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Chapter 2 
Potential Flow 

Theory
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8.5 Potential-Flow Theory
8.5.1 Basic Flow Equations

• Inviscid flows exist outside the boundary layer and the wake in high-
Reynolds number flows.

• An airfoil has a thin boundary layer, hence this inviscid flow provides a good 
approximation to the flow.

• Flow solution is essential to predict lift/drag and possible separation points.

V = velocity field
Φ = velocity potential function

• This velocity field is called a potential flow (irrotational flow).
• Property: Vorticity (ω) is zero.
• Vorticity is the curl of the velocity vector.
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8.5 Potential-Flow Theory
8.5.1 Basic Flow Equations

• The vorticity equation is obtained by taking the curl of the Navier-Stokes 
equation.

• If ω is zero à
!ω
!# can only be nonzero if viscous effects act through the 

second term.
• If viscous effects are absent (inviscid flow), the vorticity must be zero.

• With the velocity given by the scalar function gradient, for an 
incompressible flow:

• This is Laplace’s equation.
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8.5 Potential-Flow Theory
8.5.1 Basic Flow Equations

• Simplify by focusing on 2D flows.
• Continuity equation:

• For velocity components u, v which depend on x and y: 

• The continuity solution is satisfied.
• Hence the function ψ(x,y) is called a stream function.

• The stream function is constant along a streamline (dψ = 0).
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8.5 Potential-Flow Theory
8.5.1 Basic Flow Equations

• The vorticity vector for a plane flow only has a z-component (w = 0)
• No variation with z.

• The stream function (ψ) and potential function (Φ) satisfy Laplace’s 
equation for a plane flow.

• Hence, the Cauchy-Riemann equations are given as:
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8.5 Potential-Flow Theory
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8.5 Potential-Flow Theory
8.5.2 Simple Solutions

• Laplace’s equation, the continuity equation, and the velocity components in 
polar form are:

Easier to manipulate in polar 
coordinates
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8.5 Potential-Flow Theory
8.5.2 Simple Solutions

• There are four simple solutions to the Laplace flow.

• The uniform flow velocity (U∞) is assumed to be in the x-direction.
• Source strength (q) is the volume rate of flow per unit depth.

• Positive value: issues from the source.
• Negative value: creates a sink

• The vortex strength (Γ) is the circulation about the origin (clockwise = positive).

L: Closed curve around the origin
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8.5 Potential-Flow Theory
8.5.2 Simple Solutions
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8.5 Potential-Flow Theory
8.5.2 Simple Solutions

Doublet strength, μ is for a doublet oriented in 
the negative-x direction.Found when water swirls down a 

drain/turbine of a hydropower dam
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8.5 Potential-Flow Theory
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8.5 Potential-Flow Theory
8.5.3 Superposition

• The simple flows previously presented can be superimposed (with each 
other) to obtain more complicated flows.
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8.5 Potential-Flow Theory
8.5.3 Superposition

• E.g., Flow around a circular cylinder with and without circulation.
• Superimpose a uniform flow and a doublet.

• The velocity component, vr is:

• At the radius, rcà vr is zero.
• Zero for all θ à hence the circle r = rc is a streamline.
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8.5 Potential-Flow Theory
8.5.3 Superposition

• The stagnation points are where vθ = 0 on the circle r = rc

• The stagnation points are at θ = 0° and θ = 180°.

• To find the pressure distribution, use Bernoulli’s equation between 
stagnation point (V = 0; p = p0) and an arbitrary point. 
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8.5 Potential-Flow Theory
8.5.3 Superposition

• E.g., Flow around a rotating cylinder.
• Add an irrotational vortex to the superimposed uniform flow and doublet.

• The vortex flow (consisting of circular streamlines) does not change vr à
the cylinder r = rc is unchanged.

• Stagnation points change. 
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8.5 Potential-Flow Theory
8.5.3 Superposition

• The stagnation points are:

For (a), the stagnation points are on the 
cylinder where r = rc.

For (b), the circulation is large so that a
single stagnation point (θ = 270°) is 
formed off the cylinder.
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8.5 Potential-Flow Theory
8.5.3 Superposition

• From Bernoulli’s equation, the pressure distribution is:

• After integration, drag = 0 and the lift 
per unit length is:

• Good approximation to the lift for all 
cylinders (and airfoils).

• KUTTA-JOUKOWSKY THEOREM!
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8.5 Potential-Flow Theory
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8.7 Summary
• Drag and Lift coefficients are:

• Vortex shedding occurs from a cylinder when 300 < Re < 10,000
• The frequency of shedding is found from the Strouhal number.

• Plane potential flows can be found by superimposing simple flows below.

• The stream function for a rotating cylinder is:
• With the cylinder radius:
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8.7 Summary
• The velocity components are:

• For a laminar boundary layer on a flat plate (zero pressure gradient), the 
exact solution is:

• For a turbulent flow, the power-law profile (η = 7):

• The wall shear and drag force per unit width are:


