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1.  

 

[1-1]  

ONB Onset of Nucleate Boiling OSV Onset of Significant Void
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1  

[1-1] 25 2 

26 3  
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2.  

 

2.1.  

H25 2

[2-1] 2-

1 2-3 2

(water supply tank) 5 kW

12.5 LPM 0.4 

MPa

5 kW

0

1.5 LPM 0.1% RD 0.4 10 LPM 0.8% RD 2
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2-2  

 

 
2-3  
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2.2.  

2-4 2-6 2-5

ITO

2

2-6 34 mm

300 mm 5 mm 290×10mm

ITO 170mm Au/Ni/Cr

ITO

ITO Al2O3

ITO 2-6

ITO 650V

7.7A 5kW 2-2 2-5

14 mm 10 mm

2-4

LED IDT LED 120 Photron  

Fastcam Max Fastcam Mini

Xenics, Onca-MWIR-InSb

 

2-7

4 m 85%

 

 

 
(a)  (b)  

2-4  



2-4 
 

 

 
2-5  

 

 

 

2-6  

300

ITO film20

17060 60

Electrode Electrode
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2-7  [2-2] 

 

2.3.  

2-4

3000 fps

0.25 ms 30 m/pixel ITO

2-8 2 ITO

 

 

 
2-8  
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2-9

10 mm 30 mm 200 m/pixel 1680 fps

3.6 4.9 m 2-9(a) ITO

2-9(b)

90 93

88 2 5 K  

 

 
(a)  

 

(b)  

2-9  

 

2.4.  

Keyence, VH-5500 2-

10 ITO Al2O3
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Fibro, PG-X+

2-11 20 30

ITO

72  

 

     

     
2-10  

 

 
2-11  

 

2.5.  

 

 

(1)  
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(2) 20  

(3)  

(4)  

(5)  

(6)  

(7)  

(8)  

(9)  

(10)  

(11) ITO

0.2 A  

(12)  

(13) (9) (12)  

(14)  

 

2 PC

18  
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K

0 0.6 MPa 0.25% F.S.

0 2 kPa 1% F.S.

0 1.5 LPM 0.1% R.D. 0.4 10 LPM 0.8% R.D.

 

 

2.6.  

2-12  

 

 
(a) IR  (Xenics, Onca-MWIR-InSb) (b)  (Photron, Fastcam Mini) 

 
(c) LED IDT LED 120  (d) CADAC 3

 
(e) Fibro, PG-X+  (f)  (Keyence, VH-5500) 

2-12 2014  
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2  

 

[2-1] 25 2

(2014). 

[2-2] http://www.ogura-indus.co.jp/material/ 



3-1 
 

3.  

 

3.1.  

3-1 P

108 149 kPa G 280 700 kg/m2s qw

Tsub qw = 8 760 kW/m2, Tsub 

= 9 40 K RUN 81

87

3-1 ddeparture

ddeparture

3-1

1 mm  

 
3-1  

RUN P 
(kPa) 

G 
( ) 

 
( ) 

Tsub 
(K) 

ddeparture 
(mm) 

 
(deg) Camera*

1 120 424 335 9.3 1.04 20 A 
2 120 419 456 9.0 1.20 20 A 
3 120 416 582 8.9 1.21 20 A 
4 120 423 333 14.0 0.92 20 A 
5 120 423 455 14.2 1.11 20 A 
6 121 424 580 14.2 1.12 20 A 
7 120 427 334 19.0 0.84 20 A 
8 120 424 456 19.1 1.04 20 A 
9 120 426 583 19.1 0.99 20 A 

