II. CONVECTION

1. Basic Principles
Convection is the transfer of thermal energy through a liquid or a gas due to bulk motion of the fluid. This is the most important mechanism for thermal energy transfer between a solid and a moving fluid. Convection can either be forced or free. During forced convection, the fluid's flow is due to an external source such as a fan or pump. During free or natural convection, fluid motion occurs from buoyancy forces due to density differences in the fluid itself. The density differences are in turn the result of temperature differences in the fluid. It is also possible to have a situation where there is a combination of forced and free convection, often referred to as mixed convection. Let us consider a fluid in contact with a solid whose temperature is higher than the main body of the fluid. Although the fluid may be in motion, there is a relatively thin film of stagnant fluid next to the solid, the thickness of the film depending upon the character of the motion of the main body of the fluid. The more turbulent the motion is, the thinner the film is. Heat is transferred from the solid to the fluid by a combination of conduction through the film and convection in the fluid. Neglecting the transfer of heat by radiation, we may define a convective heat transfer coefficient h that includes the combined effect of conduction through the film and convection in the fluid. Without regard to the classification of convection, the heat flow between a solid and a fluid is governed by Newton's law of cooling, defined by:


Newton’s law of cooling
where:
 is the rate of heat transfer by convection, in W
 is the convective heat transfer coefficient, in W/m2.K
 is the surface area of the solid in contact with the fluid, in m2
 is the temperature at the surface of the solid, in K
 is the temperature of the fluid stream, in K



Example:
A motorcycle cylinder consists of 10 fins (each 150mm outside diameter  75mm inside diameter). The average fin temperature is 500°C.
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Calculate the rate of heat dissipation from the cylinder by convection when:
a. Motorcycle is stationary and h = 6 W/m2K
b. Motorcycle is moving at 80 km/h and h = 75 W/m2K
Take atmospheric temperature as 20°C.

2. A detailed analysis
The factors that affect the convective heat transfer coefficient h may be classed into 2 main groups:
· fluid properties,
· fluid flow characteristics.

a. Fluid properties
The fluid properties that affect h are:
· Thermal conductivity k  (W/m.K)
· Density ρ  (kg/m3)
· Dynamic viscosity μ   (kg/m.s)
· Specific heat capacity (at constant pressure)  Cp   (J/kg.K)
· Coefficient of cubic expansion β  (K-1)

The particular value of these properties for any fluid depends upon: 
i. The phase of the fluid, that is, whether liquid, vapour or liquid/vapour.
ii. The temperature.
iii. The pressure (to a far lesser extent).

The properties are most conveniently obtained from tables, which are compiled from experimental data. The properties of thermal conductivity, density and specific heat capacity may be grouped in a dimensionless form called the Prandtl number (Pr), defined by: 



For any given temperature, the Prandtl number has a unique value which may also be tabulated. For gases only, the value of β may be obtained with sufficient accuracy from:

Coefficient of Cubic Expansion
where T is the absolute temperature in Kelvin.


b. Fluid flow characteristics
The fluid flow characteristics that are important in determining the convective heat transfer coefficient h are:

i. Natural or forced convection. If the convection is forced, the velocity of flow must also be known in order to determine h.

ii. The flow geometry. There are many types of flow geometry that affect h; for example, the flow may be parallel to, perpendicular to or at some intermediate angle to the surface, which may be flat, curved, cylindrical and so on. Of special importance is flow inside or outside tubes or pipes, since this problem is so frequently encountered in heat transfer work.

iii. The flow regime. Flow regimes may be classified into 3 groups:
· laminar flow (also called viscous or streamline flow),
· turbulent flow,
· transition flow.
These flow regimes may be observed from the patterns made by smoke from a cigarette in still air. The flow is initially laminar, then goes through a transition period and finally becomes turbulent. 
 (
laminar
transition
turbulent
)







The occurrence of these various flow regimes was investigated by Osborne Reynolds (Irish Physicist, 1842-1912) in a famous series of experiments. Reynolds found that the variable affecting the flow regime could be grouped in a dimensionless form, subsequently called the Reynolds number (Re) defined by:



where:
velocity (m/s)
significant length (m)
density (kg/m3)
dynamic viscosity (kg/m.s)
kinematic viscosity (m2/s)


For flow in tubes, the significant length is the diameter; for flow across a plate, the significant length is the length of the plate in the direction of flow of the fluid.

The importance of the flow regime on convective heat transfer is obvious: the greater the turbulence, the greater the convective heat transfer coefficient. If convection is forced, the flow will almost always be turbulent.

A complication here is that there will be a laminar and transition flow regime at the entrance to a pipe or along the leading edge of a plate. This will be of significance and should be taken into account on short pipes or plates, but will make little difference to the heat transfer on longer lengths.


The following values are often quoted:

For pipes and tubes,  flow will become turbulent within 1 diameter length from the entrance.
For plates,  represents the start to full turbulence from the leading edge.

These figures are only a guide, since turbulence may be induced by vibration or stirring, and laminar flow may persist beyond these values of  if conditions are particularly quiescent.

Because of the large number of variables that affect the convective heat transfer coefficient , the number of necessary formulae would be immense, unless the variables were grouped so as to conserve similarity. This may be achieved by a technique known as dimensionless analysis, in which the relevant variables are formed into dimensionless groups. The relationship between the groups may be determined experimentally.

We have already defined two of the important dimensionless groups:

Prandtl number




Reynolds number



Other groups of importance in heat transfer are:

Nusselt number





	Grashof number



The Grashof number is sometimes combined with the Prandtl number and called the Rayleigh number defined by:


where:
velocity (m/s)
significant length (m)
density (kg/m3)
dynamic viscosity (kg/m.s)
kinematic viscosity (m2/s)
thermal conductivity (W/m.K)
specific heat at constant pressure (J/kg.K)
convective heat transfer coefficient (W/m2.K)
acceleration due to gravity (m/s2)
temperature difference between the surface and the free steam (K or C)
coefficient of cubic expansion (K-1 or C-1)




The formula expressing the relationship between the various dimensionless groups may be written in one of the following forms:

· For forced convection:


· For free convection:


Typical formulae and their areas of validity are listed in the given TABLE 1 which provides values for the factors A, B, a, b, c and d.
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TABLE 1
	TYPE OF FLOW
	EQUATION
	VALIDITY

	Forced Convection

	1. Heating of a fluid in turbulent flow inside a circular tube
	
	

	2. Cooling of a fluid in turbulent flow inside a circular tube
	
	

	3. Heating or cooling of a fluid in laminar flow inside a circular duct
	
	

	For noncircular tubes, Equations 1, 2 and 3 may be applied if the equivalent diameter 
  is used, where  cross-sectional area and  the wetted perimeter.

	4. Heating or cooling of a fluid in turbulent flow along a plate
	
	

	5. Heating or cooling of a fluid in laminar flow along a plate
	
	

	6. Heating or cooling of a fluid in cross-flow over the outside of a tube
	
	  (significant length is the diameter)

	Free Convection

	7. Heating or cooling of a fluid outside a vertical plate or cylinder
	
	Laminar region


	8. 
	
	Turbulent region


	9. Heated horizontal rectangular plate facing upwards, or cooled horizontal rectangular plate facing downwards.
	
	Laminar region


	10. 
	
	Turbulent region


	For circular plates, Equation 8 may be used with 

	11. Heating or cooling of a fluid outside a horizontal tube or rod
	
	 
(not applicable to heated wires; significant length is the diameter)





3

image3.gif




image1.jpeg




image2.jpeg




