
11.2 Heterogeneous  Bubble  Nucleation  and  Ebullition

❖ Waiting period

✓ Bubble influenced area: four times the cross section of the departing bubble

✓ Hsu and Graham (1961)

▪ One-dimensional transient conduction in a slab with a know thickness, 

✓ Han and Griffith(1965)
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11.2 Heterogeneous  Bubble  Nucleation  and  Ebullition

❖ Heat  Transfer  Mechanisms  in  Nucleate  Boiling

✓ The phenomenology described in the previous section

▪ For the isolated bubble zone of the partial boiling regime

✓ Recent DNS and mechanistic model

▪ Mechanistic bubble ebullition model based on microlayer evaporation predicts well the 

experimental data obtained with a polished surface and well-characterized artificial 

cavity

▪ However, heated surfaces have unknown cavity characteristics

– Limited practical and design application

✓ Partial boiling regime

▪ Nucleate boiling + natural convection

✓ With increasing heat flux

▪ The contribution of convection diminishes 

+ bubble frequency & nucleation increase

▪ Bubble interaction in the lateral direction 

→ formation of vapor mushrooms



11.2 Heterogeneous  Bubble  Nucleation  and  Ebullition

❖ Heat  Transfer  Mechanisms  in  Nucleate  Boiling

✓ Transition from isolated bubbles to columns and mushrooms

▪ Transition from partial to fully developed nucleate boiling

▪ Evaporation at the periphery of the vapor stems in the liquid macrolayer

✓ Correlation for the transition (Moissis and Berenson, 1963)

✓ Main difficulty

▪ Nucleation sites

▪ Non-linear and conjugate nature of a multitude of subprocesses

▪ Constant wall temperature or heat flux ? → invalid

▪ Modeling of bubble behavior based on static force balance → invalid

 (degree)



11.3 Nucleate Boiling Correlation

❖ Rohsenow correlation (1952)

✓ The oldest and most widely used nucleate boiling correlation

✓ Assumptions

▪ Small effect of surface

▪ Small effect of liquid pool temp.

✓ Laplace length scale

✓ Velocity & HTC

✓ Then, 

𝑃𝜎 =
2𝜎

𝜆𝐿
𝑃ℎ = 𝜌𝑔(2𝜆𝐿)

𝑈 = 𝑞𝑤
′′/𝜌𝑓ℎ𝑓𝑔

P𝑟−𝑚

• Its typical error in calculating q when Tw is 
known  is about  100% 

• In calculating Tw−Tsat when qw is known the
error is about 25% (Lienhard and Lienhard, 2005)

𝑆𝑡∗ =
1

𝑆𝑡
=
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ℎ
=
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= 𝐶𝑠𝑓𝑅𝑒

𝑎 𝑃𝑟𝑏

𝜎

𝑔(𝜌𝑓 − 𝜌𝑔)



11.3 Nucleate Boiling Correlation

❖ Rohsenow correlation (1952)

✓ The oldest and most widely used nucleate boiling correlation
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11.3 Nucleate Boiling Correlation

❖ Forster and Zuber (1954)

✓ The length and velocity scales 

▪ Based on the growth process of microbubbles suspended in a superheated liquid

✓ Generic heat transfer correlation & length scale

✓ Final form

P𝑟−𝑚

Used in Chen correlation
No surface effect



11.3 Nucleate Boiling Correlation

❖ Growth of a vapor bubble in superheated liquid

✓ Three phases of growth

✓ First phase: Rayleigh solution, hydro-dynamically controlled

▪ At low pressures, the bubble grows approximately at a constant rate ( ሶ𝑅 ≈ 𝑐𝑜𝑛𝑠𝑡)

▪ The time duration is very short. (~s)

✓ The second phase

▪ Transition from hydrodynamically controlled growth to a thermally controlled growth

✓ The third phase: thermally controlled

▪ Inertia and surface tension effects are insignificant. 

Bubble growing in a 
superheated liquid )(   TPPP satv

  TTPT vsat )(



11.3 Nucleate Boiling Correlation

❖ Growth of a vapor bubble in superheated liquid

✓ Hydro-dynamically controlled growth

▪ Assumption: inviscid liquid behavior, stagnant and infinitely large liquid field

▪ Potential flow theory

▪ Solution 

▪ Momentum conservation

Continuity equation
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11.3 Nucleate Boiling Correlation

❖ Growth of a vapor bubble in superheated liquid

✓ Momentum equation at the interface
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Rayleigh equation



11.3 Nucleate Boiling Correlation

❖ Growth of a vapor bubble in superheated liquid

✓ Rayleigh’s equation for the special case of 𝑃𝐿 − 𝑃∞=const.

✓ For 𝑅 ≫ 𝑅0,

▪ Hydrodynamic and liquid-inertia controlled bubble growth

✓ Coupling with the gas phase

× 𝑅2 ሶ𝑅

𝑑

𝑑𝑡
𝑅3 ሶ𝑅2 =

2(𝑃𝐿 − 𝑃∞)

𝜌𝐿
𝑅2 ሶ𝑅 + 𝑅 0 = 𝑅0

Extended Rayleigh equation



11.3 Nucleate Boiling Correlation

❖ Growth of a vapor bubble in superheated liquid

✓ Extended Rayleigh’s equation + Energy conservation eq. for liquid

✓ Neglecting viscous effect and surface tension + 𝜌𝐿 ≫ 𝜌𝑣
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11.3 Nucleate Boiling Correlation

❖ Growth of a vapor bubble in superheated liquid

✓ Example

▪ For inertia controlled bubble growth, estimate the interface velocity of a 0.2mm 

diameter bubble growing in water at atmospheric pressure and 120 ℃.
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11.3 Nucleate Boiling Correlation

❖ Growth of a vapor bubble in superheated liquid

✓ For the thermally controlled growth phase

▪ : since the bubble is relatively large during its thermally controlled growth

✓ 1D transient heat conduction equation into a semi-infinite medium 

Plesset and Zwick (1954)

Forster and Zuber (1954)

+ IC

𝐽𝑎 =
𝑇∞ − 𝑇𝑠𝑎𝑡 𝜌𝑙𝐶𝑝𝑙

𝜌𝑙ℎ𝑓𝑔
𝑅 = 𝐶 𝐽𝑎 𝛼𝑡



11.3 Nucleate Boiling Correlation

❖ Growth of a vapor bubble in superheated liquid

✓ Complete bubble growth process (MIKIC, ROHSENOW and GRIFFITH, 1970)

✓ For 𝑡+ ≪ 1, 𝑅+ = 𝑡+

(Rayleigh solution)

✓ For 𝑡+ ≫ 1, 𝑅+ = 𝑡+

(Plesset and Zwick solution)
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11.3 Nucleate Boiling Correlation

❖ Stephan and Abdelsalam (1980)

✓ Found to have good accuracy

▪ 𝑑𝐵𝑑 : bubble departure diameter, Fritz model

✓ For water in the range 10−4 ≤ 𝑃/𝑃𝑐𝑟 ≤ 0.886

✓ For refrigerants (propane, n-butane, carbon dioxide, and several refrigerants 

including R-12, R-113, R-114, and  RC-318), in the  range  3 × 10−3 ≤ 𝑃/𝑃𝑐𝑟 ≤ 0.78



11.3 Nucleate Boiling Correlation

❖ Gorenflo (1993)

✓ Widely respected correlation

✓ For water

✓ For other fluids

Reference surface roughness parameter

Pressure correction factor

Work very well in predicting experimental data
with newer refrigerants



11.3 Nucleate Boiling Correlation


