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The Objective: Knowing the students the main scientific principle in the field of 

heat transfer and its application in the Refrigeration, Cooling, and air conditioning 

fields.  

 

   

Week No. The contents 

1 Introduction, Basic Concepts of Heat Transfer, Heat Transfer 

Mechanisms.  

2-3 Steady State One Dimensional Heat Conduction in a Large Plane 

Wall, and in a Cylinder. 

4 Conduction through Multilayer Plane Wall, and Cylinder.   

5 Over all Heat Transfer Coefficient. 

6-7 Critical Radius of Insulation. Thermal Contact Resistance. 

8-9 The Fins 

10 Transient Heat Conduction, (Lumped System Analysis) 

11 Two-Dimensional Steady Heat Conduction 



 
 

12 Introduction to Heat Transfer by Convection, Review to the Fluid 

Flow 

13 Non-Dimensional Group Numbers Analysis 

14 Non- Dimensional Convection Method 

15 Analytical Solution for Heat Convection Heat Transfer for Laminar 

And Turbulent Flow 

16 One Dimensional Steady State Force Convection Heat Transfer on 

Flat Plate 

17-18 Empirical Equations for Forced Convection Heat Transfer (Laminar 

and Turbulent Flow)   

19 Natural Convection Heat Transfer  

20 Empirical Equations for Natural Convection Heat Transfer 

21 Introduction to Heat Exchangers, Kinds of Heat Exchangers 

22 The Overall Heat Transfer Coefficient, Fouling Factor  

23 The Log Mean Temperature Difference Method, The Effectiveness of 

the heat Exchangers 

24-25 The Performances for Difference Kinds of the Heat Exchangers    

26 Heat Radiation, Introduction, Basic Concepts 

27 Characteristics of Radiation, The View Factor 

28 Radiation Heat Transfer Between Two Black Surfaces 

29 Radiation Heat Transfer Between Two Gray Surfaces 

30 Radiation Shields and The Radiation Effect 
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First Week  

Basic Concepts of Heat Transfer, and Heat Transfer Mechanisms. 

 

The Objective: Knowing the student the main scientific principle in the field of 

heat transfer and its mechanisms. 

 

Introduction: Heat can be transferred in three different modes: conduction, 

convection, and radiation. All modes of heat transfer require the existence of a 

temperature difference, and all modes are from the high-temperature medium to a 

lower-temperature one. 

Test: How does the energy move from a hotter to a colder object? 

 

Summary: 

The basic requirement for heat transfer is the presence of a temperature difference. 

There can be no net heat transfer between two mediums that are at the same 

temperature. The temperature difference is the driving force for heat transfer, just as 

the voltage difference is the driving force for electric current flow and pressure 

difference is the driving force for fluid flow. The rate of heat transfer in a certain 

direction depends on the magnitude of the temperature gradient (the temperature 

difference per unit length or the rate of change of temperature) in that direction. The 

larger the temperature gradient, the higher the rate of heat transfer. 

Application Areas of Heat Transfer 

Heat transfer is commonly encountered in engineering systems and other aspects of 

life, and one does not need to go very far to see some application area of heat transfer. 

In fact, one does not need to go anywhere. The human body is constantly rejecting 
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heat to its surroundings, and human comfort is closely tied to the rate of this heat 

rejection. We try to control this heat transfer rate by adjusting our clothing to the 

environmental conditions. 

Many ordinary household appliances are designed, in whole or in part, by using the 

principles of heat transfer. Some examples include the electric or gas range, the 

heating and air-conditioning system, the refrigerator and freezer, the water heater, 

the iron, and even the computer, the TV, and the VCR. Of course, energy-efficient 

homes are designed on the basis of minimizing heat loss in winter and heat gain in 

summer. Heat transfer plays a major role in the design of many other devices, such 

as car radiators, solar collectors, various components of power plants, and even 

spacecraft. The optimal insulation thickness in the walls and roofs of the houses, on 

hot water or steam pipes, or on water heaters is again determined on the basis of a 

heat transfer analysis with economic consideration 

Engineering Heat Transfer 

Heat transfer equipment such as heat exchangers, boilers, condensers, radiators, 

heaters, furnaces, refrigerators, and solar collectors are designed primarily on the 

basis of heat transfer analysis. The heat transfer problems encountered in practice 

