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Natural and 
Forced 

Convection:

Heat transfer from 
a solid to a fluid via 
a boundary layer
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The boundary layer impedes thermal transfer
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Laminar and turbulent flow
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Characteristic Parameters
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Characteristic parameters cont’d

(Nusselt number)
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FREE CONVECTION VS FORCED CONVECTION
(vertical surface) (horizontal surface)

LAMINAR FLOW VS TURBULENT FLOW

5/5/2012 ECE414/514 Electronics 
Packaging Spring 2012

10

1. Free Convection / Vertical Surface
(a) Laminar Flow

=(4/3)const H-1/4

=const.y-1/4
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1. Free Convection / Vertical Surface
(b) Turbulent Flow
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2. Forced Convection / Horizontal Surface
(a) Laminar Flow
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2(a) cont’d
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2(a) cont’d
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2(a) cont’d
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2. Forced Convection / Horizontal Surface
(a) Turbulent Flow
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External thermal resistance vs. flow in 
non-dimensional form (Tai & Lucas)
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Module array, with one odd-sized
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Turbulator

Note:
“Fully 

developed 
flow” 

= 
boundary 

layers meet 
and merge
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Optimum PWB spacing
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Nussfelt Number and PWB Spacing
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Relative heat transfer downstream from a 
finned heatsink in row 6

Turbulent Laminar
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Heat Pipe
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Black-body 
Radiation
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Radiation Heat Transfer
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Examples
1. A 6mm x 6mm chip (kchip=150W/m.K) is 4mm thick and placed 

horizontally on a small 25mm x 25mm board that is 5mm thick with 
thermal conductivity of 1W/m.K. There is a contact conductance of 
104W/m2.K between the chip and the board. The top of the chip is 
cooled by air at 20°C with h=500W/m2.K. The bottom is also cooled 
by air at 20°C, but the heat transfer coefficient is only 200W/m2.K. If 
the chip operates at a heat flux of 20W/cm2, what will be the 
temperature of the chip circuits if (a) the circuits are on the top, or (b) 
on the bottom?

2. Two 10cm x 40cm boards are mounted 2.5cm apart with the 40cm 
edges vertical. Natural convection causes air at 20°C to provide 
cooling by flowing vertically through the passage formed by the 
boards. The chips on the boards produce a heat flux of 0.5W/cm2

from each board. (a) What is the surface temperature of the chips at 
the top of the boards? (b) What is the temperature if a fan is added 
that creates an upward velocity of 1m/s?
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Examples (cont’d)
3. A 10mm x 10mm silicon chip is cooled with water circulated through 50 

parallel etched microchannels of width W=50μm and height H=200 μm
on the back of the chip. The heat flux produced by the chip maintains 
the surface of the microchannels at 350K. All heat generated by the 
circuits is transferred to the water. What are the water exit 
temperature and heat flux if water enters the channels at 300K at a 
rate of 10-4kg/s?
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Assignment #6
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Dally et al:
9.7 9.16 9.17 9.25
10.1 10.16 10.17 10.37    


