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Concept of convection 
• Convection is heat transfer between a surface and an adjacent fluid ( 

stationary or moving)when they are at different temperatures.  

• The convection coefficient depends on fluid properties, surface geometry 
and flow conditions. 

 

•  The dominant contribution is due to the bulk (or gross) motion of fluid 
particles. 

•  What is the physical mechanisms underlying convection? 

•  As convection heat transfer implies fluid flow and heat transfer problems, 
solution of such cases require identifying relevant dominant dimensionless 
parameters based on grouping and dimensional analysis techniques. 

 

 

 

ThAqconv 
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External and internal flows 

• A fluid flow is classified as being internal and 
external, depending on whether the fluid is 
forced to flow in a confined channel or over a 
surface.  

• The flow of an unbounded fluid over a 
surface such as a plate, a wire, or a pipe is 
external flow.  

• The flow in a pipe or duct is internal flow if 
the fluid is completely bounded by solid 
surfaces. Water flow in a pipe, for example, is 
internal flow, and air flow over an exposed 
pipe during a windy day is external flow. 
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Boundary layer 

• Heat transfer is determined by boundary layer that develops on the 
surface.  

• Boundary layer results from velocity distribution as affected by the 
solid surface.  

• Velocity changes from zero at surface to free stream velocity away 
from surface and this region is known as hydraulic boundary layer. 

• The region extending from surface to  “δ”{ where velocity almost u∞} 
is known as the boundary layer, actually δ is taken when [δ=y] 
U=.099U∞.  

• In the B.L a velocity profile exists u= f(y) . 
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Dominant Parameters: 
The Velocity Boundary Layer 

The flow is characterized by two regions: 

 A thin fluid layer (boundary layer) in which velocity gradients (du) and shear 
stresses (s) are large. Its thickness d is defined as the value of y for which u = 0.99  

 An outer region in which velocity gradients and shear stresses are negligible 

Consider flow of a fluid over a flat plate: 

For Newtonian fluids: 
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Laminar & turbulent flow 
• The highly ordered fluid motion characterized by smooth streamlines is called 

laminar. The flow of high-viscosity fluids such as oils at low velocities is typically 
laminar.  

• The highly disordered fluid motion that typically occurs at high velocities 
characterized by velocity fluctuations is called turbulent. The flow of low-viscosity 
fluids such as air at high velocities is typically turbulent.  

• The flow regime greatly influences the heat transfer rates. 

• In laminar flow: fluid motion is highly ordered and stream lines are well defined 
along which particles move.  

• While in turbulent flow: fluid motion is highly irregular and is characterized by 
velocity fluctuation. These fluctuations enhance the transfer of momentum, 
energy and species, thus it increases surface friction and convection heat transfer. 

• Fluid mixing due to fluctuation increase B.L thickness (velocity thermal B.L) and 
profile is flatter than is laminar flow. 
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Reynolds  number 

• Transition begins at some xc ,which is determined from Reynolds  
number 
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Thermal B.L 

 

 

• Thermal B.L is the region where temperature gradient prevails. 

• Thickness of thermal B.L δt is defined as “y” where  

 

Thermal B.L similar to velocity B.L develops in regions adjacent to surfaces. 
Velocity B.L develops because of velocity difference (u=o------- u=u∞ ), 
similarity thermal B.L  T=TS  at y = 0 and           at for free steam . 
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Local and average convection coefficients 
• Local heat flux at surface and in the boundary layer is given by Fourier law of 

conduction to the fluid. At surface particles (u=0) are still (no motion) and 
conduction prevails; 
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Dominant Parameters: 
Local and average convection coefficients 
Heat Transfer Coefficient  Recall Newton’s law of cooling for heat transfer between a surface of 

arbitrary shape, area As and temperature Ts and a fluid: 

)(  TThq S

 Generally flow conditions will vary along 
the surface, so q” is a local heat flux and 

h a local convection coefficient. 

 The total heat transfer rate is 
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Example 17.1 Average coefficient 
Experimental results for the local heat transfer coefficient hx for flow over a 

flat plate with an extremely rough surface were found to fit the relation; 
1.0)(  axxhx

where a is a coefficient (W/m1.9.K) and x (in m) is the distance from 

the leading edge of the plate. 

1. Develop an expression for the ratio of the average heat transfer coefficient 

x for a plate of length x to the local heat transfer coefficient hx at x? 

