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• Definition (?) : Cavitation is the formation of cavities filled with vapor and gas within 
a liquid due to a pressure decrease without heat exchange

• This simple definition is questionable: 
• Vapor may be obtained following different paths ! 
• Difference between cavitation and boiling is unclear
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Cavitation Inception

For water: 
• Critical point: (373.9 °C; 220.6 bar)
• Triple point:   (0.01 °C; 6.11 mbar)

Vacuum pump  Ice + liquid + vapor
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• Cavitation inception is a particular case of the so-called “nucleation”
• In French: Nucléation, Germination

• Nucleation is used to describe the onset of the formation of a new 
thermodynamic phase from a parent phase. 

• Examples of nucleation processes include the formation of vapor bubbles in a 
liquid phase, the formation of droplets from a vapor phase, as well as the 
formation of crystalline particles from vapor, liquid or even another solid. 

• Nucleation may initiate inside or at the boundary of a homogeneous phase, 
made unstable because of a change of temperature, pressure or composition. 

• Nucleation is the formation of “small sites”, called nuclei, upon which 
additional particles are deposited as the phase transition develops.

• Nucleation is a stochastic process, hardly reproducible. 

Cavitation Inception
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Tensile Strength:

• Tensile strength for solids: Maximum stress that a solid can withstand 
while being stretched or pulled before breaking

• Tensile Strength for liquids: Although pressure in liquids is widely believed 
to be a positive quantity, liquids can withstand negative pressure, in a 
metastable state, because of their molecular cohesion

• First experimental evidence by Huygens (1662)
• A simple experiment with a tube filled with mercury 

• Top end of the tube is sealed
• Density of mercury 13.6 g/cm3

• Pressure at the top of the tube for 𝒉𝒉 = 𝟏𝟏.𝟓𝟓𝒎𝒎:

𝒑𝒑𝒕𝒕𝒕𝒕𝒕𝒕 = 𝒑𝒑𝒂𝒂𝒂𝒂𝒂𝒂 − 𝝆𝝆𝒈𝒈𝒈𝒈 ~ − 𝟏𝟏 𝒂𝒂𝒂𝒂𝒂𝒂 < 𝟎𝟎

• If mercury is replaced by water, a same pressure 
𝒑𝒑𝒕𝒕𝒕𝒕𝒕𝒕 ~ − 𝟏𝟏 𝒂𝒂𝒂𝒂𝒂𝒂 is reached for 𝒉𝒉 = 𝟐𝟐𝟐𝟐𝒎𝒎

Cavitation Inception
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• Case of water: Absolute pressure threshold for vaporization?

• Theoretical value for pure water ~ -1400 bar (tension)

• Laboratory tests: Under specific experimental conditions, highly 
degassed and distilled water may withstand significant tensions 
(negative pressure) of ~ several hundreds bar

• Vaporization threshold strongly depends on experimental conditions

Tensile Strength of liquids: 

Cavitation Inception
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Tensile strength of water, record of -1400 bar achieved experimentally 

Tensile Strength of Liquids

Science, 1991
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• Case of industrial water: 
• Cannot withstand tensions
• Empirical formula for 𝒑𝒑𝒗𝒗(T): 

(Antoine’s law)

Where, 𝑻𝑻 is the temperature in °C and 𝒑𝒑𝒗𝒗 is the vapour pressure in mmHg

Wide range for vaporization threshold:
-1400 bar for pure water and ~0.023 bar for air-saturated water at 20 °C ??
Existence of nucleation sites

Cavitation nuclei = Inclusions of non-condensable gas and water vapour
Stability ?  Influence on cavitation ?

𝒍𝒍𝒍𝒍𝒍𝒍𝟏𝟏𝟏𝟏 𝒑𝒑𝒗𝒗 = 𝟖𝟖.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎 −
𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏.𝟔𝟔𝟔𝟔

𝟐𝟐𝟐𝟐𝟐𝟐.𝟒𝟒𝟒𝟒𝟒𝟒 + 𝑻𝑻 0
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• Gas is always present in liquids in the following forms: 
1. Dissolved: Isolated molecules of gas, present between the liquid molecules
2. Non-dissolved (Nuclei): Tiny bubbles filled with gas within the liquid or at the 

surface of a solid
• How much gas can dissolve in a liquid ? 

• Henry’s law (William Henry, 1803):  At a constant temperature, the amount of a 
given gas that dissolves in a given liquid is proportional to the partial pressure of 
that gas in equilibrium with that liquid

On the solubility of a gas in a Liquid



Cavitation & Interface Phenomena: Chap 2.1 6th & 8th Semester Fall 2024 EPFL - LMH - M. FarhatPage 9

• How much gas can dissolve in a liquid ? 
• Henry’s law:

𝒄𝒄 = 𝑯𝑯𝒑𝒑𝒈𝒈

where 𝑯𝑯 is the Henry’s constant, which depends on the nature of the 
liquid and the gas as well as the temperature. 𝒄𝒄 is the solubility of the 
gas and 𝒑𝒑𝒈𝒈 is its partial pressure in the gas phase.

