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Presentation Outline 
• Understanding the concepts 

• Correlations 
• External Convection (Chapter 7) 
• Internal Convection (Chapter 8) 
• Free Convection (Chapter 9) 

 
• Solving the problems 

• Basic procedure 
 

• Practice 

 



Understanding Concepts 

Convection Coefficient 
 
 

q = hA(Ts-T∞) 
 

or 
 

q” = h(Ts-T∞) 

 



Understanding Concepts 

Boundary Layer 
 
 

 



Understanding Concepts 

 
Reynolds Number 
 
 
Prandtl Number 
 
 
Nusselt Number 
 

 



Understanding Concepts 

Why use Nusselt number correlations? 
 

Basically it is due to complexity of boundary 
layer effects (particularly turbulent regions). 

It is (essentially) impossible to derive 
analytical expressions such as the Heat 

Diffusion Equation for conduction. 
 

Therefore we rely on empirical correlations. 
 



Understanding Concepts 

Examples: 
 
 
 
 

 

Laminar boundary layer, constant 

wall temperature, Re < 2*10^5 ,  

0.6< Pr < 10 

Turbulent boundary layer, constant 

wall temperature, 

Sphere that is normal to axis,  

0.71< Pr < 0.6 

3.5 < Re < 7.6*10^4 

1.0 < (μ/μs) < 3.2 

http://www.egr.msu.edu/~somerton/Nusselt/ 



Understanding Concepts 

For External Flow: 
 

All properties evaluated at FILM 
TEMPERATURE 

(unless specified by subscripts) 
 
 

 



Basic Solution Procedure for 
External Flow 

 
 

1. Calculate film temperature (if applicable) 
2. Look up properties (ρ, μ, α, cp, ν, k, Pr) 
3. Calculate Reynolds number 
4. Find correct Nu correlation (BE CAREFUL!) 
5. Calculate Nu using identified correlation 
6. Use Nu definition to calculate convection 

coefficient (h) 
 



External Flow Example 

Find the heating rate a person’s body must 
provide during a cold winter day to maintain 
a skin temperature of 24°C (~75°F) under 

the following conditions: 
 

Height: 1.3m (~6ft) 
Shoulder Width: 0.3m (~1ft) 
Wind Velocity: 15 m/s (~33mph) 
Air Temperature: -5°C (~23°F) 
 

 



External Flow Example 

 
Assumptions: 
 
1. Steady-state conditions 
2. Person can be approximated by cylinder 

with uniform surface temperature 
3. Neglect heat loss from cylinder top and 

bottom surfaces 
4. Neglect radiation effects 

 



External Flow Example 

 
Schematic: 



External Flow Example 

Note: For this problem we will use the Zukauskas  
correlation (Eq. 7.53) which does NOT require film 
temperature. 
 
 
All properties are evaluated at T∞ except Prs which is 
evaluated at Ts. 
 
Use Table A-4 for Air properties: 
 



External Flow Example 

Calculate Reynolds number: 



External Flow Example 

Use the Zukauskas correlation. 
 
 
 
From Table 7-4, find C=0.076 and m=0.7. 
Since Pr < 10, n=0.37 giving: 



External Flow Example 

Use the Nusselt number definition to find the 
average convection coefficient (h). 



External Flow Example 

Calculate the heat transfer rate. 
 
 
Where surface area of a cylinder is: 
 
 
Therefore: 
 



Understanding Concepts 

Internal Flow: 
 
 
 
 
 
 

 

Hydrodynamic Boundary Layer 

Thermal Boundary Layer 



Understanding Concepts 

Internal Flow: 
 

Flow is “fully developed” when boundary 
layers meet 

 
x=xfd: hydrodynamic entry length 

x=xfd,th: thermal entry length 
 

If Pr=1, xfd=xfd,th 

 
 
 
 
 
 

 



Understanding Concepts 

Internal Flow: 
 

Generally have to solve separately for 
average convection coefficient (h) in each 

region (entry and fully developed). 
 