2. Plot the variation of hx and x as a function of x? 
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Laminar & turbulent , hulent Flow 
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Dimensionless numbers 

• Nusselt number represents the dimensionless temperature gradient at 
the surface, and is defined as,   

  Conductivity of fluid  

 h: convection heat transfer 

• Average Nusselt number  

 

• Note NuL is same as the average number 

• Prandtl number Pr = momentum diffusivity/  Thermal diffusivity 
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Important dimensionless groups 
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Correlation Selection Rules 

The selection and application of convection correlations for any flow situation are 
facilitated by following a few simple rules: 

 Identify the flow surface geometry. Does the problem involve flow over a flat 

plate, a cylinder, or a sphere? Or flow through a tube of circular or non-circular 

cross-sectional area? 

 Specify the appropriate reference temperature and evaluate the pertinent fluid 

properties at that temperature. For moderate boundary layer temperature 
differences, the film temperature, Tf, defined as the average of the surface and 
free stream temperatures 
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Correlation Selection Rules 

 Calculate the Reynolds number. Using the appropriate characteristic 
length, calculate the Reynolds number to determine the boundary 
layer flow conditions. If the geometry is the flat plate in parallel flow, 
determine whether the flow is laminar, turbulent, or mixed. 

 Decide whether a local or surface average coefficient is required. The 
local coefficient is used to determine the heat flux at a point on the 
surface; the average coefficient is used to determine the heat transfer 
rate for the entire surface. 

 Select the appropriate correlation. 
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Empirical correlations 
• General external flow forced convection correlation is given as 

 

• Where constants C, m , and n experimentally determined constants and depend 
on surface geometry and flow conditions. 

• Fluid properties are assumed constant and evaluated at average film 
temperature.  

 

• Laminar flow over flat plate, local; 

• And average coefficient; 
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Example convection – Laminar Flow 

The expression for the average convection coefficient for any surface shorter 

than xc is given by the integration below; 

since the definite integral has the value        , then we my 

use the expression; 

 

 
 

And average Nusselt is the written as; 
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Forced Convection – Turbulent Flow 

Local Nusselt is given by;  

For a fully turbulent from the leading edge over the 

entire plate; 

Uploaded By: anonymousSTUDENTS-HUB.com



Forced Convection – Mixed BL Flow 
When transition of flow type occurs sufficiently upstream of the trailing edge, (xclL)=0.95, 

the average coefficient will be influenced by laminar and turbulent boundary layers or 

Mixed Boundary Layer, then average convection heat transfer coefficient over the plate 

will be the sum of the laminar and the turbulent, i.e.;  

 

 

 

 

And Nusslet is given by, 

 

 

If Re>> Rex,c then above may be 
reasonably approximated by 
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Example 17.2 Laminar Flow over a Flat Plate 
Air at atmospheric pressure and a temperature of 300oC flows steadily with a velocity of 10 

m/s over a flat plate of length 0.5 m. Estimate the cooling rate per unit width of the plate 
needed to maintain a surface temperature of 27oC. 
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Forced Convection – Cylinder in Cross-Flow 
Reynolds number based upon the cylinder diameter as the characteristic length; 

The Hilpert correlation; 
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Forced Convection – The Sphere 

For the flow around a sphere, the Whitaker correlation is recommended and 

has the form; 

Evaluated at the surface temperature 

Example 17.5 p.421. 
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Summary 
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Internal flow ;hydrodynamic entrance length 
• For internal flow in a pipe or tube, the fluid is constrained by 

a surface, and hence eventually the boundary layer 
development will be constrained.  

• When flow enters a tube, a hydrodynamic boundary layer 
forms in the entrance region, growing in thickness to 
eventually fill the tube. Beyond this location, referred to as 
the fully developed region, the velocity profile no longer 
changes in the flow direction. 

•  Due to  viscous effects, the uniform velocity profile at the 
entrance will gradually change to a parabolic distribution as 
the boundary layer _ begins to fill the tube in the entrance 
region. 

• Beyond the hydrodynamic entrance length, xfd,h, the velocity 
profile no longer changes, and we speak of the flow as 
hydrodynamically fully developed.  
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Internal Flow; regions 

mean (average) velocity 

Constant surface temperature 

Thermal Entrance  

Length 
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• For laminar flow (ReD ≤ 2300), the hydrodynamic entry length has the form, 

 

 

• While for turbulent flow, the entry length is approximately independent of 
Reynolds number and that, as a first approximation entrance length is  

 (x/D) ≤ 10 

 

 

 

hydrodynamic entry length 
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Internal Flow – Laminar  and Turbulent Flows’ Parameters 

The thermal entry length for Laminar Flow may be expressed as; 

And for Turbulent Flow as; 
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Local convection coefficient 
• Hence, in the thermally fully developed flow of a fluid with constant 

properties, the local convection coefficient is a constant, independent 
of x, while in the entrance region where h varies with x. 

