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AH  heated area (m2) 

CD  drag coefficient 

CL  lift coefficient 

CVM  virtual mass coefficient 

cp  specific heat at constant pressure (J kg-1 K-1) 

D  hydraulic diameter (m) 

db  bubble size (m) 

Eo  Eötvös number 

fb  bubble release frequency (Hz) or pipe friction coefficient 

fD  drag force (N) 

fL  shear lift force (N) 

fVM  virtual mass force (N) 

G  mass flux (kg m-2 s-1)) 

g  gravitational acceleration (kg m/s2) 

h  heat transfer coefficient (W m-2 K-1) 

Ja  Jakob number 

k  thermal conductivity (W m-1 K-1) 

Na  active nucleation site density (sites cm-2) 

p  pressure (Pa) 

Pr  Prandtl number 

qw  heat flux (W m-2) 

Re  Reynolds number 

T  temperature (K) 

t  time (s) 

u  velocity (m/s) 

V  volume (m3) 

x  thermal-equilibrium quality 

 

Greek symbols 

  void fraction 

  phase change rate 

hv  latent heat of vaporization (J kg-1) 

Tw  wall superheat (K) 

Tsub  liquid subcooling (K) 

  superheated liquid layer thickness (m) 



iii 

  thermal diffusivity (m2 s-1) 

  dimensionless subcooling 

  contact angle (°) 

  viscosity (Pa s) 

  kinetic viscosity (m2/s) 

  density (kg m-3) 

  surface tension (N/m) 

 

Subscripts 

b  bubble 

CNT  control volume 

c  convection 

g  gas phase 

l  liquid phase 

nb  nucleate boiling 

sat  saturation 

w  wall 

y  y direction 

z  z direction 
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2.  

 

2.1  

 

2-1

F1, F2 F1

0.4-10 l/min ±0.1% F.S. F2 0-1.5 l/min ±0.8% F.S.

PID K

±2.5 K

±5 kPa

 

2-2 2-2(a), (c)

260 nm ITO ITO  

 

(a)  (b)  

2-1  
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(a)  

(b)  

(c)  

2-2  
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910 nm Au/Cr/Ni 1090 nm Al2O3

ITO ITO

Al2O3 ITO 10 mm 170 mm 88-102 

Al2O3 13.8±1° 2-2(a), (b)

2 ITO 14 mm 240 mm

 

2-3 10 

mm 170 mm 14 mm 10 mm 240 mm

 

 

 

(1)  

2-4 LED

115 145 mm 30 mm

8000 FPS 0.125 ms 0.75 s

303  895 49.3 m/pixel 303  895

31.25 m/pixel  

2-5

 

 

 
(a) LED  (IDT, LED120E) 

 
(b)  (Photron, Fastcam Mini) 

2-4  
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(a)  

 
(b)  

2-5  
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2-6 2-7

NVG Net Vapor Generation OSV Onset 

of Significant Void

K

 

  

(3)  

IR

K IR 2-8(a)
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2-8(b)

 

 

 
(a)  

 
(b)  

2-6 Nano Gray, PH-1000AE  

 

 
(a)  

 
(b) L  

2-7  

 

 
(a) IR Xenics, Onca-MWIR-InSb-320-460Hz  

 
(b) IR  

2-8 IR  
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(4)  

2-9(a)

2-9(b)

 

 

 
(a)  (b)  

2-9 Keyence, VK-X200  

 

2.2  

 

 

(a) 2

 

(b) 

Dimroth

 

(c) 

 

(d) 

 

(e) 

PR650-7.7

 

(f) 
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(1) (2) (3) 

(4) (5) K

(6) IR 6  

 

2.3  

 

2-1 qw 500 kW/m2s G 300 600 

kg/m2s 2 Tsub,in 10 40 K

 

 

2-1  

Mass flux, G 300, 600 kg/m2s 

Heat flux, qw 500 kW/m2 

Inlet subcooling, Tsub,in 10-40 K 

Peclet number, Pe 21779, 43558 

Tsub,SZ 19 K 
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 = 0 Tl

A ONB Onset of Nucleate Boiling A

Tl

NVG Net Vapor Generation OSV Onset of Significant Void B

A B Tl

B B

ONB OSV  

ONB Sato [1]

ONB Laplace

1 m

ONB

 

 

   
20.2 0.8

0.4 0.88 ( ) 0.023
l v l w

w sub
sat g l l l

k h D qq T
T v v Pr k u

 (2-1) 
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OSV Levy

[2] Saha [3] Levy [2] 2-11

[2]

0

Levy

OSV

2-11 Levy FS

FB FF

FB OSV  

 

   F SF F  (2-2) 

 

FS FF 2
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[4-7] OSV

Levy OSV

[8-10]  

 

 
2-11 Levy OSV  [2] 

 

Saha [3]

OSV Saha

 

 

   
455 70000

0.0065 70000

w

l sub

w

pl sub

q D
Nu if Pe

k T
q

St if Pe
Gc T

 (2-3) 

 

Pe Peclet  

 

   pl

l

GDc
Pe

k
 (2-4) 

