
Chapter 11. The equations of change
for non-isothermal system

• The energy equation

• Special form of the energy equation

• The Boussinesq equation of motion for forced and free 

convection

• Use of equation of change to solve steady state problems

• Dimensionless analysis of the equations of change for non-

isothermal systems



11.1. The energy equation



Equations

• Vector form

where



Equations in vector form



Special form of the energy equation

• Subtract the mechanical energy equation in eq. 3.3-1 
from the previous equation



3.3. The equation of mechanical energy

• Dot product between velocity and equation of motion:
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Special form of the energy equation

• Using the substantial derivative with continuity 
equation

• In function of enthalpy with continuity equation and   ෡𝑈 =
෡𝐻 − 𝑝 ෠𝑉 = ෡𝐻 − (

𝑝

𝜌
)

• Equation of change for temperature (with eq. 9.8-7)



Special cases

• Ideal gases

• For fluid flowing in a 
constant pressure 
system or a fluid 
with constant 
density

• For a stationary solid, 
v is zero



The Boussinesq equation of motion for
forced and free convection

• Boussinesq approach (simplified equation of state)

• Introducing only into ρg (not                 ) in Eq B, Table 3.5-1. 
Boussinesq equation 



Free Convection Heat transfer from a vertical 
plate

• Ambient temperature,

T1

• Fluid rises because of

the buoyant force

• Constant fluid

physical properties,

except for density  

ρ = 𝜌(𝑇)
"Transport Phenomena" 2nd ed.,
R.B. Bird, W.E. Stewart, E.N. Lightfoot



Equations

• Equation of continuity

• Equation of motion. Boussinesq approach

• Equation of energy



Equations

• Boundary conditions



Dimensionless variables

• Dimensionless temperature 

• Dimensionless vertical coordinate

• Dimensionless horizontal coordinate

• Dimensionless vertical velocity

• Dimensionless horizontal velocity



New Equations

• Equation of continuity

• Equation of motion. Boussinesq approach

• Equation of energy

• Boundary conditions



Equations

• The average heat 
flux from one side 
of the plate may 
be written as

• Using the 
dimensionless 
variables

• Average heat flux 
is proportional to

𝑇
5
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Dimensional analysis of the equations of
change for nonisothermal systems

• Continuity

• Equation of motion

• Equation of energy



Introducing dimensionless numbers

• Forced convection



Dimensionless groups
"Transport Phenomena" 2nd ed.,
R.B. Bird, W.E. Stewart, E.N. Lightfoot



Dimensionless groups
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