can be considered in two groups: (1) rating and (2) sizing problems. The rating 

problems deal with the determination of the heat transfer rate for an existing system 

at a specified temperature difference. The sizing problems deal with the 

determination of the size of a system in order to transfer heat at a specified rate for 

a specified temperature difference. A heat transfer process or equipment can be 

studied either experimentally (testing and taking measurements) or analytically (by 

analysis or calculations). The experimental approach has the advantage that we deal 

with the actual physical system, and the desired quantity is determined by 
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measurement, within the limits of experimental error. However, this approach is 

expensive, time-consuming, and often impractical. Besides, the system we are 

analyzing may not even exist. For example, the size of a heating system of a building 

must usually be determined before the building is actually built on the basis of the 

dimensions and specifications given. The analytical approach (including numerical 

approach) has the advantage that it is fast and inexpensive, but the results obtained 

are subject to the accuracy of the assumptions and idealizations made in the analysis. 

In heat transfer studies, often a good compromise is reached by reducing the choices 

to just a few by analysis, and then verifying the findings experimentally. 

 

The First Law of Thermodynamics 

The first law of thermodynamics, also known as the conservation of energy 

principle, states that energy can neither be created nor destroyed; it can only change 

forms. Therefore, every bit of energy must be accounted for during a process. The 

conservation of energy principle (or the energy balance) for any system undergoing 

any process may be expressed as follows: The net change (increase or decrease) in 

the total energy of the system during a process is equal to the difference between the 

total energy entering and the total energy leaving the system during that process. 

That is,  

                            

Noting that energy can be transferred to or from a system by heat, work, and mass 

flow, and that the total energy of a simple compressible system consists of internal, 

kinetic, and potential energies. 
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Energy Balance for Closed Systems (Fixed Mass) 

A closed system consists of a fixed mass. The total energy E for most systems 

encountered in practice consists of the internal energy U. This is especially the case 

for stationary systems since they don’t involve any changes in their velocity or 

elevation during a process. The energy balance relation in that case reduces to 

 

where we expressed the internal energy change in terms of mass m, the specific heat 

at constant volume Cv, and the temperature change ΔT of the system. 

Energy Balance for Steady-Flow Systems 

A large number of engineering devices such as water heaters and car radiators 

involve mass flow in and out of a system, and are modeled as control volumes. Most 

control volumes are analyzed under steady operating conditions. The term steady 

means no change with time at a specified location. The opposite of steady is unsteady 

or transient. Also, the term uniform implies no change with position throughout a 

surface or region at a specified time. 

The amount of mass flowing through a cross section of a flow device per unit time 

is called the mass flow rate, and is denoted by m . A fluid may flow in and out of a 

control volume through pipes or ducts. The mass flow rate of a fluid flowing in a 

pipe or duct is proportional to the cross-sectional area Ac of the pipe or duct, the 

density ρ, and the velocity  . of the fluid,  
c

Am =  (kg/s). 

For a steady-flow system with one inlet and one exit, the rate of mass flow into the 

control volume must be equal to the rate of mass flow out of it. That is, mmm
outin

 ==

.When the changes in kinetic and potential energies are negligible, which is usually 
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the case, and there is no work interaction, the energy balance for such a steady-flow 

system reduces to ,   TCmQ
p
=    

where 
p

C  is the specific heat (kJ/kg.oC) 

 

Heat Transfer Mechanisms 

Heat can be transferred in three different modes: conduction, convection, and 

radiation. Conduction is the transfer of energy from the more energetic particles of 

a substance to the adjacent less energetic ones as a result of interactions between the 

particles, and is expressed by Fourier’s law of heat conduction as, 

 

where k is the thermal conductivity of the material, A is the area normal to the 

direction of heat transfer, and dT/dx is the temperature gradient. The magnitude of 

the rate of heat conduction across a plane layer of thickness L is given by 

 

where ΔT is the temperature difference across the layer. 

