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Midterm Exam
• Wednesday, March 28
• Open textbook and one page equation 

sheet
• Will cover conduction only

– Midterm review next Tuesday
• New material today will have self study 

on Monday, April 9 and quiz on 
Wednesday, April 11
– Test of your memory over spring break!
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Outline
• Review last topic
• Basic pattern for computing convection 

coefficients
• External flows
• Classification of flows
• Flow properties
• Boundary layer
• Analytical equations
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Review
• Free convection 

has no imposed 
flow field

• Forced convection 
does 
– may come from 

motion of body
• Conduction only if 

no fluid motion
Figure 6-1 from Çengel, Heat and Mass Transfer
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Review Flow Properties
• Moving fluid velocity components in x, y, 

and z directions are u, v, and w
• Shear stress, τ, and dynamic viscosity, μ
• For a simple flow in the x and y direction

Figure 6-4 from Çengel, Heat and Mass Transfer
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• Viscosity units kg/m·s or lbm/ft·s
• Kinematic viscosity ν = μ/ρ (m2/s or ft2/s)
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Review Flow Classifications
• Forced versus free
• Internal (as in pipes) versus external (as 

around aircraft)
• Unsteady (changing with time) versus 

unsteady (not changing with time)
• Laminar versus turbulent
• Compressible versus incompressible
• Inviscid flow region
• One-, two- or three-dimensional
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Review Dimensionless
• Nusselt number, Nu = hLc/kfluid

– Different from Bi = hLc/ksolid

• Reynolds number, Re = ρVLc/μ = VLc/ν
• Prandtl number Pr = μcp/k (in tables)
• Grashof number, Gr = βgΔT/ν2

– g = gravity, β = expansion coefficient =     
–(1/ρ)(∂ρ/∂T)p, and ΔT = | Twall – T∞ |

• Peclet, Pe = RePr; Rayleigh, Ra = GrPe
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How to Compute h
• Follow this general pattern

– Find equations for h for the description of 
the flow given

• Correct flow geometry (local or average h?)
• Free or forced convection

– Determine if flow is laminar or turbulent
• Different flows have different measures to 

determine if the flow is laminar or turbulent 
based on the Reynolds number, Re, for forced 
convection and the Grashof number, Gr, for 
free convection
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How to Compute h
• Continue to follow this general pattern

– Select correct equation for Nu (laminar or 
turbulent; range of Re, Pr, Gr, etc.)

– Compute the film temperature (Twall + 
Tfluid)/2 

– Evaluate fluid properties (μ, k, ρ, Pr) at the 
film temperature

– Compute Nusselt number from equation of 
the form Nu = C Rea Prb

– Compute h = k Nu / LC
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External Flow Examples

Want to determine 
pressure drop and heat 
transfer in such flows

Figures 7-1 and 7-2 from Çengel, Heat and Mass Transfer
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Key Ideas of External Flows
• The flow is unconfined
• Moving objects into still air are modeled 

as still objects with air flowing over them
• There is an approach condition of 

velocity, U∞, and temperature, T∞

• Far from the body the velocity and 
temperature remain at U∞ and T∞

• T∞ is the (constant) fluid temperature 
used to compute heat transfer
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Flow Over a Flat Plate
• Idealized situation for surfaces such as 

an airplane wing
• Can be analyzed exactly for laminar 

flows
• Transition to turbulent flow exists at 

downstream point, x, where Re = U∞x/ν
= 500,000
– xtransition = xcr = 500,000 ν/U∞
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Flat Plate Flow Equations
• Laminar flow (Rex, ReL < 500,000, Pr > .6)
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• Turbulent flow (5x105 < Rex, ReL < 107)
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For turbulent Nu, .6 < Pr < 60 14

Two Views of Flat Plate Flow

Figures 7-6 and 7-9 from Çengel, Heat and Mass Transfer

• Usually assume transition region has 
zero thickness (as on left)
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Flat Plate Flow Equations II
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• Average properties for com-
bined laminar and turbulent 
regions with transition at xc = 
500000 ν/U∞
– Valid for 5x105 < ReL < 107 and 