 

The mean temperature is the fluid reference 

temperature used for determining the 

convection heat rate with Newton’s law of 

cooling and the overall energy balance 
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 The Mean Temperature in the flow direction x depends on radius, r. It is 

referred to as the average or bulk temperature,  

 For incompressible flow, with constant specific heat cp, the mean 

temperature is found from 

For a circular tube it becomes; 

 

 

 

 

Hence, the convection heat transfer is calculated from Newton’s cooling law; 

Mean Temperature  
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Mean temperature a long the pipe 

• Assuming that fluid kinetic and potential energy changes are 
negligible, there is no shaft work, and regarding Cp as constant, the 
energy rate balance,  reduces to give; 

 

• Tm denotes the mean fluid temperature and the subscripts i and o 
denote inlet and outlet conditions, respectively. 
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Differential control volume 

• apply the same analysis to a differential control volume within the 
tube as shown 
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Constant surface heat flux 

Integrating from x = 0 to some axial position x, we obtain 

the mean temperature distribution, Tm(x) 
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Constant Surface Temperature, Ts 

 

• Defining ∆T as (Ts - Tm), above  may be expressed as  
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Mean log temperature 

By substituting;             from equation;  

Is the log mean temperature difference (LMTD) 

As is the tube surface area (As =P . L )  

Example 17.7 Thermal Condition: Constant Surface Temperature, Ts 
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Example 

17.6 Thermal 

Condition: 

Constant 

Surface Heat 

Flux qs 
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Example 17.7 Constant Surface Temperature, Ts 
Steam condensing on the outer surface of a thin-walled circular tube of 50-mm diameter 

and 6-m length maintains a uniform surface temperature of 100C. Water flows through 

the tube at a rate of and its inlet and outlet temperatures are Tm,i =15C and Tm,o= 
57C. What is the average convection coefficient associated with the water flow? 

Assumptions: 

1. Negligible outer surface 

convection resistance and 

tube wall conduction 

resistance; hence, tube 

inner surface is at Ts  100C. 

2. Negligible kinetic and 

potential energy effects. No 

shaft work. 
3. Constant properties 
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Internal Flow – Convection correlation for 
Tubes with Fully Developed flow 

Laminar Flow 

For flow in a circular tube characterized by uniform surface heat flux and laminar, 

fully developed conditions, the Nusselt number is a constant, independent of ReD, 

Pr, and axial location. 

 

For Constant Heat Flux; 

 

 

 

 

For Constant Surface Temperature 
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Example 17.9 Laminar Flow Application: Solar Collector 
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Internal Flow – Convection correlation for 
Tubes with Fully Developed flow 

hydraulic diameter 
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Internal Flow – Convection correlation for 
Tubes with Fully Developed flow 

Turbulent Flow 

the local Nusselt number for fully developed (hydrodynamically and thermally) 

turbulent flow in a smooth circular tube is the Dittus-Boelter correlation of the form 

where n=0.4 for heating (Ts >Tm) and n=0.3 for cooling (Ts <Tm) 

For flows characterized by large property variations, the Sieder-Tate correlation is 

recommended; 
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Example 17.10 Turbulent Flow Application: Hot Water 
Supply 

Water flows steadily at 2 kg/s through a 40-mm-diameter tube that is 4 m long. The water 

enters at 25C, and the tube temperature is maintained at 95C by steam condensing on the 

exterior surface. Determine the outlet temperature of the water and the rate of heat transfer 
to the water. 

Assumptions: 

1. Steady-state conditions. 

2. Negligible kinetic and potential 

energy effects. No shaft work. 

3. Constant properties. 

4. Fully developed flow conditions 
since LD  100 
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Entry region 

• Entry length 
solutions for 
laminar flow in 
a circular tube 
with constant 
surface 
temperature 

 

 

 

 

 

 

 

Average Nusselt numbers 
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Internal Flow – Convection correlation for 
Tubes with Fully Developed Flow 
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Outline 

• Convection principles 

• External flow convection 

• Internal flow convection 

• Free convection 

• Heat exchangers 
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Fee Convection 
 When there is no forced motion, heat transfer occurs because of convection currents that are 

induced by buoyancy forces, which arise from density differences caused by temperature 

variations in the fluid.  Heat transfer by this means is referred to as free (or natural) convection. 