• Example: Solubility of selected gases in water: 

Gas Oxygen Nitrogen Hydrogen Carbon dioxide Ammonia
NH3

Solubility in water
[g/Kg] at 20°C & 1 atm

0.043 0.019 0.0016 1.69
~𝟒𝟒𝟒𝟒 × more than 𝑶𝑶𝟐𝟐

529

On the solubility of a gas in a Liquid
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• Effect of temperature on gas solubility 
• The solubility of most gases decreases as temperature increases

The temperature increase leads to higher kinetic energy of the gas 
molecules within the liquid. The resulting agitation breaks the 
intermolecular bonds and the dissolved gas escapes to the gas phase.

On the solubility of a gas in a Liquid
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• Effect of temperature on gas solubility 
• The fish kills: A sudden appearance of dead fish in lakes and rivers because of: 

• Human activity: Agricultural runoff, biotoxins, thermal pollution, … 
• Natural causes, such as ecological hypoxia (oxygen depletion): 

Long period of hot weather  Reduction of oxygen in water  Suffocating

On the solubility of a gas in a Liquid

• June 2023: 
• Thousands of dead fish washed up on Texas Gulf Coast 

(Quintana Beach County, USA)
• US officials: “the dead fish is due to a low dissolved O2 event” 

in warm water 
• Calm seas and cloudy skies contributed to the lack of oxygen: 

• Waves are efficient in mixing & oxygenating sea water
• Photosynthesis by microscopic phytoplankton or 

macroalgae is another way to produce O2, using sunlight
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• Types of Nucleation: 

• Homogeneous nucleation: 
• Formation of isolated vapour bubbles in the liquid far from interfaces
• Mainly due to the microscopic voids formed randomly within the liquid by 

thermal motion  liquid rupture and growth of macroscopic bubbles. 

• Heterogeneous nucleation: 
• Occurs on interfaces between the liquid with a solid or a gas 

• Walls, micro particles, micro bubbles
• Due to the growth of existing and stable micro-bubbles

• Free micro-bubbles within the liquid
• Micro cavities attached to solid surfaces (wettability)

• Cavitation inception is always due to heterogeneous nucleation

Cavitation Inception
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• Properties of cavitation nuclei

• Origin: complex 
• Diffusion:

• Gas exchange across the interfaces
• Very slow process. Characteristic time: ~ seconds - hours

• A little influence on liquid density: 
• Example: 

Nuclei content (of ~100 µm in diameter) = 100 nuclei/cm3 

 Void Fraction ~ 5.2 10-5

• Negligible effects on liquid compressibility (speed of sound)

• Strong influence on the cavitation incipience

Cavitation Inception
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• Tensile Strength
• Case of water ascent in giant trees 

• Giant Sequoia trees may be 115 m high
• Historical record: 135 m (Eucalyptus)

• Sap (Water + Nutrients) is pumped through tiny pipes (Xylem) 
from the root to the leaves. 

• Negative pressure ? (Open question)

Cavitation Inception
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• Tensile Strength
• Extreme tensile strength of -1 MPa !

• Not compatible with nuclei content of the sap 
• Possible explanations: 

• Capillarity ? Natural pumping by µ-sized tubes (Xylem): 
• Max ~30 m of pumping height (Not realistic)

• Cohesion-Tension theory (Transpiration)
• Theory of disjoining pressure (Deriagin pressure): 

• Xylem is partially wetted by the sap (thin wetted layer at the wall)
• None of these theories is fully convincing. 

2 cosh
gr

γ θ
ρ

=Jurin’s Law: 
: Liquid surface tension
: Liquid density
: ravityg G

γ
ρ

Cavitation Inception
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• Application of the pumping ability of tall trees:  

Cavitation Inception

2021
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Cavitation Inception

2021
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• Surface nucleation
• A solid surface is never perfectly wetted
• Illustration of the formation process of cavitation bubbles departing

from a roughness element on a 2D hydrofoil 

• Similarity with boiling

 

 

C = 14 m/s, a = 1°, s = 0.2

Cavitation Inception
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Tensile Strength

• Surface nucleation
• In industrial applications, cavitation always initiates on solid boundaries
• The gas trapped in roughness elements enhances vaporization 

and act as nucleation site  

Storage Pump Kaplan Turbine Marine propeller
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• Surface tension:
• Surface tension is the tendency of liquid surfaces at rest to shrink into the minimum 

area possible. This is due to cohesive forces between liquid molecules. 
• A liquid drop tends to take a spherical shape because at the liquid–air interface, 

surface tension results from the greater attraction of liquid molecules to each other 
(cohesion) than to the molecules in the air (adhesion)  

