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11.1 Pool boiling curve

❖ Pool boiling

✓ Boiling processes without an imposed forced flow

❖ Nukiyama’s experiment (1934)

Shiro Nukiyama

Shiro Nukiyama
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❖ Nukiyama’s experiment

Biography: Shiro Nukiyama
Shiro Nukiyama was born in 1896 in Tokyo, Japan. He graduated from Tokyo Imperial 
University, and immediately started his professional career as a Lecturer of Tohoku Im
perial University (currently Tohoku University). He was appointed Associate Professor in 1921. 
He visited England, Germany, Switzerland and the United States in 1922~24. He was 
appointed Professor in 1926. In subsequent years he actively conducted boiling heat transfer 
research.
In 1934, Nukiyama published a pioneering paper*) which was entitled “The Maximum and 
Minimum Values of the Heat Q Transmitted from Metal to Boiling Water under Atmospheric 
Pressure”. This paper clarified and provided an overview of the boiling phenomena in the 
form of the Nukiyama Curve (boiling curve).
In this work, Nukiyama made an excellent experiment using a metallic wire or a metal wire, in 
which temperature and heat flux are evaluated accurately, and found that the relation 
between degree of superheating and heat flux is not monotonous, and that a maximum heat 
flux points appears in the nucleate boiling region and a minimum heat flux point appears in 
the film boiling region. He also found the hysteresis behavior that occurs in the transition 
region between the nucleate boiling and film boiling. Furthermore, he suggested that the 
boiling curve can be drawn even in the transition region if the state of the boiling water can 
be changed quasi-statically.
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❖ Nukiyama’s experiment

Biography: Shiro Nukiyama

This was an epoch-making work which clarified the physics of boiling phenomena first. It has 
been highly appreciated in the international academic world of heat transfer. Also, it has 
become a guideline to heat transfer engineering for the design and control of combustion 
boilers and/or steam generators, and as such it has laid the foundation of modern energy 
technology. The Nukiyama Curve appears in every textbook of heat transfer today. Nukiyama
is a great person in the international academic world of heat transfer.
In 1956 Nukiyama retired from Tohoku University, and was granted the title of Professor 
Emeritus. He served as the President of Heat Transfer Society of Japan in 1963~64. He 
received the Max Jacob Memorial Award in 1968. In 1983, he passed away in Sendai, Japan.
*) : 

Journal of the Japan Society of Mechanical Engineers, vol. 37, no. 206, pp. 367-374, June 1934. 
The English translation was published twice in International Journal of Heat and Mass Transfer, 
in vol. 9, pp. 1419-1433, 1966 and in vol. 27, pp. 959-970, 1984.
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❖ Nukiyama’s experiment

✓ Important observations

▪ The three major regimes: nucleate boiling, transition boiling, and film boiling

▪ The process paths for increasing and decreasing electric power (heat flux) are

different.

– The dashed part of the boiling curve is completely bypassed.

– Based on his experimental data, Nukiyama correctly conjectured that the dashed part of the

curve (transition boiling) must be producible when 𝑇𝑤 − 𝑇𝑠𝑎𝑡 , rather than 𝑞𝑤, is controlled.

To form an opinion or idea without proof or sufficient evidence

Bennet et al.(1967)
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❖ Boiling curve

✓ ONB, onset of nucleate boiling (A )

▪ Wall superheat excursion

– Depends on the surface wettability by the liquid and is significant for wetting dielectric

fluids.

– For the refrigerant R-113 on a platinum thin-film heater, for example, You et al. (1990) could

measure wall superheat excursions as large as 73 °C.

✓ Partial boiling region (AB)

▪ Natural convection + boiling

▪ Increasing slope is increased due to

the contribution of boiling

a deviation from a regular activity or course

having the property of transmitting electr
ic force without conduction, insulating
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❖ Boiling curve

✓ Fully developed boiling region (BC)

▪ Contribution of natural convection heat transfer is negligible.