 

 

 

 

 

 

FIGURE 1.1 Association of conduction heat transfer with diffusion of energy due to molecular 

activity. 
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Convection is the mode of heat transfer between a solid surface and the adjacent 

liquid or gas that is in motion, and involves the combined effects of conduction and 

fluid motion. The rate of convection heat transfer is expressed by Newton’s law of 

cooling as,     

where h is the convection heat transfer coefficient in W/m2·°C, As is the surface area 

through which convection heat transfer takes place, Ts is the surface temperature, 

and T∞ is the temperature of the fluid sufficiently far from the surface. Convection 

is called forced convection if the fluid is forced to flow over the surface by external 

means such as a fan, pump, or the wind. In contrast, convection is called natural (or 

free) convection if the fluid motion is caused by buoyancy forces that are induced 

by density differences due to the variation of temperature in the fluid. Heat transfer 

processes that involve change of phase of a fluid are also considered to be convection 

because of the fluid motion induced during the process, such as the rise of the vapor 

bubbles during boiling or the fall of the liquid droplets during condensation. 

 

 

 

 

 

 

 

 

 

FIGURE 1.2 Convection heat transfer processes. (a) Forced convection. (b) Natural convection. 

(c) Boiling. (d) Condensation. 



 
 

Radiation is the energy emitted by matter in the form of electromagnetic waves (or 

photons) as a result of the changes in the electronic configurations of the atoms or 

molecules. The maximum rate of radiation that can be emitted from a surface at an 

absolute temperature Ts is given by the Stefan–Boltzmann law as, 

 

is the Stefan Boltzmann constant. 

When a surface of emissivity and surface area As at an absolute temperature Ts is 

completely enclosed by a much larger (or black) surface at absolute temperature Tsurr 

separated by a gas (such as air) that does not intervene with radiation, the net rate of 

radiation heat transfer between these two surfaces is given by, 

 

 

FIGURE 1.3 Radiation exchange: (a) at a surface and (b) between surface and large 

surroundings. 

 

 



 
 

Simultaneous Heat Transfer Mechanisms 

We mentioned that there are three mechanisms of heat transfer, but not all three can 

exist simultaneously in a medium. For example, heat transfer is only by conduction 

in opaque solids, but by conduction and radiation in semitransparent solids. Thus, a 

solid may involve conduction and radiation but not convection. However, a solid 

may involve heat transfer by convection and/or radiation on its surfaces exposed to 

a fluid or other surfaces.  

Heat transfer is by conduction and possibly by radiation in a still fluid (no bulk fluid 

motion) and by convection and radiation in a flowing fluid. In the absence of 

radiation, heat transfer through a fluid is either by conduction or convection, 

depending on the presence of any bulk fluid motion. Convection can be viewed as 

combined conduction and fluid motion, and conduction in a fluid can be viewed as 

a special case of convection in the absence of any fluid motion.  

Thus, when we deal with heat transfer through a fluid, we have either conduction or 

convection, but not both. Also, gases are practically transparent to radiation, except 

that some gases are known to absorb radiation strongly at certain wavelengths. 

Ozone, for example, strongly absorbs ultraviolet radiation. But in most cases, a gas 

between two solid surfaces does not interfere with radiation and acts effectively as 

a vacuum. Liquids, on the other hand, are usually strong absorbers of radiation. 

Finally, heat transfer through a vacuum is by radiation only since conduction or 

convection requires the presence of a material medium 



 

     

H.W 1:  An ideal gas is heated from 50°C to 80°C (a) at constant volume and (b) at 

constant pressure. For which case do you think the energy required will be greater? 

Why? 

EXAMPLE 1.1 

The wall of an industrial furnace is constructed from 0.15-m-thick fireclay brick 

having a thermal conductivity of 1.7 W/m _ K. Measurements made during steady 

state operation reveal temperatures of 1400 and 1150 K at the inner and outer 

surfaces, respectively. What is the rate of heat loss through a wall that is 0.5 m by 

1.2 m on a side? 

SOLUTION 

Known: Steady-state conditions with prescribed wall thickness, area, thermal 

conductivity, and surface temperatures. 

 

 

 

 

 

 

Find: Wall heat loss 

Assumptions: 



 
 

1. Steady-state conditions. 

2. One-dimensional conduction through the wall. 

3. Constant thermal conductivity. 

Analysis: Since heat transfer through the wall is by conduction, the heat flux 

may be determined from Fourier’s law.  

 

 

The heat flux represents the rate of heat transfer through a section of unit area, and 

it is uniform (invariant) across the surface of the wall. The heat loss through the wall 

of area is then 

 

 

EXAMPLE 1.2 

An uninsulated steam pipe passes through a room in which the air and walls are at 

25°C. The outside diameter of the pipe is 70 mm, and its surface temperature and 

emissivity are 200°C and 0.8, respectively. What is the surface emissive power and 

irradiation? If the coefficient associated with free convection heat transfer from the 

surface to the air is 15 W/m2.K , what is the rate of heat loss from the surface per 

unit length of pipe? 