• When attractive forces are between unlike molecules, they are called adhesive forces: 
• The shape of a liquid drop on a solid surface depends on the balance between 

cohesive and adhesive forces: 
Hydrophobic surfaces produce less adhesive forces than hydrophilic surfaces 

Surface Tension
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• Blake equation (also called Laplace equation)
• The static equilibrium of a spherical nuclei of radius R, filled with gas 

and water vapour, reads: 

Air-Water Surface Tension:
T=0 °C : S = 76·10-3 N·m-1 ; 
T=20 °C : S = 73·10-3 N·m-1 ; 
T=37 °C : S = 70·10-3 N·m-1 ; 

Static Equilibrium of a bubble in a liquid

𝒑𝒑∞ = 𝒑𝒑𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 −
𝟐𝟐𝟐𝟐
𝑹𝑹

= 𝒑𝒑𝒈𝒈 + 𝒑𝒑𝒗𝒗 −
𝟐𝟐𝟐𝟐
𝑹𝑹

Gas + Vapor

Liquid
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• Exercise: 

• We consider 2 cavitation bubbles of radii R1 and R2 (with R1>R2), 
in a static  equilibrium within a liquid at rest (all valves closed). 

• Describe the new state when the valves V2 and V3 are open 
(valve V1 closed).   

Static Equilibrium of a bubble in a liquid
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• Case of a nuclei subjected to small pressure variations
• Slow enough to consider the nuclei in static equilibrium
• Fast enough to neglect gas transfer across the interface

• The hydrostatic pressure difference seen by the nuclei: 𝟐𝟐𝝆𝝆𝝆𝝆𝝆𝝆
May be neglected when it is small compared to surface tension term

e.g 𝟐𝟐𝝆𝝆𝝆𝝆𝝆𝝆 ≪ 𝟐𝟐𝟐𝟐
𝑹𝑹
⇒ 𝑹𝑹 ≪ 𝑺𝑺

𝝆𝝆𝝆𝝆
⇒ 𝑹𝑹 ≪ 𝟐𝟐.𝟕𝟕𝒎𝒎𝒎𝒎

(always verified for cavitation nuclei)

Initial state: 𝒑𝒑∞𝟎𝟎 = 𝒑𝒑𝒈𝒈𝟎𝟎 + 𝒑𝒑𝒗𝒗 −
𝟐𝟐𝟐𝟐
𝑹𝑹𝟎𝟎

Isothermal transformation ⇒𝒑𝒑∞ = 𝒑𝒑𝒈𝒈𝟎𝟎
𝑹𝑹𝟎𝟎
𝑹𝑹

𝟑𝟑
+ 𝒑𝒑𝒗𝒗 −

𝟐𝟐𝟐𝟐
𝑹𝑹

Static Equilibrium of a bubble in a liquid
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• Case of small pressure variations

• The curve 𝒑𝒑∞ 𝑹𝑹 presents a minimum (𝑹𝑹𝒄𝒄,𝒑𝒑𝒄𝒄)

• For 𝑹𝑹 < 𝑹𝑹𝒄𝒄, the nuclei remains stable
• For 𝑹𝑹 > 𝑹𝑹𝒄𝒄, the nuclei becomes unstable

Static Equilibrium of a bubble in a liquid

Rc : Critical radius, pc : Critical pressure

𝑅𝑅𝑐𝑐 =
3𝑝𝑝𝑔𝑔0𝑅𝑅0

3

2𝑆𝑆
𝑝𝑝𝑐𝑐 = 𝑝𝑝𝑣𝑣 −

4𝑆𝑆
3𝑅𝑅𝑐𝑐
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• Explosive growth of cavitation nuclei having a critical pressure > pressure in the 
constriction (throat)

• Pressure at the constriction adjusted with the help of a moving body
• Detection of nuclei passage with a pressure or vibration sensor

 Histogram of nuclei size 

• Drawback: Parasitic cavitation always attaches to the solid boundary (roughness)
• So far, no reliable instrument is available to measure nuclei distribution in a liquid

Static Equilibrium of a bubble in a liquid
Application: Measurement of nuclei content with the help of a Venturi tube

Transient
bubbles
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Principle :  
Atomization of a liquid jet in highly pressurized tank (~ 5-10 bar)
Injection of air saturated water through a thin space between 2 discs
Production of tiny bubbles (~20-50 µm diameter)

Laboratory tools for cavitation nuclei generation (control of nuclei content)

Injector “White water”Principle of bubble generation

Static Equilibrium of a bubble in a liquid
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Efficiency vs Cavitation Nb

Usage:  
Model tests of hydraulic turbines, pumps and marine propellers

(effect on cavitation nuclei on hydrodynamic performances)

Effect of nuclei content on efficiency 
of a model of Francis turbine

Laboratory tools for cavitation nuclei generation (control of nuclei content)

Static Equilibrium of a bubble in a liquid

Nevertheless, with the lack of reliable instrumentation for gas content monitoring, model 
tests of hydraulic machines are always performed with well degassed water
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