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3.3.1. Bernoulli Equation
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Approx. in NS: Irrotational flow
 Total pressure 𝑝𝑝tot

 Also stagnation pressure
 Preserved in flow

 Static pressure 𝑝𝑝
 Measured by hydrostatic pressure head

 Dynamic pressure ∝ 𝑣𝑣2
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 Formation of bubbles at regions of high velocities
 Related to Bernoulli equation
 Vapor pressure pvap

 Static pressure p < pvap

 Vaporization of liquid

 Energy
 Work against bending pressure
 Stored energy 𝐸𝐸 = 𝜎𝜎 ⋅ Δ𝐴𝐴
 Release of 𝐸𝐸

- Local hot-spots
- Chemical reactions
- Corrosion
- Emission of light

 Possible detrimental to functionality of device

3.3.2. Cavitation
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 Deflection of jets at curved surfaces
 Discovered by Thomas Young in 1800
 Rediscovered by Coanda in 1910
 Understood in 1930

- Dynamic pressure
 In turbulent jets up to

moderate Reynolds numbers
 Curvature and angle not too sharp

3.3.3. Coanda Effect
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 Explanation
 Velocities of turbulently moving particles

far greater than jet speed
 Underpressure
 Nearby gas sucked into stream
 Space between adjacent wall and jet evacuated
 Jet tends to stick to wall

 Application
 Flow switches
 Fluidic amplifiers

3.3.3. Coanda Effect
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 Drag force F
 Body in fluid stream at velocity v
 Unconfined medium
 Characteristic area (cross-section) Ad

 Fluid density 𝜚𝜚

 Drag coefficient 𝐶𝐶d
 Shape of body
 Surface roughness
 Reynolds number Re

3.3.4. Drag Coefficient
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 Large velocity v
 Cd ≈ const.
 F ~ v 2

 Low 𝑅𝑅𝑅𝑅 (laminar)
 Cd ~ 1 / v
 F ~ v

3.3.4. Drag Coefficient

Examples:
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 Force on sphere in fluid stream
 Approximation by Stokes
 Radius r0

 Relative speed v
 Viscosity η
 Laminar flow
 Flow undisturbed at sufficient distance
 v = 0 on surface of sphere

3.3.4. Stokes Drag

more detailed calculation

Microfluidics - Jens Ducrée Physics: Fluid Dynamics 14
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 Interplay
 Oscillating external pressure
 Finite compressibility 𝜅𝜅 of fluid
 Longitudinal modes only

- No restoring force
upon shear stress

 Density oscillations
 Harmonic actuation
 Angular frequency ω
 Stamp amplitude ξ0

 Sound particle velocity vξ

 Phase velocity

3.3.5. Pressure Waves
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 Using

 Relation

3.3.5. Wave Equation

Laplacian

compare

Newton

Microfluidics - Jens Ducrée Physics: Fluid Dynamics 17
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 Typical values

 Typical wavelength
 cκ = 1000 m s-1

 ν  = 1 kHz
 λ = cκ  / ν  = 1 m

3.3.5. Pressure Waves
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• Characteristic numbers
• Strouhal number

• Mach number

 Intensity
 Power per
 Surface area

 Radiation pressure

3.3.5. Pressure Waves
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 Energy dissipation
 Inner friction of fluid
 Heating of fluid

 Friction term in wave equation

 Planar wave

3.3.5. Damping of Pressure Waves
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 Outflow
 Pressurized chamber
 Nozzle
 Flow velocities v1 and v2 inside and outside chamber

 Mass flow rate 𝐼𝐼𝑚𝑚
 Function of pressure ratio 𝑝𝑝2′ /𝑝𝑝1′
 Shape of constriction

3.3.6. Flow through Constriction
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 Bendemann formula
 Flow rate 𝐼𝐼𝑚𝑚
 Volume per mass 𝑉𝑉𝑚𝑚
 Isentropic conditions
 𝑣𝑣1 ≪ 𝑣𝑣2

 Outlet function
 Dimensionless
 Isentropic

coefficient 𝛾𝛾 ≈ 5
3

3.3.6. Flow through Constriction
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 Outlet function
 Maximum value

 Obtained at critical Laval ratio

- Propagation of pressure 
signal limited by speed of 
sound

3.3.6. Laval Pressure Ratio
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 Additional correction factors
 Velocity factor 𝜙𝜙1

- Outlet shape
- Velocity

 Contraction number 𝜙𝜙2
- Outlet shape

3.3.6. Outflow of Compressible Gases
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Summary
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Bernoulli equation

Drag force
(on body)

Stokes drag 
(for sphere) 

Cavitation Coanda effect

Drag coefficient
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