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This Week
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1. Forced 
Convection

2. Natural (Free) 
Convection

3. Boiling 4. Condensation



Introduction to Boiling and Condensation
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Boiling: heat transfer from the wall to the fluid Condensation: heat transfer from the fluid to the wall

Small solid/fluid ΔT 

Phase Transition = Isothermal Process

Latent heat (ℎ𝑓𝑓𝑓𝑓) is exchanged between solid and fluid• Surface tension σ at the liquid-vapor interface

• Density difference (buoyancy) between liquid/vapor phases

Fluid motion controlled by:



Introduction to Boiling
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Fluid Dynamics Heat Transfer

Boiling occurs when the surface temperature exceeds the saturation temperature at that pressure.

∆𝑇𝑇𝑒𝑒 excess temperature𝑞𝑞𝑠𝑠" = ℎ 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = ℎ∆𝑇𝑇𝑒𝑒

Pool boiling
the liquid is initially quiescent and only free convection occurs

Forced boiling
the fluid is moving while it boils (e.g. inside a pipe)

Saturated Boiling
𝑇𝑇𝑠𝑠 > 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 , the bubble must rise

Subcooled Boiling
𝑇𝑇𝑠𝑠 < 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 , the bubbles can re-condense in the liquid 



Saturated Pool Boiling
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Boiling curve of water at 1 atm

C->E : boiling crisis - past the critical heat 
flux a film of vapor rapidly replaces isolated 
bubbles. The thermal conductivity of the 
vapor film is much less than that of the liquid 
and the surface temperature suddenly 
increases to much higher values 

This can cause the failure of the component. 
Hence, when designing a heat exchanger 
we must be sure not to surpass the critical 
heat flux condition. 

Nucleate boiling with jets

Film boiling

The solid curve is followed when we 
control ∆𝑇𝑇𝑒𝑒. However in most 
applications we control 𝑞𝑞𝑠𝑠" . In such a 
case (as in the previous experiment) we 
observe:

𝑞𝑞𝑠𝑠" = ℎ 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = ℎ∆𝑇𝑇𝑒𝑒



This Lecture
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 Correlations for Nucleate and Film Pool Boiling

Learning Objectives:
 Calculate heat flux and temperature difference during boiling



Saturated Pool Boiling
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Boiling curve of water at 1 atm

Nucleate boiling with jets

𝑞𝑞𝑠𝑠" = ℎ 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = ℎ∆𝑇𝑇𝑒𝑒



Nucleate Pool Boiling Correlations
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Db

vb
Bubbles can be considered to cause forced convection
Define a characteristic length and velocity to calculate Re and Nu for boiling

Characteristic length: Ratio of surface tension and buoyancy

Characteristic velocity: Distance travelled by the liquid to fill the void of a bubble
Time interval between bubble detachment

Energy it takes to form a bubble
Heat transferred from the solid to the vapor



Nucleate Pool Boiling Correlations
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Db

vb

ℎ𝑓𝑓𝑓𝑓= (latent) heat of vaporization (Table A6)
!!Units in tables are [kJ/kg] !!



Pool Boiling Critical Heat Flux
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𝐶𝐶 = 𝜋𝜋/24 for large horizontal cylinders, spheres, and finite heated surfaces

𝐶𝐶 = 0.149 for large horizontal plates

The properties are evaluated at the saturation temperature

Note that the critical heat flux depends on pressure. 



Nucleate Pool Boiling – Example
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Nucleate Pool Boiling – Example
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Nucleate Pool Boiling – Example
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Nucleate Pool Boiling – Example
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Nucleate Pool Boiling – Example
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Nucleate Pool Boiling – Example
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𝐶𝐶 = 0.149 for large horizontal plates



Minimum Heat Flux 
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Film Pool Boiling
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Boiling curve of water at 1 atm

Film boiling

𝑞𝑞𝑠𝑠" = ℎ 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = ℎ∆𝑇𝑇𝑒𝑒



Film Pool Boiling
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𝑁𝑁𝑁𝑁𝐷𝐷 = 𝐶𝐶
𝑔𝑔𝜌𝜌𝑣𝑣(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)ℎ𝑓𝑓𝑓𝑓′ 𝐷𝐷3

𝜇𝜇𝑣𝑣𝑘𝑘𝑣𝑣(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)

1/4

Where ℎ𝑓𝑓𝑓𝑓′ = ℎ𝑓𝑓𝑓𝑓 + 0.8𝑐𝑐𝑝𝑝.𝑣𝑣(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)

𝐶𝐶 = 0.62 for horizontal cylinders

𝐶𝐶 = 0.67 for spheres

With properties estimated at  𝑇𝑇𝑓𝑓 = (𝑇𝑇𝑠𝑠+𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)
2

If 𝑇𝑇𝑠𝑠 > 300𝐶𝐶 , radiation is also present. We estimate the total convection coefficient as:

�ℎ = ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +
3
4
ℎ𝑟𝑟𝑟𝑟𝑟𝑟

where ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 has to be estimated with the previous correlation and ℎ𝑟𝑟𝑟𝑟𝑟𝑟 = ⁄[𝜀𝜀𝜀𝜀 𝑇𝑇𝑠𝑠4 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠4 ] (𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠)



Film Pool Boiling – Example
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Film Pool Boiling – Example
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Film Pool Boiling – Example
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Film Pool Boiling – Example
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This Lecture
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 Correlations for Nucleate and Film Pool Boiling

Learning Objectives:
 Calculate heat flux and temperature difference during boiling



Next Lecture
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 Forced Convection Boiling 

 External

 Internal

Learning Objectives:
 Calculate heat flux and convection coefficient in forced convection
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