If L>>D, Pr ~1      Vast majority of L is fully developed. 
For high Pr fluids (oil) δ grows rapidly    majority of L is 

hydrodynamically fully developed. 
For low Pr fluids (mercury) δth grows rapidly    majority 

of L is thermally fully developed. 

 
 
 
 
 

 



Understanding Concepts 

Internal Flow: 
 

 
 
 
 
 

 

Hydrodynamic Entry Length (Turb) 

Hydrodynamic Entry Length (Lam) 

Thermal Entry Length (Lam) 

Thermal Entry Length (Turb) (xfd,t/D) = 10 



Understanding Concepts 

Internal Flow: Two general cases: 
 
 
 
 
 

 

Constant Surface Heat Flux 

Constant Surface Temperature 

Where P is surface perimeter 

“Log mean temperature difference” 
Where U is “overall heat 
transfer coefficient” 



Understanding Concepts 

Internal Flow: 
 

Nusselt number correlations are function of Re, Pr, 
and L/D. 

 
Various correlations for entry region vs. fully 

developed region. 
 

Non-circular tubes use “hydraulic diameter” 
Dh = 4AC/PW 

 
(where PW is wetted perimeter) 

 
 
 
 
 

 



Internal Flow Example 

The flow rate of engine oil through a long 
tube is known to be 0.02 kg/s. What is (a) 
the convection coefficient, h, and (b) the 

outlet temperature of oil, Tm,o? 
 

TS = 100°C 
Tm,i = 60°C 
 
D = 3mm 
L = 30mm 
 

 
 

 



Internal Flow Example 

Assumptions: 
1. Steady-state conditions 
2. Constant properties 
3. Combined entry conditions exist 

 
 

 



Internal Flow Example 

Schematic: 
 

 



Internal Flow Example 

For laminar and combined entry conditions, 
use Eq. 8.57. 

 
 
 
 

Note that the subscript “s” is shown, 
therefore evaluate that property at the 

surface temperature, but all other properties 
are evaluated at a different temperature. 

 

 



Internal Flow Example 

For internal flow, properties must be evaluated at 
the average temperature which is defined as 

(1/2)*(To-Ti). 
 

In this problem, since we are not given a To, you 
must make an educated guess. You then can run 
through the analysis and calculate a new To. If it 
turns out that the estimate is not close, then you 

must re-work the problem until you iteratively 
converge on the correct To. 

 



Internal Flow Example 

For this problem, we will give a first estimate for To 
as 94°C. This means that the average temperature is 

77°C. 
 



Internal Flow Example 

Part (a): The overall energy balance and rate equations 
have the form: 

 
 
 

We can also calculate the Reynolds Number: 
 
 



Internal Flow Example 

Use Eq. 8.57 to calculate the Nusselt number: 



Internal Flow Example 

Using the definition of the Nusselt number, we can 
calculate the convection coefficient: 

 
 
 
 
 
 
 
 

…on to Part (b) 



Internal Flow Example 

Now use Eq. 8.42 with P = πD 



Internal Flow Example 

The final calculated Tm,o = 90.9°C. When comparing 
that with the estimated temperature of 94°C, it is 

satisfactory. 
 

If you re-work the problem and only take the thermal 
entry effect into account (Eq. 8.56),  

 
 
 

In general, however, BE CAREFUL when choosing 
Nusselt number correlations. 



Understanding Concepts 

Free (Natural) Convection: 
 

This is simply buoyancy driven convection. 

Ts < T∞ Ts < T∞ Ts > T∞ Ts > T∞ 



Understanding Concepts 

Free (Natural) Convection: 
 

Grashof number and Rayleigh number 

For ideal gas, β = 1/T [in K] 



Understanding Concepts 

Free (Natural) Convection: 
 

Turbulence is defined through Rayleigh number (Ra) 
instead of Reynolds number (Re). 

 
Critical Rayleigh number for vertical plates is about 109 

 

 
Nusselt number correlations now a function of Ra and 

Pr. Basically follow the same procedure as external 
convection. 



Questions 