 

2-12 OSV 25%

(2-3) Pe < 70000 OSV G
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Pe > 70000 G OSV

Saha Pe < 70000 OSV

Thermally-controlled region Pe > 70000 Levy

OSV Hydrodynamically-controlled region  

 

 
2-12 Saha OSV  [3] 

 

2-1 Pe 21779 43558 Saha Thermally- 

controlled region 2-1 OSV

Tsub,SZ 19 K OSV
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2-13

G = 300 600 kg/m2s

OSV OSV G = 300 kg/m2s 15 K

G = 600 kg/m2s 10 K 2-1 Saha

19 K 25 % 15 25 K OSV

G = 600 kg/m2s OSV
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G = 300 kg/m2s

2-14 OSV 20 K

0 OSV Tsub = 16 K

Tsub

Tsub = 0.2 K

y = 1 mm  
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2-14 G = 300 kg/m2s  

 



2-12 
 
 

2-15

ITO 2 mm 0

ITO 10 mm

14 mm 2-14

2-15 1.4

0.35 0.49 0.52

 

 

 

2-15 G = 300 kg/m2s  
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G = 300 600 kg/m2s 2-16(a), (b)

0 IR

y = 1 9 mm

Sekoguchi [12]

2-17  

 

   
1/7

,min

( )
/ 2 2

w l

w l

T T y y bfor y
T T b

 (2-5) 
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1

2
w l

w l

T T y bfor y
T T

 (2-6) 

 

b 10 mm

 

 

(a) G = 300 kg/m2s (b) G = 600 kg/m2s 
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2-17 Sekoguchi [12]  (G = 300 kg/m2s) 
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2.6  

 

G = 300 600 kg/m2s Tsub

2-18 2-19

3 OSV

2-18(a) (c) 2-19(a) (d)

2-13 OSV

10 ms

100 ms

3 mm

2-20 OSV Tsub 11 K

70% Levy [2]

OSV

OSV

OSV

 

OSV OSV G = 300 kg/m2s, Tsub = 11 K

3

2-21 23 2-21

2-22

2-18(d)

100 ms

2-23

2-23

2  
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(a) Tsub = 27 K 

   
(b) Tsub = 21 K 

   
(c) Tsub = 17 K 

   
(d) Tsub = 11 K 

   
(e) Tsub = 7.2 K 

   
(f) Tsub = 1.6 K 

2-18 Tsub G = 300 kg/m2s  
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(a) Tsub = 28 K 

   
(b) Tsub = 23 K 

   
(c) Tsub = 18 K 

   
(d) Tsub = 13 K 

   
(e) Tsub = 8.3 K 

   
(f) Tsub = 3.5 K 

2-19 Tsub G = 600 kg/m2s  
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2-20 G = 300 kg/m2s  

 

 
(a) 

 
(b) (c) 

 
(d) (e) 

 
(f) 

 
(g) (h) 

 
(i) (j) 

2-21 G = 300 kg/m2s, Tsub = 11 K  
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(a) 

 
(b) (c) (d) 

 
(e) (f) 

2-22 G = 300 kg/m2s, Tsub = 11 K  

 

 
(a) 

 
(b) (c) (d) (e) 

 
(f) (g) 

 
(h) 

 
(i) (j) (k) (l) 

 
(m) (n) 

2-23 G = 300 kg/m2s, Tsub = 11 K  
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40 K

Levy
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G = 300 kg/m2s, Tsub = 81 K

2-24

2-18(a) Tsub = 27 K Tsub = 81 K

Tsub = 81 K

 

 

 

2-24 ONB G = 300 kg/m2s, Tsub = 81 K  

 

2.7  

2-2

Fourier

2-2 245 453 kW/m2s 3

0 40 K G = 300 kg/m2s Tsub

2-25 27 qw = 245 kW/m2

2-25 Tsub = 38 33 K

Tsub = 28 18 K Tsub = 13 3.1 K

2-26, 27

2-26 Tsub = 13 K 2-27 Tsub = 15 K

2-28

2-27 Tsub = 12 K

 

2-29 1 2-29(a)
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2-29(b)

2-29(b) 1

10 m 5 m

2-30

2-30

 

2-30 1

2

2-31 30 m 2-30

2-32

2-30, 31 7

 

2-33 36

2-33, 34 500 m 3 m

1 m 2-33

2-35

10 m 5 m

2-36
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2-2  

  [ C]  [K]  [kW/m2] 

160 

60 38 239 

65 33 249 

70 28 248 

75 23 236 

80 18 240 

85 13 255 

89 9.2 238 

95 3.1 253 

180 

59 38 348 

65 32 353 

71 27 336 

75 22 372 

81 16 357 

85 13 358 

90 7.8 350 

94 3.5 348 

200 

60 36 463 

66 31 441 

70 27 443 

75 21 473 

82 15 450 

84 12 476 

90 6.8 433 

95 1.7 447 
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(a) Tsub = 38 K 

 
(b) Tsub = 33 K 

 
(c) Tsub = 28 K 

  
(d) Tsub = 23 K 

 
(e) Tsub = 18 K 

 
(f) Tsub = 13 K 

  
(g) Tsub = 9.2 K 

 
(h) Tsub = 3.1 K 

 

