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    (a17)        (a18)   (a19)         (a20) 

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

 
    (b17)        (b18)   (b19)         (b20) 

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

 
    (c17)        (c18)   (c19)         (c20) 

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

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

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

 
    (e17)        (e18)   (e19)         (e20) 

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

 
    (f17)        (f18)   (f19)         (f20) 

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

 4.16  Shadowgraph  6  ( ) 
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  4.16  Shadowgraph  6 

  33 - 67 s  shock wave 

 6  

 6 

  4.16(a3-f3) - 4.16(a4-f4)  water 

vapor bubble  6   

 bubble  

4.16(a5-f5)  bubble 

 1,067 s  

 1,700 s 

  bubble  6  4.16(a6-f6) 

  4.16(a7-f7)  

 1,833 s 

  2,733 s 

  bubble  6  

4.16(a8-f8) - 4.16(a10-f10)  4.16(a11-f11)  6 

  bubble  bubble  4,666 s 

  bubble  5,433 s 

  rebound shock wave  

compressed wave  core jet  

   4 

 ( )   

Shadowgraph  core jet  

 core jet   bubble 

 6  bubble 

 4.16(a12-f12) - 4.16(a16-f16)  compressed wave  

rebound shock wave  4.16(a17-f17) - 4.16(a20-f20) 

  7,000 s 

 7,567 s  
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   (a1)     (a2)   (a3)    (a4) 

 (a) water jet in water 

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

 (b) sea water jet in water 

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

 (c) diesel jet in water 

1 cm 1 cm 1 cm 1 cm

t = 33 s t = 67 s t = 667 s t = 1267 s

precursor bubble water vapor bubble

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

 (d) kerosene jet in water 

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

 (e) alcohol jet in water 

1 cm 1 cm 1 cm 1 cm

t = 33 s t = 67 s t = 333 s t = 567 s

precursor bubble water vapor bubbleprecursor bubble

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

 (f) gasoline jet in water 

 4.17  shadowgraph  6   



MGR5180046 : Investigation on Characteristics of High-Speed Liquid Jet in Condensed Media | 64

1 cm 1 cm 1 cm 1 cm

t = 1633 s t = 1800 s t = 1933 s t = 2933 s

core jetwater vapor bubble

 
   (a5)     (a6)   (a7)    (a8) 

 (a) water jet in water 

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

 (b) sea water jet in water 

1 cm 1 cm 1 cm 1 cm

t = 967 s t = 1933 s t = 2900 s t = 3767 s

water vapor bubble water vapor bubble core jet

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

 (c) diesel jet in water 

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

 (d) kerosene jet in water 

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

 (e) alcohol jet in water 

1 cm 1 cm 1 cm 1 cm

t = 833 s t = 1900 s t = 2967 s t = 3867 s

water vapor bubble water vapor bubble core jet

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

 (f) gasoline jet in water 
 

 4.17  shadowgraph  6  ( ) 
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   (a9)     (a10)   (a11)    (a12) 

 (a) water jet in water 

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

 (b) sea water jet in water 

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

 (c) diesel jet in water 

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

 (d) kerosene jet in water 

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

 (e) alcohol jet in water 

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

 (f) gasoline jet in water 
 

 4.17  shadowgraph  6  ( ) 
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   (a13)     (a14)   (a15)    (a16) 

 (a) water jet in water 

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

 (b) sea water jet in water 

1 cm 1 cm 1 cm 1 cm

t = 5900 s t = 6300 s t = 6667 s t = 7067 s

bubble cloud

bubble cloud

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

 (c) diesel jet in water 

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

 (d) kerosene jet in water 

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

 (e) alcohol jet in water 

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

 (f) gasoline jet in water 
 

 4.17  shadowgraph  6  ( ) 
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   (a17)     (a18)   (a19)    (a20) 

 (a) water jet in water 

 
   (b17)     (b18)   (b19)    (b20) 

 (b) sea water jet in water 

 
   (c17)     (c18)   (c19)    (c20) 

 (c) diesel jet in water 

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

 (d) kerosene jet in water 

 
   (e17)     (e18)   (e19)    (e20) 