10 120 428 333 28.7 0.48 20 A 
11 121 430 455 28.8 0.75 20 A 
12 120 427 583 28.1 0.75 20 A 
13 121 431 455 39.9 0.53 20 A 
14 121 433 581 39.6 0.62 20 A 
15 146 709 328 9.1 0.41 20 A 
16 146 715 449 8.9 0.61 20 A 
17 146 712 577 9.1 0.79 20 A 
18 146 709 448 14.2 0.59 20 A 
19 146 709 450 18.7 0.44 20 A 
20 147 713 577 18.6 0.70 20 A 
21 147 716 450 28.5 0.24 20 A 
22 147 716 580 29.4 0.40 20 A 
23 149 720 580 39.2 0.28 20 A 
24 132 568 327 9.4 0.78 20 A 
25 132 564 447 9.2 0.98 20 A 
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26 132 566 572 9.4 0.96 20 A 
27 132 564 327 14.4 0.47 20 A 
28 133 569 443 13.7 0.97 20 A 
29 133 575 327 19.3 0.54 20 A 
30 133 570 448 19.2 0.73 20 A 
31 133 571 574 19.1 0.83 20 A 
32 133 577 449 29.4 0.52 20 A 
33 133 575 572 29.1 0.74 20 A 
34 135 578 448 39.7 0.26 20 A 
35 134 575 573 38.9 0.35 20 A 
36 112 278 130 9.5 0.41 20 A 
37 112 280 204 9.8 0.84 20 A 
38 112 276 326 9.7 1.37 20 A 
39 112 280 447 9.5 1.52 20 A 
40 113 286 555 9.7 1.42 20 A 
41 115 296 172 15.7 0.78 20 A 
42 115 293 199 15.8 0.88 20 A 
43 115 291 271 15.9 1.30 20 A 
44 115 290 320 15.6 1.17 20 A 
45 116 281 380 15.5 1.47 20 A 
46 116 287 441 15.6 1.29 20 A 
47 114 280 505 16.6 1.45 20 A 
48 114 282 196 20.4 0.44 20 A 
49 115 282 262 20.1 1.61 20 A 
50 114 282 314 20.1 1.48 20 A 
51 115 282 368 20.3 1.35 20 A 
52 114 283 426 20.2 1.22 20 A 
53 115 282 488 20.2 1.16 20 A 
54 115 284 554 20.2 1.19 20 A 
55 115 284 626 20.2 1.13 20 A 
56 115 286 279 29.4 0.44 20 A 
57 114 286 334 29.4 1.00 20 A 
58 115 287 391 29.3 1.16 20 A 
59 114 283 451 29.3 1.33 20 A 
60 115 285 515 29.5 1.19 20 A 
61 115 286 587 29.2 1.15 20 A 
62 115 287 663 29.1 1.07 20 A 
63 115 285 740 29.4 1.14 20 A 
64 113 288 324 40.0 0.59 20 A 
65 113 286 444 39.5 0.89 20 A 
66 112 287 577 39.2 0.92 20 A 
67 111 328 215 20.8 3.11 30 A 
68 111 329 262 20.6 2.70 30 A 
69 111 329 317 20.7 1.66 30 A 
70 111 330 373 20.6 1.15 30 A 
71 111 330 436 20.6 1.11 30 A 
72 111 331 504 20.4 1.00 30 A 
73 108 313 161 20.6 0.34 72 A 
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74 109 315 246 20.7 1.09 72 A 
75 108 317 318 20.2 1.90 72 A 
76 109 319 398 20.4 1.71 72 A 
77 109 324 471 20.4 1.71 72 A 
78 109 324 576 19.5 1.62 72 A 
79 108 315 652 18 1.50 72 A 
80 109 313 760 20.5 1.43 72 A 
81 110 325 7.91 21.5 - 30 B 
82 110 324 62.1 21.6 - 30 B 
83 110 325 179 21.7 - 30 B 
84 110 327 224 21.8 - 30 B 
85 110 329 275 21.6 - 30 B 
86 110 328 332 21.6 - 30 B 
87 110 329 391 21.2 - 30 B 

*Camera was set (A) perpendicular to the heated surface, and (B) Parallel to the heated surface 

 

3.2.  