SOLUTION 

Known: Uninsulated pipe of prescribed diameter, emissivity, and surface 

temperature in a room with fixed wall and air temperatures. 

Find: 

1. Surface emissive power and irradiation. 

2. Pipe heat loss per unit length. 

 

 



 
 

 

 

 

 

 

 

 

 

Assumptions: 

1. Steady-state conditions. 

2. Radiation exchange between the pipe and the room is between a small surface 

and a much larger enclosure. 

3. The surface emissivity and absorptivity are equal. 

 

 

 

 

 

 

 

 

 

 

 



 
 

Example 3:  

Consider steady heat transfer between two large parallel plates at constant 

temperatures  of T₁= 290K and T₂=150K that are L=2cm apart .Assuming the 

surfaces to be black (Є=1) , determine the rate of heat transfer between the plates 

per unit surfaces area assuming the gap between the plates is (a) filled with 

atmospheric air k = 0.01979 W/mC (b) evacuated (c) filled with fiberglass 

insulation k = 0.036 W/mC and (d) filled with super insulation  having an apparent 

thermal conductivity of 0.00015 w/m.k  . 

Sol: 

 Assumptions  

1 Steady operating conditions exist since the plate temperatures remain constant.  

2 Heat transfer is one-dimensional since the plates are large. 

3 The surfaces are black and thus  = 1 

4 There are no convection currents in the air space between the plates. 

 

 

Properties The thermal conductivities are k = 0.00015 W/mC for super  

insulation, k = 0.01979 W/mC  at -50C for air, and k = 0.036 W/mC for 

fiberglass insulation. 

Analysis (a) Disregarding any natural convection 

currents, the rates of conduction and radiation heat 

transfer  
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(b) When the air space between the plates is evacuated, 

there will be radiation heat transfer only. Therefore, 
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· 

1T 2T 

2 cm  



 
 

(c) In this case there will be conduction heat transfer 

through the fiberglass insulation only, 
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(d) In the case of super insulation, the rate of heat transfer will be 
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H.W. 2 

    Hot air at 80°C is blown over a 2m x 4m flat surface at 30°C. If the average 

convection heat transfer coefficient is 55 W/m2·K, determine the rate of heat transfer 

from the air to the plate, in kW. 



 
 

 

Conduction Heat Transfer Through 

Multilayer Plane Walls, Cylinder and Sphere 

 

The Objective: The rate of heat transfer through a multilayer plane walls, 

cylinders, and spheres medium under steady conditions and surface 

temperatures difference. 

 

Introduction: In heat transfer analysis, we are often interested in the rate of 

heat transfer through a medium under steady conditions and surface 

temperatures. Such problems can be solved easily without involving any 

differential equations by the introduction of thermal resistance concepts in an 

analogous manner to electrical circuit problems. In this case, the thermal 

resistance corresponds to electrical resistance, temperature difference 

corresponds to voltage, and the heat transfer rate corresponds to electric current. 

We start with one-dimensional steady heat conduction in a plane wall, a 

cylinder, and a sphere, and develop relations for thermal resistances in these 

geometries. We also develop thermal resistance relations for convection and 

radiation conditions at the boundaries. We apply this concept to heat conduction 

problems in multilayer plane walls, cylinders, and spheres. 

 

Test: What does the thermal resistance of a medium represent? 

 

Summary: 

Consider a plane wall of thickness L and average thermal conductivity k. The 

two surfaces of the wall are maintained at constant temperatures of T1 and T2. 

For one-dimensional steady heat conduction through the wall, we have T(x). 

Then Fourier’s law of heat conduction for the wall can be expressed as, 



 
 

 

      

where the rate of conduction heat transfer Q cond wall and the wall area A are 

constant. Thus we have dT/dx = constant, which means that the temperature 

through the wall varies linearly with x. That is, the temperature distribution in 

the wall under steady conditions is a straight line. Separating the variables in 

the above equation and integrating from x = 0, where T(0) = T1, to x = L, where 

T(L) = T2, we get 

  

Performing the integrations and rearranging gives 
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The Thermal Resistance Concept 

Heat conduction through a plane wall can be rearranged as 
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is the thermal resistance of the wall against heat 

conduction or simply the conduction resistance of 

the wall. 