 (e) alcohol jet in water 

 
   (f17)     (f18)   (f19)    (f20) 

 (f) gasoline jet in water 

 4.17  shadowgraph  6  ( ) 
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  4.17  shadowgraph  6 

  4.16  4.17 

  4.17  

bubble  Shadowgraph    4.17(a1) 

 4.16(a1)    
 4.18  (average jet velocity in water)  6  

   , , 

,     576.41 m/s, 412.95 

m/s, 374.24 m/s, 292.51 m/s, 195.00 m/s  111.84 m/s  

 33 s  

hydrodynamic drag  6  4.1 

  (Kinematics viscosity)  
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 4.18  (average jet velocity in water)  6  
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 4.19  (jet penetration distance in water)  6  
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 4.20  bubble (average bubble velocity)  6  

 

 4.20  bubble (average bubble velocity) 

 6    bubble 
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  , , ,    

 585.02 m/s, 438.76 m/s, 369.94 m/s, 352.73 m/s  344.13 m/s  

 6  4.1  

 (surface tension)  

 

  bubble  
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 (surface tension)  
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 4.21  bubble (bubble penetration distance; Lb)  

6  

 

 4.21  bubble (bubble penetration distance; Lb) 

 6   bubble , , , , 

     bubble 

 1,167 s, 1,067 s, 1,100 s, 1,500 s, 1,633 s  1,700 s  

 47.88 mm, 36.99 mm, 61.93 mm, 35.48 mm, 36.99 mm 
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 25.80 mm   bubble   

 bubble   , 

,    

 6  4.1   bubble 

 (Kinematics viscosity)  
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 4.22  bubble (average expansion velocity of bubble) 

 6  

 

 4.22  bubble (average expansion 

velocity of bubble)  6   bubble 

  33 s  , , 

,    361.33 m/s, 318.32 m/s, 

275.30 m/s, 206.47 m/s, 177.76 m/s  176.36 m/s  

 bubble    , , 

,    22.36 m/s, 22.05 m/s, 19.71 m/s, 
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19.31 m/s, 18.40 m/s  17.40 m/s  

 6  4.1   

(surface tension)   
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 4.23  bubble (bubble diameter; Dd)  6  
 

 4.23  bubble (bubble diameter; Dd) 

 6    bubble   , 

, ,   2,567 s, 2,333 s, 

2,633 s, 2,633 s 2,600 s  1,867 s   57.34 mm, 

52.18 mm, 51.90 mm, 48.17 mm, 48.46 mm  36.32 mm  

 6  4.1   

bubble  (surface tension)  

 bubble  

  bubble 

 5,500 s, 5,167 s, 4,667 s, 5,100 s, 5,233 s  5,000 s  
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 bubble   , 

, ,   

 6  4.1   bubble 

 (surface tension)  

 bubble   bubble 

 

 

 Shadowgraph  

 

Shadowgraph  6 

 4.24   33-67 s (  4.24(a1-f1)  4.24(a2-f2)) 

bubble  6    

 4.24(a3-f3)  4.24(a4-f4)  bubble 

  bubble   bubble 

     bubble 

    bubble   

4.24(a5-f5) - 4.24(a6-f6)  bubble  4.24(a7-f7) 

  1667 s 

 bubble  bubble 

  2867 s 

  bubble  6  4.24(a8-f8) - 4.24(a11-f11) 

 4.24(a12-f12)  6  

 bubble  bubble  3767 s 

  bubble  6133 s 

  bubble  bubble 

 bubble (bubble cloud)  4.24(a13-f13) - 4.24(a16-f16) 

   bubble  

 4.24(a17-f17) - 4.24(a20-f20) 
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               (a1)                 (a2)            (a3)         (a4) 

 (a) water jet 

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

 (b) sea water jet 

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

 (c) diesel jet 

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

 (d) kerosene jet 

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

 (e) alcohol jet 

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

 (f) gasoline jet 

 4.24  Shadowgraph  6  
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1 cm 1 cm 1 cm 1 cm

t = 1700 s t = 2233 s t = 2867 s t = 3700 s

water vapor bubble

 
               (a5)              (a6)           (a7)         (a8) 