✓ Critical heat flux (C)

▪ the end of uninhibited macroscopic contact between liquid and the heated surface

▪ 𝑞𝑤
" > 𝑞𝐶𝐻𝐹

" → hydrodynamic processes no longer allow for uninhibited contact

– Partial and complete drying of the surface will occur.

✓ Transient boiling regime (CD)

▪ Intermittently dry surface or

macroscopic contact with liquid

▪ Dry fraction increases with 𝑇𝑠𝑢𝑝

✓ Minimum film boiling temp. (MFB, D)

▪ No direct macroscopic contact 

▪ Surface is covered by a vapor film
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❖ Boiling curve
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❖ Parametric effects on pool boiling curve

✓ Surface wettability (reduction in contact angle)

▪ Shift of the boiling line to the right

▪ Decreased boiling heat transfer coefficient

▪ Increased maximum heat flux

✓ Surface roughness

▪ Shift the nucleate and transition lines to the left

▪ Improvement in the nucleate boiling heat transfer

✓ Surface contamination (deposition and oxidation)

▪ Similar to surface roughness

✓ Liquid pool subcooling

▪ Improvement of heat transfer in all boiling regime

Effect of roughness
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POSTECH, APPLIED PHYSICS LETTERS 106, 181602 (2015)
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❖ Parametric effects on pool boiling curve

Harrison Fagan O'Hanley (MIT, 2012)
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✓ Surface orientation

▪ Strong effect on partial boiling and film boiling

▪ Little effect on fully developed nucleate boiling.

▪ Two effects

– Bubble rolling on inclined surfaces. Release of 

the bubbles from the surfaces. 

➢ Upward facing surfaces: disruption of the thermal 

boundary layer is rather limited

➢ Downward facing surfaces: sliding → significant 

disruption of the boundary layer

– Effect of thermal boundary layer on bubble 

nucleation

➢ Natural convection boundary layer is thicker in 

downward-facing surfaces, promoting nucleation
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✓ Surface orientation

Review: Surface orientation effects on Pool-boiling with plain andenhanced surfaces
Munonyedi Egbo, Mohammad Borumand, Yahya Nasersharifi, Gisuk Hwang 
*Department of Mechanical Engineering, Wichita State Univ., Applied Thermal Engineering 204 (2022) 117927

0 degree: horizontal upward heating



11.2 Heterogeneous  Bubble  Nucleation  and  Ebullition

❖ Nucleate boiling under low-heat-flux conditions (partial boiling) 

✓ Heterogeneous bubble nucleation on the defects of the heated surfaces

❖ At higher-heat-flux conditions (fully developed nucleate boiling)

✓ Vapor jets and mushrooms
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❖ Heterogeneous  Bubble  Nucleation  and  Active  Nucleation  Sites

✓ Solid surfaces: microscopic cavities and crevices

▪ Material, finishing, oxidation, contamination

✓ Minute air pockets of air trapped in the crevices

▪ Pre-existing gas-liquid interfacial area → embryo for bubble growth

▪ No longer homogeneous nucleation → heterogeneous boiling

✓ Relatively small superheat

✓ Within a thin, moderately superheated liquid layer

✓ Nucleation

▪ Microbubble growth on a crevice

▪ Most of surface crevice in metals: conical



11.2 Heterogeneous  Bubble  Nucleation  and  Ebullition

❖ Heterogeneous  Bubble  Nucleation  and  Active  Nucleation  Sites

✓ Bubble growth

▪ From a radius R1 until it extends outside the cavity

▪ Largest curvature: 𝑅𝐵 = 𝑅𝐶 (hemisphere)

▪ Largest excess pressure needed for the bubble to remain at equilibrium

✓ Bubble internal pressure and wall superheat

▪ Valid for a uniformly heated liquid

▪ In practice, the liquid temperature can be non-uniform → larger wall superheat

𝜋𝑅2 𝑃𝐵 − 𝑃𝐿 = 2𝜋𝑅𝜎

Clausius–Clapeyron relation
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❖ Heterogeneous  Bubble  Nucleation  and  Active  Nucleation  Sites