Attach

Slide Lift-off

[3-1] Slide

Lift-off Lift-off 3-1 0.33 ms

3 ms

3.33 3.67 ms Lift-off

[3-2]

Lift-off Lift-off

Slide

3-1

3-1

Lift-off

Lift-off  

Tsub 5 K

Slide Slide 3-2 Lift-off

Growth Force

Tsub

Lift-off   
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0 ms 0.33 ms 0.67 ms 1 ms 

 

       
1.33 ms 1.67 ms 2 ms 2.33 ms 

 

       
2.67 ms 3 ms 3.33 ms 3.67 ms 

 

       
4 ms 4.33 ms 4.67 ms 5 ms 

 

       
5.33 ms 5.67 ms 6 ms 6.33 ms 

 
3-1 Lift-off  

 
 

10mm Nucleate boiling 

Flow direction 

g 
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0 ms 0.33 ms 0.67 ms 1 ms 

 

       
1.33 ms 1.67 ms 2 ms 2.33 ms 

 

       
2.67 ms 3 ms 3.33 ms 3.67 ms 

 

       
4 ms 4.33 ms 4.67 ms 5 ms 

 

       
5.33 ms 5.67 ms 6 ms 6.33 ms 

 
3-2 Slide  

 

10mm 
Nucleate boiling 

g 

Flow direction 
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3.3.  

3-3 2

0.15 0.35 mm 0.9 1.3 mm

3 4

27 64  

 

 
3-3 2  

 
3-4

Tsub = 14.0~14.2 K, G = 423~424 kg/m2s 4

Departure

(a) (b)

(a) (b)

2-10

 

0 1 2
0
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10
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Nucleation Site (produces large bubble)

Nucleation Site (produces small bubble)

N
um

be
r o

f b
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m
en

t t
im

e
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(a)  

 

   
(b)  

 
3-4  

( Tsub =14.0~14.2K, G=423~424kg/m2s) 
 

Tsub = 14.2 K, G = 423 kg/m2s, qw = 455 kW/m2

3-5 0.9 mm

10 0.3 mm 2.2 mm

0.95 mm 0.40 mm

 

Shoji [3-3]
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3-6 RUN 1 66

 
 

 
3-5  ( Tsub = 14.2 K, G = 423 kg/m2s, qw = 455 kW/m2) 
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RUN 7 RUN 8 RUN 9 

 

 
RUN 10 RUN 11 RUN 12 

 

 
RUN 13 RUN 14 RUN 15 

 

 
RUN 16 RUN 17 RUN 18 
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RUN 19 RUN 20 RUN 21 

 

 
RUN 22 RUN 23 RUN 24 

 

 
RUN 25 RUN 26 RUN 27 

 

 
RUN 28 RUN 29 RUN 30 
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RUN 31 RUN 32 RUN 33 

 

 
RUN 34 RUN 35 RUN 36 

 

 
RUN 37 RUN 38 RUN 39 

 

 
RUN 40 RUN 41 RUN 42 
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RUN 43 RUN 44 RUN 45 

 

 
RUN 46 RUN 47 RUN 48 

 

 
RUN 49 RUN 50 RUN 51 

 

 
RUN 52 RUN 53 RUN 54 
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RUN 55 RUN 56 RUN 57 

 

 
RUN 58 RUN 59 RUN 60 

 

 
RUN 61 RUN 62 RUN 63 

 

 
RUN 64 RUN 65 RUN 66 

 
3-5  (RUN 1 66) 
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3.4.  

b
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3-6  ( Tsub = 19.1 K, G = 426 kg/m2s, qw = 583 kW/m2) 
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3-7  
( Tsub = 19.1 K, G = 426 kg/m2s, qw = 583 kW/m2) 
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(3-6)

3-5

 

 

(1)  

3-8 3-9

10, 15, 20, 30, 40 K 5 328, 448, 

576 kW/m2 3 285, 425, 571, 714 kg/m2s

4

 

3-10 TW TW Liu

[3-4] 20 K 282~284 kg/m2s

2 571~575kg/m2s

Basu [3-5]