 (a) water jet 

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

 (b) sea water jet 

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

 (c) diesel jet 

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

 (d) kerosene jet 

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

 (e) alcohol jet 

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

 (f) gasoline jet in 

 4.24  Shadowgraph  6  

 ( ) 
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               (a9)              (a10)          (a11)         (a12) 

 (a) water jet 

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

 (b) sea water jet 

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

 (c) diesel jet 

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

 (d) kerosene jet 

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

 (e) alcohol jet 

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

 (f) gasoline jet 
 

 4.24  Shadowgraph  6  

 ( ) 
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               (a13)              (a14)          (a15)         (a16) 

 (a) water jet 

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

 (b) sea water jet 

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

 (c) diesel jet 

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

 (d) kerosene jet 

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

 (e) alcohol jet 

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

 (f) gasoline jet 
 

 4.24  Shadowgraph  6  

 ( ) 
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               (a17)              (a18)          (a19)         (a20) 

 (a) water jet 

 
               (b17)              (b18)          (b19)         (b20) 

 (b) sea water jet 

 
               (c17)              (c18)          (c19)         (c20) 

 (c) diesel jet 

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

 (d) kerosene jet 

 
               (e17)              (e18)          (e19)         (e20) 

 (e) alcohol jet 

 
               (f17)              (f18)          (f19)         (f20) 

 (f) gasoline jet 

 4.24  Shadowgraph  6  

 ( ) 
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 4.25  bubble  (average expansion velocity of 

bubble in x axial; Vx )  6  
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 4.26  bubble  (bubble diameter in x axial; Dx) 

 6  
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 4.25  bubble  (average expansion 

velocity of bubble in x axial; Vx )  6   bubble 

  33 s  

, , ,     252.88 

m/s, 200.58 m/s, 172.63 m/s, 172.18 m/s, 142.04 m/s  89.44 m/s  

 bubble    

     26.29 m/s, 25.91 m/s, 

22.49 m/s, 20.60 m/s, 20.54 m/s  20.16 m/s  

 6  4.1   bubble 

 (surface tension)  

 bubble   bubble 

  bubble 

  , , ,    13.48 

m/s, 12.66 m/s, 12.03 m/s, 11.38 m/s, 10.69 m/s  8.70 m/s  

 bubble  

 4.26  bubble  (bubble diameter in x 

axial; Dx)  6   bubble  

  bubble  

, ,    3,233 s, 2,967 s, 2,900 s, 1,633 s, 

1,767 s  1,500 s   bubble  (Dx) 

 65.19 mm, 60.95 mm, 59.75 mm, 42.78 mm, 39.75 mm  38.87 mm  

 6  4.1  

 bubble  (surface tension)  

 bubble   

bubble 

  bubble    bubble 

 6,000 s, 5,467 s, 5,600 s, 3,867 s, 4,000 s  3,733 s 

 bubble  , , ,  

  31.48 mm, 26.83 mm, 25.01 mm, 21.18 mm, 

13.11 mm  13.05 mm   bubble  
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 4.27  bubble  (average expansion velocity of 

bubble in y axial Dy)  6  
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 4.28  bubble  (bubble diameter in y axial; Dy) 

 6  
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 4.27  bubble  (average expansion 

velocity of bubble in y axial Dy)  6   bubble 

  33 s  

, , ,     252.88 

m/s, 208.60 m/s, 204.02 m/s, 193.71 m/s, 164.78 m/s  126.69 m/s  

 bubble    

, , ,    23.34 m/s, 23.18 m/s, 

21.50 m/s, 20.48 m/s, 20.62 m/s  20.10 m/s  

 6  4.1   bubble 

 (surface tension)  

 bubble   bubble 

  bubble 

        13.66 

m/s, 12.36 m/s, 11.60 m/s, 10.67 m/s, 10.58 m/s  8.75 m/s m/s  

 bubble   

 4.28  bubble  (bubble diameter in y 

axial; Dy)  6   bubble  

  bubble  

, ,    3,261 s, 2,967 s, 2,867 s, 1,867 s, 

1,800 s  1,567 s   bubble  (Dy) 