 

 Since free convection flow velocities are generally much smaller than those associated with 

forced convection, the corresponding heat transfer rates are also smaller.  

 

 In many thermal systems, free convection may provide the largest resistance to heat transfer 

and therefore plays an important role in the design or performance of the system.  

 

 Free convection is often the preferred mode of convection heat transfer, especially in 

electronic systems, for reasons of space limitations, maintenance-free operation, and reduced 

operating costs.  

 

Free convection strongly influences heat transfer from pipes, transmission lines, transformers, 

baseboard heaters, as well as appliances such as your stereo, television and laptop computer.  
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Free Convection 

Boundary layer development on a heated vertical plate.  

(a) Velocity and temperature profiles in the boundary layer at the location x.  

(b) Boundary layer transitional flow conditions. 

Buoyancy forces is due to the combined effect of fluid density gradient                  and body 

force ( gravitational) main sources of density gradient is temperature gradient  

0




T



Velocity distribution :u(y=0)=0 at surface then at returns to zero at edge of B.L u(y=δ)=0. 
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Grashof number 
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“GrL” corresponds to “Re” in forced flow. 
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Laminar & turbulent flow 
• Transition from laminar to turbulent flow depends on the relative magnitude of 

buoyancy forces & viscous forces define Rayleigh number Ra as GrPr 
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Free Convection correlations 

For free convection flows, we expect that the convection coefficient can be 

functionally expressed by equations of the form; 

The most common empirical correlations suitable for engineering 

calculations have the form; 

At Tf 
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Vertical plate & cylinders isothermal surface 
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Horizontal plates 
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Horizontal plates: four cases 

Hot Surface Facing downward ( Case A) 

Cold Surface Facing Upward (Cases B) 

Hot Surface Facing upward ( Case c) 

Cold Surface Facing Downward (Case D) 
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Horizontal plates 

Hot surface facing downward ( Case A) or cold surface facing upward ( Case B) 

4/127.0 LL RauN                                                              105<RaL<1010 

Hot surface facing upward ( Case C) or cold surface facing downward ( Case D) 

4/154.0 LL RauN                                                  104<RaL<107 

3/115.0 LL RauN                                                   107<RaL<1011 

Surface is heated (hot) when Ts>T∞, its surface is cooled (cold) when (Ts<T∞), its surface at 

temperature lower than ambient. 
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Horizontal cylinders 
188.0850.0 DD RaNu    102 ≤ Ra  ≤104 

25.0480.0 DD RaNu    104 ≤ Ra  ≤107 

333.0125.0 DD RaNu   107 ≤ Ra  ≤1012 

For the Cylinder shape, the Churchill-Chu correlation is recommended; 
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Free Convection –Sphere 

4/143.02 DD RaNu 

For the Sphere shape, use; 
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The characteristic length is defined as L = As /P,  
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Outline 

• Convection principles 

• External flow convection 

• Internal flow convection 

• Free convection 

• Heat exchangers 
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Introduction 

 A heat exchanger is used to exchange heat between two fluids of 
different temperatures, which are separated by a solid wall. 

 Heat exchangers encompass a wide range of flow configurations. 

 Applications in heating and air conditioning, power production, waste 
heat recovery, chemical processing, food processing, sterilization in bio-
processes.  

 Heat exchangers are classified according to flow arrangement and type 
of construction. 

 In this chapter we will learn how our previous knowledge can be 
applied to do heat exchanger calculations, discuss methodologies for 
design and introduce performance parameters. 
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Heat exchangers types 
• Heat exchangers may be classified according to: Flow arrangements , and construction, 

industrial exchangers include; 

• concentric tube heat exchanger (tube-in- tube Double pipe) 

 

• Parallel flow 

• Counter flows 

 

• Cross flow heat exchangers 

        Fluids move perpendicular to each other. 

• Finned tube heat exchanger both fluids unmixed.  

