
RAYLEIGH FLOW – COMPRESSIBLE FLOW WITH HEAT TRANSFER  
 

In this lesson, we will:  
 

• Introduce Rayleigh flow: flow in a duct with heat addition (or removal) but no friction 
• Discuss Rayleigh flow qualitatively and quantitatively 
• Do an example problem 

 
Disclaimer: This is an abbreviated summary of Rayleigh flow; a more rigorous analysis is 
presented in my compressible flow course (ME 420 at Penn State University) 
 
Rayleigh Flow Introduction, Approximations, and Assumptions 

• Steady 
• One-D flow (ignore boundary layers) such that V is approximately constant at any 

cross-section of the duct, i.e., V = V(x) only  
• Ideal gas 
• Constant area duct (straight section of pipe) 
• Constant gas properties (k, cP, R, etc.) even if chemical reactions or combustion 

provides the heat input (different gas properties of the combustion products and/or 
different mixture of gases after a reaction) 

• Negligible friction along duct walls 
 
Applications of Rayleigh Flow 
 

Gas heat exchangers: 

          

             
  



Gas flowing in uninsulated pipes (e.g., steam pipes): 
 

   
 
 
Combustors in a jet engine or gas turbine engine: 
 

 
 

  
 
  



Afterburners in a jet engine: 
 

 
 

   
  
 
Control Volume Analysis and the Rayleigh Curve 
 
 
 
 
  



Linear momentum equation in x-direction:  
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Summary of Equations for Rayleigh Flow for an Ideal Gas 
 

Conservation laws of mass, momentum, and energy (from above notes): 
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Static property ratios (from more algebra, not shown): 
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Stagnation property ratios (from more algebra, not shown): 
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Step-by-Step Procedure to Solve Rayleigh Flow Problems 

1. For known conditions at 1 and known rate of heat transfer, use ( )02 01P
Qq c T T
m

= = −
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 to 

calculate T02. 

2. Calculate T01/T0
* from the ratio equation: 
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3. Calculate T02/T0
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4. Use the ratio equation for stagnation temperature (inversely) to calculate Ma2: 
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5. Use the remaining Rayleigh flow equations, ideal gas law, speed of sound equation, etc. 
to calculate other desired properties at State 2, such as T2, P2, V2, c2, h2, ρ2, etc. 

  



Example: Rayleigh flow  
Given: 
• Air and fuel enter a 

15-cm diameter tube at 
550 K, 480 kPa, and 
80.0 m/s. 

• The fuel is burned 
between locations 1 and 2 in the tube, as sketched, and in the process, 4514 kW of heat is 
added. 

 
To do: Estimate the temperature, pressure, velocity, and Mach number at location 2. 
 
Solution: 
Assumptions and Approximations (consistent with our simplified Rayleigh flow analysis): 

1. The air/fuel mixture is an ideal gas with the same properties as air alone, and the 
properties do not change due to combustion products. 

2. The flow is steady and one-D. 
3. Friction along the tube walls is negligible. 

 
Inlet conditions and rate of heat transfer 

Given: V1 = 80.0 m/s, T1 = 550 K, P1 = 480 kPa, A = πD2/4 = 0.017671 m2, 4514 kWQ =  
 
 
 

ρ1 = 3.0409 kg/m3,     c1 = 470.10 m/s,     Ma1 = 0.17018  
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Step 1: Heat transfer analysis to calculate T02 
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Step 2: Sonic (critical or *) reference values analysis to calculate T01/T0
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Step 3: Calculate T02/T0
* from clever use of ratios  
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Step 4: Calculate Ma2 (inversely); I used the False Position Method 
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Step 5: Calculate other desired properties at State 2 
 
 
 
  