2-25 qw = 245 kW/m2  
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(a) Tsub = 38 K 

  
(b) Tsub = 32 K 

  
(c) Tsub = 27 K 

  
(d) Tsub = 22 K 

  
(e) Tsub = 16 K 

  
(f) Tsub = 13 K 

   
(g) Tsub = 7.8 K 

 
(h) Tsub = 3.5 K 

 

2-26 qw = 353 kW/m2  



2-24 
 
 

   
(a) Tsub = 36 K 

  
(b) Tsub = 31 K 

  
(c) Tsub = 27 K 

   
(d) Tsub = 21 K 

  
(e) Tsub = 15 K 

  
(f) Tsub = 12 K 

  
(g) Tsub = 6.8 K 

  
(h) Tsub = 1.7 K 

 

2-27 qw = 453 kW/m2  
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(a) Tsub = 26 K 

  
(b) Tsub = 22 K 

  
(c) Tsub = 16 K 

  
(d) Tsub = 12 K 

 
(e) Tsub = 6.3 K 

 
(f) Tsub = 0.2 K 

2-28 qw = 500 kW/m2  
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(a)  

 
(b) 10  

2-29  

 
(a) 50  

 
(b) 50  

 
(c) 150  

 
(d) 150  

 
(e) 150  

 
(f) 150  

2-30 1  



2-27 
 
 

 
(a)  

 
(b) 150  

 
(c) 150  

 
(d) 150

2-31 2  

 
(a)  (b) 50  

(c) 50  (d) 50

2-32 3  



2-28 
 
 

 
(a)  

 
(b)  

(c)  

 
(d) 20  (e) 50  

 
(f) 50  

 
(g) 50  

2-33 1  
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(a)  (b) 20  

(c) 50  (d) 50  

(e) 150  (f) 150  

2-34 2  

 



2-30 
 
 

 
(a) 50  

 
(b) 50  

 
(c) 150  

 
(d) 150  

2-35 3  

 
(a) 20  

 
(b) 50  

 
(c) 150  

 
(d) 150  

2-36  



2-31 
 
 

2  

 

[1] T. Sato, H. Matsumura, 1964. On the conditions of incipient subcooled-boiling with forced convection, 

Bulletin of JSME, Vol. 7, No. 26, pp. 392-398. 

[2] S. Levy, 1967. Forced convection subcooled boiling—prediction of vapor volumetric fraction. International 

Journal of Heat and Mass Transfer, Vol. 10, No. 7, pp. 951-965. 

[3] P. Saha, N. Zuber, 1974. Point of net vapor generation and vapor void fraction in subcooled boiling, 

Proceedings of International Heat Transfer Conference, Vol. 4, pp. 175-179. 

[4] 25 2

26 3  

[5] 26

27 3  

[6] 27

28 3  

[7] 28

29 3  

[8] E. L. Bibeau, M. Salcudean, 1994. A study of bubble ebullition in forced-convective subcooled nucleate 

boiling at low pressures, Int. J. Heat Mass Transfer, Vol. 37, pp. 2245–2259. 

[9] O. Zeitoun, M. Shoukri, 1996. Bubble behavior and mean diameter in subcooled flow boiling, J. Heat 

Transfer, Vol. 118, pp. 110–116. 

[10] R. Situ, Y. Mi, M. Ishii, M. Mori, 2004. Photographic study of bubble behaviors in forced convection 

subcooled boiling, Int. J. Heat Mass Transfer, Vol. 47, pp. 3659–3667. 

[11] R. Ahmadi, T. Ueno, T. Okawa, 2012. Bubble dynamics at boiling incipience in subcooled upward flow 

boiling, International Journal of Heat and Mass Transfer, Vol. 55, pp. 488–497. 

[12] K. Sekoguchi, O. Tanaka, S. Esaki, K. Noriaki, M. Nakasatomi, 1981. Prediction method of flow patterns in 

subcooled and low quality boiling regions, Bull. JSME, Vol. 24, No. 191, pp. 834–841. 



3-1 
 

3.  

 

3.1  

 

(1)  

3-1 14 mm 10 mm 230 mm

14 mm 10 mm 170 mm

60 mm 10 mm  
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Na

Basu [1]  

 

   

3 2
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3.4 10 (1 cos ) 15K
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w w ONB w
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w w

T for T T
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T for T
 (3-1) 

 

14 ONB

Tw,ONB Sato [2]  
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20.2 0.8

0.4 0.88 ( ) 0.023
l v l w
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k h D q
q T

T v v Pr k u
 (3-2) 

 

Tw Chen [3]  

 
   ( )w c w sub nb wq h T T h T  (3-3) 

 

Chen
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k G x Dh F Pr
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   1 0.736max 1, 2.35( 0.213)TTF X  (3-6) 

 

   6 1.17
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XTT Lockhart-Martinelli ReTP Reynolds
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CD CL Tomiyama [7]  
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