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DUCT FLOW WITH HEAT TRANSFER AND
NEGLIGIBLE FRICTION (RAYLEIGH FLOW)

The essential features of such complex flows can still be captured by a simple analysis by
modeling the generation or absorption of thermal energy as heat transfer through the
duct wall at the same rate and disregarding any changes in chemical composition. This
simplified problem is still too complicated for an elementary treatment of the topic since
the flow may involve friction, variations in duct area, and multidimensional effects. In this
section, we limit our consideration to one-dimensional flow in a duct of constant cross-
sectional area with negligible frictional effects.

2



DUCT FLOW WITH HEAT TRANSFER AND
NEGLIGIBLE FRICTION (RAYLEIGH FLOW)

Consider steady one-dimensional flow of an ideal gas with constant specific heats through
a constant-area duct with heat transfer, but with negligible friction. Such flows are
referred to as Rayleigh flows
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Governing Equations
Conservation of mass:

Since we have a constant Cross Sectional Area, A

Linear momentum equation:
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Governing Equations
Conservation of Energy:

Since , this equation reduces to
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Governing Equations
Second Law of Thermodynamic:

Equation of State
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Governing Equations Summary
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Governing Equations Summary
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From the Continuity Equation



Governing Equations Summary
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Extremes of Rayleigh Line
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Extremes of Rayleigh Line
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Extremes of Rayleigh Line
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Extremes of Rayleigh Line
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Effect of Heat Transfer on Flow Velocity
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Effect of Heat Transfer on Flow Velocity
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Property Relations for Rayleigh Flow
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Since

Thus

Since 

Substitute in the momentum equation

We get 

Which can be rearranged as



Property Relations for Rayleigh Flow
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Again utilizing 

The continuity equation

is expressed as

Then the ideal-gas relation

Becomes

Solving Eq. for the temperature ratio T2/T1 gives



Property Relations for Rayleigh Flow
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Substituting this relation into Eq. 12–59 

gives the density or velocity ratio as

Flow properties at sonic conditions are usually easy to determine, and thus the critical 
state corresponding to Ma = 1 serves as a convenient reference point in compressible flow. 
Taking state 2 to be the sonic state (Ma2 = 1, and superscript * is used) and state 1 to be 
any state (no subscript)



Property Relations for Rayleigh Flow
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Similar relations can be obtained for dimensionless stagnation temperature
and stagnation pressure as follows:

which simplifies to

Also,

Which simplifies to
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Rayleigh Flow Equation Summary and tables
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Rayleigh Flow Equation Summary and tables
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Rayleigh Flow Equation Summary and tables



Example: Rayleigh Flow in a Tubular Combustor
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Example: Rayleigh Flow in a Tubular Combustor
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Example: Rayleigh Flow in a Tubular Combustor
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Example: Rayleigh Flow in a Tubular Combustor
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Example: Rayleigh Flow in a Tubular Combustor
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ADIABATIC DUCT FLOW WITH FRICTION (FANNO FLOW)

28



DUCT FLOW WITH HEAT TRANSFER AND
NEGLIGIBLE FRICTION (RAYLEIGH FLOW)

So far we have limited our consideration mostly to isentropic flow, also
called reversible adiabatic flow since it involves no heat transfer and no
irreversibilities such as friction. Many compressible flow problems encountered
in practice involve chemical reactions such as combustion, nuclear
reactions, evaporation, and condensation as well as heat gain or heat loss
through the duct wall. Such problems are difficult to analyze exactly since
they may involve significant changes in chemical composition during flow,
and the conversion of latent, chemical, and nuclear energies to thermal
energy
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