 4.10  bubble  

bubble   

 3,067 s  52.25 mm 

 bubble  bubble  

  1,166 s 

 47.88 mm  bubble   hydrodynamic 

drag  bubble  1,166 - 5,467 s  

bubble  2,600 s  57.34 mm  bubble 

 5,467 s 

 4.11  shadowgraph  

   20 

  4.11(a-f)  bubble 

  bubble 

 (Dx)  59.75 mm  2,900 s  (Dy)  58.74 mm  

2,867 s  4.11(g)  

bubble  (Dx)  26.83 mm  (Dy)   30.63 mm 

 5,500 s  4.11(h-k)  shadowgraph  

shock wave  rebound shock wave  bubble 

  4.11(l-n)  bubble bubble 

 bubble (bubble cloud) 

   4.11(m)  bubble   4.11(o-s) 

 4.11(t)   bubble  

 bubble  
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1 cm 1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm 1 cm

1 cm 1 cm

1 cm

1 cm

(a) t = 33 s (b) t = 67 s (c) t = 600 s (d) t = 1133 s

(e) t = 1700 s (f) t = 2233 s (g) t = 2867 s (h) t = 3700 s

(i) t = 4567 s (j) t = 5367 s (k) t = 5400 s (l) t = 5433 s

(m) t = 5800 s (n) t = 6167 s (o) t = 6533 s (p) t = 6933 s

(q) t = 7233 s (r) t = 7267 s (s) t = 7300 s (t) t = 8300 s

water vapor bubble

bubble cloud bubble cloud

water vapor bubble

nozzle

 
 

 4.11  shadowgraph   

 

 



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 49

  4.12  (Dx)  (Dy) 

 (bubble diameter Dx and Dy of water jet injected in water) 

 bubble  (Dx)  bubble  (Dy) 

  2,900 s 

 bubble  (Dx)  59.75 mm  (Dy)  

58.74 mm  2,867 s  bubble  5,467 s 

 bubble  (Dx)  bubble  (Dy) 

 bubble  (Dy)  

bubble   bubble  

 2,900 - 5,467 s  

26.84 mm  (Dx)  30.64 mm  (Dy)  bubble 

  bubble  0 - 2,900 s 

 20.60 m/s  (Dx)  0 - 2,867 s  20.48 m/s  (Dy) 

 2,900 - 5,500 s  12.66 m/s  (Dx)  

10.67 m/s  (Dy) 

Elapsed time, t ( s)
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 4.12  (Dx)  (Dy)  

(bubble diameter Dx and Dy of water jet injected in water) 
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4.6   

 

   (water),  (sea water),  (diesel), 

 (kerosene),  (alcohol)  (gasoline) 

 6  4.1 

 Shadowgraph  

 

 4.1  [58] 
 

Liquid 

type 

Molecular 

weight 

(g/mol) 

Density at 

200C 

(kg/m3) 

Kinematics 

viscosity 

200C (cSt) 

Surface 

tension 

at 200C 

(N/m) 

Heat 

capacity 

at 400C 

(J/g0C) 

Latent 

heat 

(kJ/kg) 

Water 

(H2O) 
18 998 1.003 0.0728 4.19 

2,257      

(at 100oC) 

Sea water 

- 
- 1025 1.044 0.07344 3.898 

2,188.8     

(at 100oC) 

Diesel 

(C14H30) 
198 840 1.8 - 4.0 0.0244 1.97 

267.49     

(at 170oC) 

Kerosene 

(C10-C14) 
170 810 1.5 - 2.5 0.0235 2.02 

314.01     

(at 

117.8oC) 

Alcohol 

(CH3OH) 
32 785.1 1.6 0.022 2.3 

896       

(at 90oC) 

Gasoline 

(C5H12) 
114 750 0.5 0.02 2.1 

318.66     

(at 90oC) 
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(a) water jet (Vj , max = 1,669 m/s, Ma = 4.9) 

 
(b) sea water jet (Vj , max = 1,514 m/s, Ma = 4.4) 

 
(c) diesel jet (Vj , max = 1,453 m/s, Ma = 4.2) 

 
(d) kerosene jet (Vj , max = 1,264 m/s, Ma = 3.7) 

 
(e) alcohol jet (Vj , max = 1,548 m/s, Ma = 4.5) 

 
(f) gasoline jet (Vj , max = 1,634 m/s, Ma = 4.8) 

 

 4.13  Shadowgraph  6   

 

  4.13  Shadowgraph  6  

  33-67 s  , ,  

   

   shock 

wave  mach wave   100 s  

second shock wave     
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 K.Pianthong [52] 

   

 

 
(a) water jet (Vj , max = 1,669 m/s, Ma = 4.9) 

 
(b) sea water jet (Vj , max = 1,514 m/s, Ma = 4.4) 

 
(c) diesel jet (Vj , max = 1,453 m/s, Ma = 4.2) 

 
(d) kerosene jet (Vj , max = 1,264 m/s, Ma = 3.7) 

 
(e) alcohol jet (Vj , max = 1,548 m/s, Ma = 4.5) 

 
(f) gasoline jet (Vj , max = 1,634 m/s, Ma = 4.8) 

 

 4.13  Shadowgraph  6   ( ) 

 

  133 – 200 s  

   

shock wave   shock wave (change in shock angle) 
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 shock wave  oblique shock 

 bow shock  

 

 

 
(a) water jet (Vj , max = 1,669 m/s, Ma = 4.9) 

 
(b) sea water jet (Vj , max = 1,514 m/s, Ma = 4.4) 

 
(c) diesel jet (Vj , max = 1,453 m/s, Ma = 4.2) 

 
(d) kerosene jet (Vj , max = 1,264 m/s, Ma = 3.7) 

 
(e) alcohol jet (Vj , max = 1,548 m/s, Ma = 4.5) 

 
(f) gasoline jet (Vj , max = 1,634 m/s, Ma = 4.8) 

 

 4.13  Shadowgraph  6   ( ) 

 

  233 – 300 s  
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(a) water jet (Vj , max = 1,669 m/s, Ma = 4.9) 

 
(b) sea water jet (Vj , max = 1,514 m/s, Ma = 4.4) 

 
(c) diesel jet (Vj , max = 1,453 m/s, Ma = 4.2) 

 
(d) kerosene jet (Vj , max = 1,264 m/s, Ma = 3.7) 

 
(e) alcohol jet (Vj , max = 1,548 m/s, Ma = 4.5) 

 
(f) gasoline jet (Vj , max = 1,634 m/s, Ma = 4.8) 

 

 4.13  Shadowgraph  6   ( ) 

 

  333 – 400 s  

 

   

 

  4.1  
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 (surface tension) 

  

  

 

 

Elapsed time ( s)
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 4.14  (average jet velocity)  6  
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 4.15  (penetration distance)  6  
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  4.14  6    

, , , ,    1,669.03 

m/s, 1,514.17 m/s, 1,453.95 m/s, 1,264.68 m/s, 1,548.58 m/s  1634.62 m/s 

  67 s   

 4.1   

 

 

  6  

     

 213.62 mm, 226.24 mm, 171.18, 135.63 mm, 150.25 mm  181.51 mm 

  4.15  Mach no  

6  4.2  

 

 4.2  

 

Liquid type Maximum average jet 
velocity (m/s) 

Mach no. Jet Penetration distance 
at 167 s (mm) 

Water 1,669 4.9 213 
Sea water 1,514 4.4 226 
Diesel 1,453 4.2 171 
Kerosene 1,264 3.7 135 
Alcohol 1,548 4.5 150 
Gasoline 1,634 4.8 181 

 

4.7   

 

 Shadowgraph 

 Shadowgraph   
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    (a1)        (a2)   (a3)         (a4) 

 (a) water jet (Vj , max = 374  m/s) 

 
    (b1)        (b2)   (b3)         (b4) 

 (b) sea water jet (Vj , max = 195 m/s) 

 
    (c1)        (c2)   (c3)         (c4) 

 (c) diesel jet (Vj , max = 576 m/s) 

 
    (d1)        (d2)   (d3)         (d4) 

 (d) kerosene jet (Vj , max = 412 m/s) 

 
    (e1)        (e2)   (e3)         (e4) 

 (e) alcohol jet (Vj , max = 292 m/s) 

 
    (f1)        (f2)   (f3)         (f4) 

 (f) gasoline jet (Vj , max = 111 m/s) 

 4.16  Shadowgraph  6   
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    (a5)        (a6)   (a7)         (a8) 

(a) water jet (Vj , max = 374  m/s) 

 
   (b5)        (b6)   (b7)         (b8) 

(b) sea water jet (Vj , max = 195 m/s) 

 
   (c5)        (c6)   (c7)         (c8) 

(c) diesel jet (Vj , max = 576 m/s) 

1 cm 1 cm 1 cm 1 cm

t = 1500 s t = 1867 s t = 2300 s t = 3233 s

core jet

 
   (d5)        (d6)   (d7)         (d8) 

(d) kerosene jet (Vj , max = 412 m/s) 

t = 1633 s t = 2067 s t = 2600 s t = 3933 s

core jet

1 cm 1 cm 1 cm 1 cm

 
   (e5)        (e6)   (e7)         (e8) 

(e) alcohol jet (Vj , max = 292 m/s) 

 
   (f5)         (f6)   (f7)         (f8) 

(f) gasoline jet (Vj , max = 111 m/s) 
 

 4.16  Shadowgraph  6  ( ) 
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    (a9)        (a10)   (a11)         (a12) 

(a) water jet (Vj , max = 374  m/s) 

 
    (b9)        (b10)   (b11)         (b12) 

(b) sea water jet (Vj , max = 195 m/s) 

 
    (c9)        (c10)   (c11)         (c12) 

 (c) diesel jet (Vj , max = 576 m/s) 

 
    (d9)        (d10)   (d11)         (d12) 

 (d) kerosene jet (Vj , max = 412 m/s) 

 
    (e9)        (e10)   (e11)         (e12) 

 (e) alcohol jet (Vj , max = 292 m/s) 

 
    (f9)        (f10)   (f11)         (f12) 

 (f) gasoline jet (Vj , max = 111 m/s) 
 

 4.16  Shadowgraph  6  ( ) 
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    (a13)        (a14)   (a15)         (a16) 

 (a) water jet (Vj , max = 374  m/s) 

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

 (b) sea water jet (Vj , max = 195 m/s) 

 
    (c13)        (c14)   (c15)         (c16) 

 (c) diesel jet (Vj , max = 576 m/s) 

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

 (d) kerosene jet (Vj , max = 412 m/s) 

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

 (e) alcohol jet (Vj , max = 292 m/s) 

 
    (f13)        (f14)   (f15)         (f16) 

 (f) gasoline jet (Vj , max = 111 m/s) 

 4.16  Shadowgraph  6  ( ) 


