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LAMINAR FLOW IN TUBES
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The maximum velocity occurs 

at the centerline, r = 0:

The average velocity in fully developed 

laminar pipe flow is one-half of the 

maximum velocity.

Velocity profile
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Pressure 

Drop

A quantity of interest in the analysis of pipe flow is the pressure drop P since

it is directly related to the power requirements of the fan or pump to maintain flow.

In laminar flow, the friction factor is a function of 

the Reynolds number only and is independent of 

the roughness of the pipe surface.

Head loss

Pressure losses are 

commonly expressed

in terms of the equivalent 

fluid column height, called 

the head loss hL.
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The head loss hL represents the additional height that the fluid 

needs to be raised by a pump in order to overcome the frictional 

losses in the pipe. The head loss is caused by viscosity, and it is 

directly related to the wall shear stress.

Poiseuille’s 

law

For a specified flow rate, the pressure drop 

and thus the required pumping power is 

proportional to the length of the pipe and 

the viscosity of the fluid, but it is inversely 

proportional to the fourth power of the 

radius (or diameter) of the pipe.

The required pumping 

power to overcome the 

pressure loss: The average 

velocity for 

laminar flow
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The differential volume element

used in the derivation of energy 

balance relation.

The rate of net energy transfer to 

the control volume by mass flow is 

equal to the net rate of heat 

conduction in the radial direction.

Temperature Profile and the Nusselt Number
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Constant Surface Heat Flux

Applying the boundary

conditions T/x = 0 at r = 0 

(because of symmetry) and T 

= Ts at r = R:

Therefore, for fully developed laminar 

flow in a circular tube subjected to

constant surface heat flux, the Nusselt

number is a constant. 

There is no dependence on the

Reynolds or the Prandtl numbers.
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Constant Surface Temperature

In laminar flow in a tube with

constant surface temperature, both 

the friction factor and the heat 

transfer coefficient remain 

constant in the fully developed 

region.

The thermal conductivity k for use in the Nu relations should be 

evaluated at the bulk mean fluid temperature.

For laminar flow, the effect of surface roughness on the friction 

factor and the heat transfer coefficient is negligible.

Laminar Flow in Noncircular Tubes

Nusselt number relations are given in 

Table 8-1 for fully developed laminar

flow in tubes of various cross sections.

The Reynolds and Nusselt numbers 

for flow in these tubes are based on 

the hydraulic diameter Dh = 4Ac/p.

Once the Nusselt number is available, 

the convection heat transfer coefficient

is determined from h = kNu/Dh.
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Developing Laminar Flow in the Entrance Region

When the difference between the surface and the fluid temperatures is large, 

it may be necessary to account for the variation of viscosity with temperature:

All properties are evaluated at the bulk 

mean fluid temperature, except for s, which 

is evaluated at the surface temperature.

The average Nusselt number for the thermal entrance region of 

flow between isothermal parallel plates of length L is

For a circular tube of length L subjected to constant surface temperature, the

average Nusselt number for the thermal entrance region can be determined from:

The average Nusselt number is larger at the entrance region, and it 

approaches asymptotically to the fully developed value of 3.66 as L → .
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TURBULENT FLOW IN TUBES

First Petukhov equationChilton–Colburn 

analogy

Colburn 

equation

Dittus–Boelter equation

When the variation in properties is large due to a large temperature difference:

All properties are evaluated at Tb except s, which is evaluated at Ts.
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Second 

Petukhov 

equation

Gnielinski

relation

The relations above are not very sensitive to the thermal 

conditions at the tube surfaces and can be used for both Ts =

constant and qs = constant.
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Rough Surfaces

In turbulent flow, wall roughness increases the heat transfer coefficient h

by a factor of 2 or more. The convection heat transfer coefficient for rough 

tubes can be calculated approximately from the Gnielinski relation or 

Chilton–Colburn analogy by using the friction factor determined from the 

Moody chart or the Colebrook equation.

The friction factor in fully developed turbulent pipe flow depends on the

Reynolds number and the relative roughness  /D, which is the ratio of the

mean height of roughness of the pipe to the pipe diameter.

Colebrook 

equation

Moody chart is given in the appendix as Fig. A–20. 

It presents the Darcy friction factor for pipe flow as a function of the Reynolds 

number and  /D over a wide range.

An approximate explicit 

relation for f was

given by S. E. Haaland.
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Developing Turbulent Flow in the Entrance Region

The entry lengths for turbulent flow are typically short, often just 10 tube

diameters long, and thus the Nusselt number determined for fully 

developed turbulent flow can be used approximately for the entire tube. 

This simple approach gives reasonable results for pressure drop and 

heat transfer for long tubes and conservative results for short ones.

Correlations for the friction and heat transfer coefficients for the entrance 

regions are available in the literature for better accuracy.

Turbulent Flow in Noncircular Tubes

In turbulent flow, the velocity

profile is nearly a straight line 

in the core region, and any 

significant velocity gradients 

occur in the viscous sublayer.

Pressure drop and heat transfer

characteristics of turbulent flow in tubes 

are dominated by the very thin viscous 

sublayer next to the wall surface, and the 

shape of the core region is not of much 

significance.

The turbulent flow relations given above 

for circular tubes can also be used for

noncircular tubes with reasonable 

accuracy by replacing the diameter D in 

the evaluation of the Reynolds number 

by the hydraulic diameter D = 4A /p.
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