 

 

(2)  

3-11 3-12

285, 425, 571, 714 kg/m2s 4

202, 328, 380, 448, 576 kW/m2 5 10, 15, 20, 30, 40 

K 5 3-8

3-13

 

      l W

W

k T
q

 (3-7) 

kl

 

 

(3)  

3-14 3-15

285, 425, 571, 714 kg/m2s 4

10, 15, 20, 30, 40 K 5
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3-15(a) 555 kW/m2

(3-3)

Prodanovic [3-6]

Situ [3-7]

 

 

(a)  (b)  
 

 
(c)  

 
3-8  
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276 kg/m2s 424 kg/m2s 568 kg/m2s 709 kg/m2s 
(a) Tsub=9.1~9.7K, qw =320~335kW/m2 

 

283 kg/m2s 424 kg/m2s 570 kg/m2s 709 kg/m2s 
(b) Tsub=18.7~20.2K, qw =426~455kW/m2 

 

287 kg/m2s 431 kg/m2s 575 kg/m2s 720 kg/m2s 
(c) Tsub=38.9~39.6K qw =554~583kW/m2 

 

3-9  
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3-10  

 

(a)  (b) 1 

(c) 2 (d)  
3-11  
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8.9 K 14.2 K 19.1 K 28.1 K 39.6 K 

(a) G = 416~433 kg/m2s, qw = 580~583 kW/m2 

 

 
9.2 K 13.7 K 19.2 K 29.4 K 39.7 K 

(b) G=564~578kg/m2s, qw=443~449kW/m2 

 
3-12  
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(a) G = 416 433 kg/m2s (b) G = 564 578 kg/m2s 
 

 
(c) G = 709 720 kg/m2s 

 
3-13  
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(a)  (b) 1 

(c) 2 (d)  
3-14  
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130 kW/m2 204 kW/m2 326 kW/m2 447 kW/m2 555 kW/m2 

(a) Tsub = 9.5~9.8 K, G = 276~280 kg/m2s 
 

 
279 kW/m2 391kW/m2 451 kW/m2 587 kW/m2 740 kW/m2 

(b) Tsub = 29.1~29.5 K, G = 283~287 kg/m2s 
 

 
 

327 kW/m2 448 kW/m2 574 kW/m2 

 
 

(c) Tsub = 19.1~19.3 K, G = 571~575 kg/m2s 
 

3-15  
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3.6. Force balance  

Force balance

Force balance

departure diameter Force balance

lift-off diameter Force balance

lift-off diameter

Force balance

departure diameter

3-1

lift-off departure diameter lift-off diameter

lift-off diameter departure diameter

Force balance  

 

(1) Departure  

Force balance Klausner [3-8] Yun [3-9]

Klausner

3-2  

Klausner R113  

 

3-2 Klausner  

Parameter Experimental range 

G [kg/m2s] 223 

qw [kW/m2] 23.6 

dw [mm] 0.09 

 [rad]  

 [rad]  

 [mm] 6.5 

Tsat [deg] 15.8 

X [-] 0.106 

Tsat [deg] 60 

 [N/m] 0.0135 

 [kg/m3] 1479 

 [kg/m3] 10.7 

 [ ] 2.91E-7 
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3-3 Klausner  

Direction Force Klausner et al. Present Calculation 

 

x 

 

Fsx [N] -9.90E-08 -9.86E-08 

Fqs [N] 2.80E-07 2.48E-07 

Fdux [N] -1.80E-07 -1.47E-07 

 

 

y 

 

 

 

Fsy [N] -2.50E-06 -2.48E-06 

Fduy [N] -1.00E-06 -8.34E-07 

FsL [N] 1.30E-06 8.19E-07 

Fb [N] 1.00E-07 1.16E-07 

Fh [N] 2.70E-07 2.60E-07 

Fcp [N] 1.70E-07 2.76E-07 
 

 
(a)  

 
(b)  

