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hydrodynamically fully developed region

fully developed condition : 
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Velocity Profile in Fully Developed Region
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Moody friction factor

friction coefficient
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Mixed Mean Temperature 

heat transfer coefficient :
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Thermally Fully Developed Condition
experimental observation: in the far downstream 
region, h =const. for a given fluid and tube diameter

= constant (not function of x)
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thermally fully developed condition
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Constant surface heat flux condition

Constant surface temperature condition
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Example 8.1

Find: 
Nusselt number at the prescribed location
Assumptions:
Incompressible, constant property flow
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x dx

perimeter: P = πD

Overall Energy Balance
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Constant surface heat flux condition

= constant in fully developed region
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Constant surface temperature condition
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Log Mean Temperature Difference (LMTD)
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Water
D = 50 mm

L = 6 m

Example 8.3

Find: 
Average convection heat transfer coefficient

0.25 kg/sm =

, 15 Cm iT = °
100 CsT = ° , 57 Cm oT = °
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in the cylindrical coordinate system (r,x)

for fully developed flow 

Laminar Flow in Fully Developed Region
Convection Correlations
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Constant surface heat flux condition  

boundary conditions
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from overall energy balance :

Integrating energy equation with 
boundary conditions
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Constant surface temperature condition  
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Example 8.4

absorber tube

concentrator

Conditions:

Find: 
1) Length of tube L to achieve required heating
2) Surface temperature Ts,o at the outlet section, x = L

Assumptions:
1) Incompressible flow with constant properties
2) Fully developed conditions at tube outlet

water
22000 W/msq′′ =

0.01 kg/sm =

60 mmD =

, 20 Cm iT = °

, 80 Cm oT = °



( )s Lq Dπ′′=

1) From energy balance 

2) surface temperature at the outlet

→ laminar flow
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Laminar Flow in the Entry Region
Thermal entry length

Ts = constant, 

properties at 
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Combined entry length
(hydrodynamic + thermal)
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Gr: Gratez number



Turbulent flow in circular tubes
Fully developed region

• Dittus-Boelter equation (smooth wall)

moderate temperature difference
properties at Tm
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• Sieder & Tate (1936)

properties at Tm

large temperature difference
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• Petukhov (1970)

f from Moody diagram

properties at Tm
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Entry region
since

For short tubes : 
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Hot air D = 0.15 m

L = 5 m

Cold ambient air
x

Assumptions:
1) Steady-state, constant properties, ideal gas behavior
2) Uniform convection coefficient at outer surface of duct

Example 8.6

0.05 kg/sm =

,0 103 CmT = °

20 C, 6 W/m KoT h∞ = ° =

, 77 Cm LT = °

Find: 
1) Heat loss from the duct over the length L, q[W]
2) Heat flux and surface temperature Ts,L at x = L( )sq L′′



1) Energy balance for the entire duct :

2) Heat flux and surface temperature at x = L

Hot air D = 0.15 m

L = 5 m
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turbulent flow

fully developed region
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Convection Correlations: 
Noncircular Tube

hydraulic diameter : 

Ac : flow cross-sectional area

P : wetted perimeter
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Nusselt numbers and friction factors for fully developed 
laminar flow in tubes of different cross section



Concentric Tube Annulus
inner wall :

outer wall :

Nusselt numbers
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For fully developed laminar flow
1) One surface insulated and the     

other at constant temperature



2) Uniform heat flux maintained at  
both surfaces
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Heat Transfer Enhancement
Internal flow heat transfer enhancement schemes

Coil-spring wire insert Twisted tape insert

Longitudinal fins Helical ribs



Helically coiled tube and secondary flow