 65.69 mm, 61.20 mm, 58.74 mm, 43.58 mm, 38.70 mm  36.33 mm  

 6  4.1  

 bubble  (surface tension)  

 bubble   

bubble 

 bubble    

bubble  6,000 s, 5,467 s, 5,600 s, 3,867 s, 4,000 s  3,733 

s  bubble  , , ,  

  31.48 mm, 30.63 mm, 24.77 mm, 20.13 

mm, 18.45 mm  13.05 mm   bubble 

  4.3 
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 Vaj, m   , m/s (Maximum average jet velocity) 

 Lj, m  , mm (Maximum jet penetration 

distance) 

 Lb, m   bubble, mm (Maximum bubble 

penetration distance) 

 Vb, e   bubble , m/s (Average 

expansion velocity of bubble in normal axial) 

 Vb, c   bubble , m/s (Average 

contraction velocity of bubble in normal axial) 
 Dd, m   bubble, mm (Maximum bubble 

diameter) 

 Vd,e   bubble , m/s (Average 

expansion velocity of bubble in y axial) 

 Vd,c    bubble , m/s (Average 

contraction velocity of bubble in y axial) 
 Dx, m   bubble  x 

, mm (Maximum bubble diameter in x axial) 
 Dy, m   bubble  y 

, mm (Maximum bubble diameter in y axial) 

 Vx, e   bubble  x 

, m/s (Average expansion velocity of bubble in x axial) 

 Vx, c   bubble  x 

, m/s (Average contraction velocity of bubble in x axial) 

 Vy, e   bubble  y  

, m/s (Average expansion velocity of bubble in y axial) 

 Vy, c   bubble  y 

, m/s (Average contraction velocity of bubble in x axial) 
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4.8  
 (water),  (sea water), 

 (diesel),  (kerosene),  (alcohol)  

(gasoline)  condensed media ( ) 

 Shadowgraph  Shadowgraph 

 Shadowgraph  

1.  Shadowgraph   Shock wave 

  

1,699 m/s (Ma = 4.9)  second shock wave  change in shock angle 

 second jet  (break up)  

(atomization)  (vaporization)  

2.  Shadowgraph   bubble 

  bubble 

 cavitations  shock wave, compressed wave, 

rebound shock wave  bubble  

 Shadowgraph  

 bubble  

3.    

  

 

  (surface tension) 

  

 

 1,669.03 m/s (Ma = 4.9) 

 1,264 m/s (Ma = 3.7) 

  

4.    bubble  6 

  

 4.3   (Kinematics viscosity)  

(Surface tension) 
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 5 
 

 

 

5.1  
 condensed 

media ( )   impact driven method 
 Horizontal Single Stage Powder Gun (HSSPG) 

 1,294 m/s  7 g 
 2.2207.1532 gmV  

 950 30 m/s  5 g 
 (conical nozzle)  30o  (orifice)  0.7 mm 

 3  1) 
 (High-speed digital video camera)  

Shadowgraph 2)  
Shadowgraph  3)  
Shadowgraph  (water),  (sea water),  (diesel), 

 (kerosene),  (alcohol)  (gasoline)  
condensed media ( )  

1.  Shadowgraph   Shock wave 

  

1,699 m/s (Ma = 4.9)  second shock wave  change in shock angle 

 second jet  (break up)  

(atomization)  (vaporization)  

2.  Shadowgraph   bubble 

  bubble 

 cavitations  shock wave, compressed wave, 

rebound shock wave  bubble  

 Shadowgraph  

 bubble  

3.    
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  (surface tension) 

  

 

 1,669.03 m/s (Ma = 4.9) 

 1,264 m/s (Ma = 3.7) 

  

4.    bubble  6 

  

 4.3   (Kinematics viscosity)  

(Surface tension) 

   

 

5.2  
 1.  

 

 2.  

 

 3.  