✓ Bubble internal pressure and wall superheat

Fog in the atmosphere can be small as 2μm in diameter, Pressure inside a 
droplet of this size at 20 ℃?
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❖ Heterogeneous  Bubble  Nucleation  and  Active  Nucleation  Sites

✓ Bubble nucleation criterion (Hsu, 1962)

▪ Criterion: 𝑇𝐿,𝑦=𝑦𝐵 ≥ 𝑇𝐵

▪ Linear temperature profile in a thermal boundary layer

–
𝑇𝐿 𝑦 −𝑇∞

𝑇𝑊−𝑇∞
= 1 − 𝑦/𝛿

–
𝑇𝐵−𝑇∞

𝑇𝑊−𝑇∞
= 1 −

𝐶1𝑅𝐶

𝛿

▪ Two points of intersection

– Activated crevices:

–  = 𝑘𝐿/𝐻 , 𝐻: convective heat transfer coefficient
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❖ Heterogeneous  Bubble  Nucleation  and  Active  Nucleation  Sites

✓ Cavity shape effect

▪ 𝐶1 & 𝐶2:  based on a sharp cavity mouth

▪ Cavity mouth slope 𝜃𝑚 : 𝜃→ 𝜃 + 𝜃𝑚

✓ Improvement of Hsu’s criterion

▪ Hsu’s criterion was conservative → over-prediction of (𝑇𝑤 − 𝑇𝑠𝑎𝑡)

▪ Assumption of bubble surrounded everywhere by liquid warmer than the bubble (X)

▪ Modification

𝑅𝑐

𝑅𝑐
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❖ Active  Nucleation  Sites

✓ Most difficult problem with respect to the mechanistic modeling of boiling

✓ Depends on

▪ Surface material, finishing, oxidation, contamination

▪ Wall heat flux or wall superheat

– m: depend on the shape and size of the cavities

✓ Interaction among neighboring nucleation sites

▪ A nucleation site can activate or deactivate neighboring sites.

▪ Interaction between neighboring sites depend on the distance between them.

– Larger than three times of departing bubbles, two sites operate independently.

– One~three times, a bubble at one site inhibits the formation of a bubble at the other. 

– For smaller distance, one promotes the formation at the other

✓ Kocamustafaogullari and Ishii (1983) 

m=4-6
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❖ Periodic processes

✓ Inception → growth during 𝑡𝑔𝑟 → departure 

▪ Departing bubble leaves a small pocket of gas-vapor mixture behind

✓ Disruption of the thermal boundary layer → rush-in of cooling liquid 

✓ A new thermal boundary layer is formed and grows in thickness during 𝑡𝑤𝑡

✓ Then, the embryonic gas pocket starts to grow. 

✓ Bubble release frequency: 

✓ Nucleate boiling heat transfer (𝑞𝑁𝐵
" )
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❖ Growth period

✓ Bubble growth mechanism-1

▪ Growth by evaporation around the bubble while it is surrounded by superheated liquid

▪ Plesset and Zwick (1954), Forster and Zuber (1954), Mikic et al. (1970), etc. 

▪ May not be realistic for a bubble attached to a surface

✓ Bubble growth mechanism-2

▪ Growth from thin liquid layer, the microlayer

▪ Much of the evaporation occurs in the microlayer

▪ Average thickness of the microlayer

– Order of the molecular length near the center of the bubble base

(Cooper & Lloyd, 1969) (Lee & Nydahl, 1989)
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❖ Bubble departure

✓ Fritz correlation

▪ Buoyancy and surface tension

✓ Forces

▪ Forces to dislocate the bubble: buoyancy, wake caused by the preceding bubble

▪ Forces to resist bubble detachment: surface tension, drag, and inertia

✓ Cole and Shulman (1966), modified model

▪ 𝑑𝑑𝐵/𝑑𝑡: in millimeters per second

✓ Bubble departure is a stochastic process even in well-controlled experiments.

: contact angle in degree




