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Introduction

• Previously, we discussed fundamental of convection

– Type of flow : laminar & turbulent, internal & external, forced & free 
convection, etc

– Type of Boundary Layer : Velocity vs Thermal

– Introducing the dimensionless number (Nu, Re, Pr) and it’s
significance 

• In this chapter, we will discuss the forced convection in 
external & internal flow. 

• The main objective is to determine :

– heat transfer coefficient (h)

– rate of heat transfer (q)
For both  external & internal flow
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Topic of This Chapter

A. Forced Convection in External Flow

1) Drag & Heat Transfer in External  flow

2) Parallel Flow over Flat Plate

3) Flow across Cylinders & Spheres

4) Flow across Tube Banks

B. Forced Convection in Internal Flow

1) Laminar flow in Tubes

2) Turbulent flow in Tubes
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Drag Force & Lift Force

Fluid flow over any surfaces creates two type of aerodynamic 
forces called :

1) Drag force à the same direction of the fluid flow

2) Lift force à perpendicular to the direction of fluid flow

Drag
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Type of Drag Force

Friction Drag  vs  Pressure Drag

Drag force on a flat plate parallel to the flow 

depends on wall shear only à Friction Drag
Drag force on a flat plate normal to 
the flow depends on the pressure 

only and is independent of the wall 
shear à Pressure Drag

Let consider the flat plate is placed in different condition:

Ø parallel to the fluid flow

Ø normal to the fluid flow

à Friction Drag Force
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Local Friction Coefficients (Cf,x) 

Consider the parallel flow of a fluid over a flat plate L in the flow direction

The Reynolds number at a distance x
from the leading edge of a flat plate

The velocity boundary layer thickness (δ) and 
the local friction coefficient at location x (Cf,x)

Laminar Region Turbulent Region

Where:
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Average Friction Coefficients (Cf) 

Consider the parallel flow of a fluid over a flat plate L in the flow direction

The average friction coefficients (Cf) 
for the entire surface can be determined 
by integration from :

Laminar Region Turbulent Region

; where

*  Note that, the friction coefficient for turbulent is taken from the experiments
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Heat Transfer Coefficient (h)

Local vs Average heat transfer coefficient

The local heat transfer coefficient a location x 
can be found using local Nu (Nux) :

The average heat transfer 
coefficient (h) over the entire 

plate can be found by 
integrate the local Nu (Nux) :

*Note that:
Ts = constant 
(isothermal)
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How To Evaluate The Fluid Properties?

Recall the heat transfer coefficient (h) equation

To calculate h, it is necessary to 
know the fluid properties, such as 
• Thermal conductivity, k
• Kinematic viscosity, v
• Prandtl Number, Pr
• Density, ρ

All above properties can be found from the properties table, by 
evaluating the fluid at the so-called film temperature (Tf)

Average temperature 
between surface and 

ambient
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How To Evaluate The Fluid Properties?

Once the film temperature is calculated à refer to the table

SAMPLE of Property Table of A Substance
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Example

Engine oil at 60oC flows over the upper surface of a 5-m-long flat plate 
whose temperature is 20oC with a velocity of 2 m/s. Determine the total 
drag force and the rate of heat transfer per unit area of the entire plate.

Known:

Find:
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Example

Assumptions: 
1. The flow is steady and incompressible.
2. The critical Reynolds number is 𝑅𝑒!" = 5×10#.
Properties:

The film temperature 𝑇$ =
%!&%"

'
=

'(&)(

'
= 40℃, thus the properties of oil engine at 𝑇$ are (Table 

A-13)
𝜌 = 876 ⁄𝑘𝑔 𝑚* 𝑃𝑟 = 2962

𝑘 = 0.1444 ⁄𝑊 𝑚.𝐾 𝑣 = 2.485×10+, ⁄𝑚' 𝑠

Analysis:

𝑅𝑒- =
.-

/
=

(' ⁄2 3)×(#2)

'.,7#×8(#$ ⁄2% 3
= 4.024×10, < 𝑅𝑒!" ⟹

𝑤𝑒 ℎ𝑎𝑣𝑒 𝑙𝑎𝑚𝑖𝑛𝑎𝑟 𝑓𝑙𝑜𝑤 𝑜𝑣𝑒𝑟 𝑡ℎ𝑒 𝑒𝑛𝑡𝑖𝑟𝑒 𝑝𝑙𝑎𝑡𝑒.

𝑇ℎ𝑢𝑠 𝑡ℎ𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 is:
𝐶$ = 1.33𝑅𝑒-

+(.# = 1.33×(4.024×10,)+(.#= 0.00663
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Example

Noting that the pressure drag is zero and thus 𝐶9 = 𝐶$ for parallel flow over a flat plate, the drag 

force acting on the plate per unit width becomes

𝐹9 = 𝐶$𝐴
:.%

'
= 0.00663× 5×1 𝑚' (7;) ⁄<= 2&) ' ⁄2 3 %

'
= 58.1 𝑁

Similarly, the Nusselt number is determined using the laminar flow relations for a flat plate:

𝑁𝑢 =
>-

<
= 0.664𝑅𝑒-

(.#𝑃𝑟 ⁄8 * = 0.644×(4.024×10,)(.#×2962 ⁄8 * = 1913

Then, 

ℎ =
<

-
𝑁𝑢 =

(.8,,, ⁄? 2.@

#2
1913 = 55.25 ⁄𝑊 𝑚'. 𝐾

And 
𝑞̇ = ℎ𝐴3 𝑇A − 𝑇3 = 55.25 ⁄𝑊 𝑚'. 𝐾 5×1 𝑚' 60 − 20 ℃ = 11050𝑊



END OF THE SLIDES