3-16  
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Tsub=9.1~9.7K, 

qw=320~335kW/m2 
Tsub=8.9~9.5K, 

qw=426~455kW/m2 
Tsub=8.9~9.7K, 

qw=554~583kW/m2 

 
Tsub=14.0~15.6K, 

qw=320~333kW/m2 
Tsub=13.7~15.6K, 

qw=441~455kW/m2 
Tsub=19.0~20.1K, 

qw=314~334kW/m2 

 
Tsub=18.7~20.2K, 

qw=426~456kW/m2 
Tsub=18.6~20.2K, 

qw=554~583kW/m2 
Tsub=28.7~29.4K, 

qw=314~333kW/m2 

 
Tsub=28.5~29.4K, 

qw=449~455kW/m2 
Tsub=28.1~29.4K, 

qw=572~587kW/m2 
Tsub=39.5~39.9K, 

qw=444~455kW/m2 
3-17 Klausner Yun departure diameter  
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Klausner 3-3
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4.1.  
4-1

3-10 290 kg/m2s

10 40 K 5

20  

 

4-1  

 

101 112 285 65 9.5 308 116 282 488 20.2
102 112 280 110 9.6 309 114 284 554 20.2
103 112 278 130 9.5 310 114 284 626 20.2
104 112 280 176 9.8 401 115 285 130 29.3
105 112 280 204 9.8 402 114 286 175 29.3
106 112 276 276 9.7 403 114 284 207 29.4
107 112 276 326 9.7 404 115 286 279 29.4
108 112 280 386 9.7 405 114 286 334 29.4
109 112 280 447 9.5 406 115 287 391 29.3
110 113 288 510 9.6 407 114 283 451 29.3
111 113 286 555 9.7 408 115 285 515 29.5
201 115 289 107 15.7 409 115 286 587 29.2
202 115 297 127 15.6 410 115 287 663 29.1
203 116 296 172 15.7 411 115 285 740 29.4
204 115 293 199 15.8 412 115 285 832 29.4
205 115 291 271 15.9 501 113 287 132 39.2
206 115 290 320 15.6 502 113 288 173 33.2
207 115 281 380 15.5 503 113 289 204 39.2
208 115 287 441 15.6 504 113 288 274 40.0
209 115 280 505 16.6 505 113 288 324 40.0
210 115 280 555 16.5 506 113 285 383 39.5
301 115 281 121 20.5 507 113 286 444 39.5
302 115 281 165 20.2 508 113 287 507 39.0
303 115 282 196 20.4 509 112 287 577 39.2
304 115 282 262 20.1 510 113 287 637 39.6
305 115 282 314 20.1 511 114 287 744 39.2
306 115 282 368 20.3 512 114 287 839 38.7
307 116 283 426 20.2 513 112 289 1010 37.0

Run Run2kg m s
G

2kg m s
GP

kPa kPa
subT

K
subT

K
Pwq wq

2kW m 2kW m
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4.2.  
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4-9 (4-9)
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(4.14)

 

Hibiki-Isii [4-5] Yang-Kim [4-8]
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21 , 3 ,1 0.35exp( )C r
a w eff c w effN C T C N T  (4.18) 

C1, C2, C3

 

2
1 0.3111 0.03968 0.0287C x x  (4.19) 

2 2.93 0.0107C x  (4.20) 

2/3
3 0.363 0.338C x  (4.21) 
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3 Lift-off Force balance

Lift-off

Lift-off

 

 

5.1.  
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20 mm 10 mm K
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5.2. Lift-off  

Force balance Force balance

[5-2]

Mikic [5-3]

[5-4]

 

1 2 2

 

1 qw = 58.0 kW/m2, Tsub = 5.5 K, av = 76.8° 

2 qw = 115.9 kW/m2, Tsub = 20.6 K, av = 80.3° 

2 d dw

Force balance 5-1
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5-2 dm Lift-off dl

d dw

d 1, 2 d

dw Lift-off
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 (6-3) 
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