• Unfinned tube heat exchanger with one fluid mixed (outside tubes)and the other 
unmixed  
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I. Concentric-tube (double-pipe) Heat Exchanger: 

 

II. Cross-flow Heat Exchanger 

 

III. Shell and Tube Heat Exchanger 

 

  

Heat Exchanger Types 
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Heat Exchanger Analysis 

The Fluid Energy Balances: expressed in hot and cold fluids and given as;  

 

 

 

 

Or in terms of Capacity Rates Ch and Cc heat balance equation could be written as; 

 

 

)( ,,, ohihhph TTCmq  

)( ,,, ociccpc TTCmq  

)( ,, ohihh TTCq 

)( ,, ocicc TTCq 
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Heat Exchanger Analysis 

The convection rate equation: expressed as; 

 

 
 

 

And the Overall Heat Coefficient is;  

 

 

 

lmTUAq 

Mean Temperature Difference 

cconvwhconv RRR
UA

,,

1


c

w

h hA
R

hAUA



















111

Uploaded By: anonymousSTUDENTS-HUB.com



Concentric Tube Temperature Profile 

Parallel Flow CounterflowParallel Flow CounterflowParallel Flow CounterflowParallel Flow Counterflow
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Heat Exchanger Analysis 
Recalling; 

Expression for convection heat transfer for flow of a fluid inside a tube: 

)( ,, imompconv TTcmq  

 For case 3 involving constant surrounding fluid temperature: 

lms TAUq 

)/ln( io

io
lm

TT

TT
T





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Heat Exchanger Analysis  

In a two-fluid heat exchanger, consider the hot and cold fluids separately: 

)(

)(

,,,

,,,

icoccpcc

ohihhphh

TTcmq

TTcmq









lmTUAq  and 
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 ΔTlm: Parallel-Flow Heat Exchanger 

Where, 

Parallel Flow CounterflowParallel Flow Counterflow

lmTUAq 

)/ln( 12

12

TT

TT
Tlm






ocoh

icih

TTT

TTT

,,2

,,1




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ΔTlm: Counter-Flow Heat Exchanger 

where 

lmTUAq 

)/ln( 12

12

TT

TT
Tlm






icoh

ocih

TTT

TTT

,,2

,,1





Parallel Flow CounterflowParallel Flow Counterflow
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Overall Heat Transfer Coefficient  

For tubular heat exchangers we must take into account the conduction resistance in 
the wall and convection resistances of the fluids at the inner and outer tube surfaces. 

kL

DD
R

Ah
R

AhUA

io
cond

oo

cond

ii






2

111

)/ln(

Parallel Flow CounterflowParallel Flow Counterflow

where inner tube surface 

           outer tube surface LDA

LDA

oo

ii





ooii AUAUUA

111

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 Special operation conditions 
Ch » Cc. For this case, the hot fluid capacity rate Ch is much larger than the cold 

fluid capacity rate Cc. As shown in Fig. 17.28a, the hot fluid temperature remains 

approximately constant throughout the exchanger, while the temperature of the 

cold fluid increases. The same condition could be achieved if the hot fluid is a 

condensing vapor. Condensation occurs at a constant temperature, and for all 

practical purposes, Ch→ ∞. 

Ch <Cc. For this case, as shown in Fig. 17.28b, the cold fluid temperature 

remains 

approximately constant throughout the exchanger, while the temperature of the 

hot fluid decreases. The same effect is achieved if the cold fluid experiences 

evaporation for which Note that with evaporation and condensation, the fluid 

energy balances would be written in terms of the phase change enthalpies. 

Ch  = Cc. The third case, Fig. 17.28c, involves a counterflow exchanger for 

which the heat capacity rates are equal. The temperature difference T must 

be constant throughout the exchanger, in which case, ∆T1 = ∆ T2 = ∆ Tlm. 
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Shell and Tube Heat Exchanger 

Baffles are used to establish a cross-flow and 
to induce turbulent mixing of the shell-side 
fluid, both of which enhance convection. 

The number of tube and shell passes may be 
varied 

One Shell Pass and One Tube Pass 

One Shell Pass, Two Tube Passes 

Two Shell Passes, Four Tube Passes 

Uploaded By: anonymousSTUDENTS-HUB.com



Shell and Tube Heat Exchanger Correction Factor (F) 

Shell-and-tube 
configuration with one 

shell and any multiple of 
two tube passes  

cross-flow configuration 

Use  
lmlm TFT  “F” is a correction factor from graphs Fig 17.29, p.454 . 

ciho

chi

TTT

TTT





2

01
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Shell and Tube Heat Exchanger Solution Methods 

  The LMTD method may be applied to design problems for  which the fluid flow 

rates and inlet temperatures, as well as  a desired outlet temperature, are prescribed. 

For a specified  HX type, the required size (surface area),  as well as the other outlet 

temperature, are readily determined. 

 
  If the LMTD method is used in performance calculations for which 

     both outlet temperatures must be determined from knowledge of the 

     inlet temperatures, the solution procedure is iterative. 

  For both design and performance calculations, the 

effectiveness-NTU      method may be used without iteration. 
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• End of heat exchanger  

• End of convection heat transfer 
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