 

 4.   Non-

Newtonian fluid  
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 .1  (launcher  powder gun) 

 

 
 

 .2  (launch tube) 



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

 
 

 .3  (pressure relief section) 

 

 
 

 .4  (test chamber) 
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  .4   

.1.4   laser beam  oscilloscope 
 

 laser beam  oscilloscope   

.5 

 

   
 

  .5   laser beam oscilloscope 

 
.1.5   

   .6 

 

   
 

  .6   
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.1.6   
 

 4-5 m.  .7   

oscilloscope  .8 

 

   
 

  .7   
 

 
 

(a)  laser beam  oscilloscope 

 Laser beam  2 

 Laser beam  1 

 Laser beam  3 
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  .8  (a)  laser beam  oscilloscope  (b)  laser 

beam 

 

 
 

(b)  laser beam 

 

  .8  (a)  laser beam  oscilloscope  (b)  laser 

beam ( ) 

 

 

 

Laser beam  1 Laser beam  2  

  33 mm. 

Laser beam  3  

  105 mm. 
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  .1   laser 1  laser 2  1s  

 

 (g)  
 

(g) (mm) 
t  

( s) 
s  

(mm) 
v  

(m/s) 
1 0.92 8.00 144 105 729.17 

2 0.92 8.00 143.5 105 731.71 4.0 

3 0.92 8.00 149.5 105 702.34 

 721.07 
64.10
73.18  

1 0.92 8.00 130.5 105 804.60 

2 0.92 8.00 134 105 783.58 4.5 

3 0.92 8.00 132.5 105 792.45 

 793.45 
06.11

96.9  

1 0.92 8.00 129.5 105 810.81 

2 0.92 8.00 129 105 813.95 5.0 

3 092 8.00 127.5 105 823.53 

 816.10 43.7
29.5  

1 0.92 8.00 119 105 882.35 

2 0.92 8.00 113.5 105 925.11 5.5 

3 0.92 8.00 114.9 105 921.05 

 909.51 6.15
16.27  

1 0.92 8.00 105 105 1000 

2 0.92 8.00 109 105 963.30 6.0 

3 0.92 8.00 112 105 937.50 

 966.93 07.33
43.29  
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  .1   laser 1  laser 2  1s  ( ) 

 

 (g)  
 

(g) (mm) 
t  

( s) 
s  

(mm
) 

v  
(m/s) 

1 0.92 8.00 103 105 1,019.42 

2 0.92 8.00 103.

5 

105 1,014.49 
6.5 

3 0.92 8.00 103 105 1,019.42 

 1,017.78
64.1
29.3  

1 0.92 8.00 94.5 105 1,111.11 

2 0.92 8.00 92 105 1,141.30 7.0 

3 0.92 8.00 95 105 1,105.26 

 1,119.2 07.22
97.13  
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 .2  laser 2  laser 3  2s  

 

 (g)  

 

(g) (mm) 

t  

( s) 

s  

(mm) 

v  

(m/s) 

1 0.92 8.00 37 33 891.89 

2 0.92 8.00 37 33 891.89 4.0 

3 0.92 8.00 39.5 33 835.4 

 873.08 
81.18
64.37  

1 0.92 8.00 39 33 846.15 

2 0.92 8.00 36 33 916.67 4.5 

3 0.92 8.00 37 33 891.89 

 884.90 
77.31
75.38  

1 0.92 8.00 35.5 33 929.58 

2 0.92 8.00 35 33 942.86 5.0 

3 092 8.00 33.5 33 985.07 

 952.50 
57.32
92.22  

1 0.92 8.00 32 33 1,031.25 

2 0.92 8.00 29.5 33 1,118.64 

 

5.5 

3 0.92 8.00 31.5 33 1,047.62 

 1,065.8 8.52
59.34  

1 0.92 8.00 27.5 33 1,200 

2 0.92 8.00 28 33 1,178.57 6.0 

3 0.92 8.00 29 33 1,137.93 

 1,172.1 83.27
24.34  
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 .2  laser 2  laser 3  2s  ( ) 

 

 (g)  
 

(g) (mm) 
t  

( s) 
s  

(mm
) 

v  
(m/s) 

1 0.92 8.00 27 33 1,222.22 

2 0.92 8.00 27.5 33 1,200.00 6.5 

3 0.92 8.00 27 33 1,222.22 

 1,214. 

8 41.7
81.14  

1 0.92 8.00 25.5 33 1,294.12 

2 0.92 8.00 25 33 1,320.00 7.0 

3 0.92 8.00 26 33 1,269.23 

 1,294.4 55.25
22.25  
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