0.6 < Pr < 60

Figure 7-10 from Çengel, Heat and Mass Transfer 16

External Flow over Cylinders

Re = VD/ν = 2000
Figure 7-16 from Çengel, Heat and Mass Transfer

17Figure 7-17 from Çengel, Heat and Mass Transfer

Drag Coefficients
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Cylinder Local h
• Stagnation point is 

front of cylinder (θ = 0)
• Decrease in h after θ

= 0 due to thicker lam-
inar boundary layer

• Top curves turbulent
– Flow separation after q 
≈ 140o increases h

Figure 7-22 from Çengel, 
Heat and Mass Transfer
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Heat Transfer Coefficients
• Cylinder average h (RePr > 0.2; properties 

at (T∞ + Ts)/2 5/48/5
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• Sphere average h (3.5 ≤ Re ≤ 80,000; 0.7 
≤ Pr ≤ 380; μs at Ts; other properties at T∞)
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Other Shapes and Equations

Part of Table 7-1 from Çengel, 
Heat and Mass Transfer
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Flow Over Tube Banks
• Flow 

direction 
towards 
top

• Left: in-
line

• Right: 
staggered

Figure 7-25 from Çengel, Heat and Mass Transfer
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Tube Bank Flow Notation

Figure 7-26(a) from Çengel, Heat and Mass Transfer

• V is inlet velocity
• SL and ST are 

lengths
• A1 = STL, AT = 

L(ST – D); L is 
length of tube

• Re = VmaxD/ν
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Tube Bank Flow Notation

Figure 7-26(a) from Çengel, Heat and Mass Transfer

• Notation same 
as for in-line
– New length, SD

and area, AD = 
(SD – D)L  
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Heat Transfer Coefficients

Table 7-2 from Çengel, Heat and Mass Transfer
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Key Ideas of Internal Flows
• The flow is confined
• There is a temperature and velocity 

profile in the flow
– Use average velocity and temperature

• Wall fluid heat exchange will change the 
average fluid temperature
– There is no longer a constant fluid 

temperature like T∞ for computing heat 
transfer
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Area Terms

Figure 8-1 from Çengel, Heat and Mass Transfer

• Acs is cross-sectional area 
for the flow
– Acs = πD2/4 for circular pipe
– Acs =  WH for rectangular 

duct
• Aw is the wall area for heat 

transfer
– Aw = πDL for circular pipe
– Aw = 2(W + H)L for 

rectangular duct
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Average Values

• Velocity and temperature profiles
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Figures 8-2 and 8-3 from Çengel, 
Heat and Mass Transfer
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Average Temperature Change
• Let T represent the average fluid 

temperature (instead of Tavg, Tm or    ) 
• T will change from inlet to outlet of 

confined flow
– This gives a variable driving force (Twall –

Tfluid) for heat transfer 
– Can accommodate this by using the first 

law of thermodynamics:     =    cp(Tout – Tin)
– Two cases: fixed wall heat flux and fixed 

wall temperature

T

Q& m&
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Fixed Wall Heat Flux
• Fixed wall heat flux,       , over given wall 

area, Aw, gives total heat input which is 
related to Tout – Tin by thermodynamics
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• “Outlet” can be any point along flow path 
where area from inlet is Aw

• We can compute Tw at this point as Tw = 
Tout +        /hwallq&
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Average Temperature Change
• Heat exchange with wall changes the 

average fluid temperature, T
• Look at small region dx with area dAw

– First law of thermodynamics relation for  
heat transfer is d   =    cpdT

– Convective heat transfer: d    = hdAw(T – Ts) 
• Equating expressions for d    gives

Q&

Q&

Q&

m&

( ) w
ps

wsp dA
cm
h

TT
dTdATThdTcm

&
& =

−
⇒−=



Forced Convection One March 21, 2007

ME 375 Heat Transfer 6

31

Constant Wall Temperature
• Rewrite and integrate for constant h and Ts
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• Final result for constant h and Ts
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Constant Wall Temperature II
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Figure 8-14 from Çengel, Heat and Mass Transfer

• hAw /   cp = NTU, the 
number of transfer 
units

• This is general 
equation for 
computing Tout in 
internal flows
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Temperature Ratio versus NTU
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Constant Wall Temperature III
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Figure 8-14 from Çengel, Heat and Mass Transfer
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• From first law of thermodynamics     =  
cp(Tout – Tin)    so    cp =    /(Tout – Tin)
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Log-mean Temperature Diff
• This is usually written as a set of 

temperature differences
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