
EXTERNAL FORCED CONVECTION

• Flat plate in Parallel Flow

• Cylinder & Sphere in Cross Flow

• Flow across Banks of Tubes

• Impinging Jets

• Packed Beds



Laminar Flow: Similarity Solution
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boundary conditions

governing equations
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introducing stream function

scaling analysis

Momentum equation
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similarity equation

boundary conditions

: Blasius solution1 0
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velocity boundary layer thickness

wall shear stress
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local friction coefficient

average friction coefficient
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Energy equation

boundary conditions
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similarity equation

Pr 0
2

fθ θ′′ ′+ =

boundary conditions
uy
vx

η ∞=

(0, ) ( ) 11yθ η θ→∞→ ∞→ ==

(0) 0( ,0) 0 0xθ η θ→ = → ==

( ) 1( , ) 1xθ η θ∞ = → → ∞→ =∞



heat flux at the wall and heat transfer 
coefficient
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local Nusselt number

average heat transfer coefficient

average Nusselt number
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Turbulent Flow Correlations
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Mixed boundary layer conditions
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If                        is assumed,5
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In case with unheated starting length
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Example 7.2

Find: Maximum heater power requirement
Assumption: 
1. Negligible radiation effects
2. Bottom surface of plate adiabatic

air

Typical 
heater

Insulation

Plate 1
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= 60m/s

T
V
∞

= 230 CsT

x
50mm

air

Plate 1 Plate 5
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= 60m/s
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x

1 50mmL =
2 250mmL =

elecq

convq



critical Reynolds number

Maximum power may be required 
at plate 1, 5, or 6.

Heater 1 : laminar convection coefficient
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Heater 5 : from plate 1 to plate 4: laminar
from plate 1 to plate 5: mixed laminar and turbulent 
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Heater 6 : from plate 1 to plate 5 or plate 6: mixed 
laminar and turbulent condition
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Boundary layer and separation on a circular 
cylinder in cross flow

Cylinder & Sphere in Cross Flow

Circular Cylinder in Cross Flow



Boundary layer separation

Laminar and turbulent boundary layer separation



Drag coefficients for a smooth circular cylinder 
and for a sphere
drag coefficient: 

drag: friction drag + form (pressure) drag
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Local Nusselt number variation
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for  C and  m, Table 7.2 and Table 7.3

• Stagnation Nusselt number
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n = 0.37 for Pr ≤ 10,  n = 0.35 for Pr > 10
for  C and  m, see Table 7.4
properties at T∞ except Prs

• Zhukauskas (1972)
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Sphere in Cross Flow

• Whitaker (1972)

properties at T∞ except μs
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Example 7.3

Find: 
1. Convection coefficient associated with the operating 

conditions
2. Convection coefficient from an appropriate correlation
Assumption: Uniform cylinder surface temperature

air

15% of the power dissipation is lost by radiation 
and conduction through the endpieces.

12.7 mmD =
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94  mmL =

= 26.2 C
=10  m/s

T
V
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=128.4 CsT



1) average heat transfer coefficient

2) Zhukauskas relation (Eq. 7.56)

All properties, except Prs, are evaluated at T∞.
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Flow across Banks of Tubes



Geometric characteristics
staggered or aligned
tube diameter D
transverse pitch ST and longitudinal 
pitch SL



Average Nusselt number for the entire 
tube bundle

Vmax: maximum velocity within tube bank

see Table 7.6 for C2

• Grimison (1937)
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staggered arrangement
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• Zhukauskas (1972)

for C and m, see Table 7.7

see Table 7.8 for C2
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Log Mean Temperature Difference (LMTD)
When T∞ is constant,

When the fluid temperature varies 
in the flow direction, 

( ) ,   s sq hA T T T T T∞ ∞= − Δ = −

( ) ( )
( ) ( )lm ln /

s i s o

s i s o

T T T T
T

T T T T
− − −

Δ =
⎡ ⎤− −⎣ ⎦

N: total number of tubes
NT: number of tubes in the transverse plane

outlet temperature : exps o

s i T T p

T T DNh
T T VN S c

π
ρ

⎛ ⎞−
= −⎜ ⎟⎜ ⎟− ⎝ ⎠

lmq hA T= Δ



heat transfer rate per unit length of tubes

see Figure 7.13 and 7.14 for χ and f

( ) lmq N h D Tπ′ = Δ
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Example 7.6

Assumption: 
1. Negligible radiation effects
2. Negligible effect of change in air temperature 

across tube bank on air properties.  

air

Water tube

Row 1 Row 7

= =15 C
= 6 m/s

iT T
V

∞

31.3 mmTS =
34.3 mmLS =

16.4 mm

= 70 Cs

D

T

=

Find: 
1) Air-side convection coefficient    and heat rate 
2) Pressure drop Δp

q′h



Zhukauskas (1972)

properties at                          except Prs
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outlet temperature : 

N: total number of tubes

NT: number of tubes in the transverse plane

exps

s T

o

i T p

T DNT h
T T VN S c

π
ρ

⎛ ⎞−
= −⎜ ⎟⎜ ⎟− ⎝ ⎠

( ) ( )
( ) ( )lm ln /

s i s o

s i s o

T T T T
T T T

T
T

− − −
=

−
Δ

⎡ ⎤−⎣ ⎦
49.6 C=

( ) lmTq N h Dπ Δ′ = 19.4  kW/m=

2) pressure drop
2

max

2Lp VN fρχ
⎛

Δ
⎞

= ⎜ ⎟
⎝ ⎠

32.46 10  bars−= ×

,maxRe 13,943D =

( )/ 1.91T TP S D= =

( )/ 0.91T LP P =

From Figure 7.14
1.04χ ≈ 0.35f ≈

7LN =

max 12.6m/sV =



Single round or slot impinging jet

Impinging Jets



Dh = D : round nozzle,  Dh = 2W : slot nozzle
Dh: hydrauic diameter, 

P : wetted 
perimeter
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H: nozzle-to-plate  
spacing



For a single round nozzle
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For a single slot nozzle
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An array of slot jets



For an array of round nozzles
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For an array of slot nozzles
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Gas flow in a bed of spheres

ε : porosity or void fraction (0.3 ~ 0.5)

Ap,t : total surface area of the particles
Ac,b : bed cross-sectional area

V

: Colburn factor

Packed Beds
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