The equation above for heat flow is analogous to the relation for electric current 

flow I, expressed as 

 

              



 
 

 

Consider convection heat transfer from a solid surface of 

area As and temperature Ts to a fluid whose temperature 

sufficiently far from the surface is T∞, with a convection 

heat transfer coefficient h. Newton’s law of cooling for 

convection heat transfer rate, 

Q conv =hAs(Ts -T∞)  can be rearranged as, 

𝑄̇𝑐𝑜𝑛𝑣𝑙 =
𝑇𝑠 − 𝑇∞
𝑅𝑐𝑜𝑛𝑣

(𝑊)                       𝑤ℎ𝑒𝑟𝑒           𝑅𝑐𝑜𝑛𝑣𝑙 =
1

ℎ𝐴𝑠
( 𝐶𝑜 𝑊)⁄  

is the thermal resistance of the surface against heat convection, or simply the 

convection resistance of the surface. 

When the wall is surrounded by a gas, the radiation effects, which we have 

ignored so far, can be significant and may need to be considered. The rate of 

radiation heat transfer between a surface of emissivity ε and area As at 

temperature Ts and the surrounding surfaces at some average temperature Tsurr 

can be expressed as, 

𝑄̇𝑟𝑎𝑑 = 𝜀𝜎𝐴𝑠(𝑇𝑠
4 − 𝑇𝑠𝑢𝑟𝑟

4 ) = ℎ𝑟𝑎𝑑𝐴𝑠(𝑇𝑠 − 𝑇𝑠𝑢𝑟𝑟)

=
𝑇𝑠 − 𝑇𝑠𝑢𝑟𝑟

𝑅𝑟𝑎𝑑

(𝑊)     𝑤ℎ𝑒𝑟𝑒𝑅𝑟𝑎𝑑 =
1

ℎ𝑟𝑎𝑑𝐴𝑠
(𝐾 𝑊)⁄  

is the thermal resistance of a surface against radiation, or the radiation 

resistance, and  

 

is the radiation heat transfer coefficient. Note that both Ts and Tsurr must be in 

K in the evaluation of hrad. The definition of the radiation heat transfer 

coefficient enables us to express radiation conveniently in an analogous manner 

to convection in terms of a temperature difference. But hrad depends strongly on 

temperature while hconv usually does not.  



 
 

 

A surface exposed to the surrounding air involves 

convection and radiation simultaneously, and the total heat 

transfer at the surface is determined by adding (or 

subtracting, if in the opposite direction) the   radiation and   

convection components.  The convection and 

radiation resistances are parallel to each other, as shown in the Fig., and may 

cause some complication in the thermal resistance network. When Tsurr= T∞ , the 

radiation effect can properly be accounted for by replacing h in the convection 

resistance relation by,  

 

where hcombined is the combined heat transfer coefficient. This way all the 

complications associated with radiation are avoided. 

 

The thermal resistance network for heat transfer through a plane wall  

subjected to convection on both sides, and the electrical analogy. 

 

Thermal Resistance Network 

Now consider steady one-dimensional heat flow through a plane wall of 

thickness L, area A, and thermal conductivity k that is exposed to convection on 

both sides to fluids at temperatures T∞1 and T∞2 with heat transfer coefficients h1 



 
 

 

and h2, respectively, as shown in the Figure. Assuming T∞2 < T∞1, the variation 

of temperature will be as shown in the figure. Note that the temperature varies 

linearly in the wall, and asymptotically approaches T∞1 and T∞2 in the fluids as 

we move away from the wall. 

Under steady conditions we have, 

or    

 

 

 

Adding the numerators and denominators yields, 
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We summarize this as the rate of steady heat 

transfer between two surfaces is equal to the 

temperature difference divided by the total 

thermal resistance between those two 

surfaces. 



 
 

 

It is sometimes convenient to express heat 

transfer through a medium in an analogous 

manner to Newton’s law of cooling as, 

( )WTUAQ =  

where U is the overall heat transfer coefficient. 
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Multilayer Plane Walls 

In practice we often encounter 

plane walls that consist of 

several layers of different 

materials. The thermal 

resistance concept can still be 

used to determine the rate of 

steady heat transfer through 

such composite walls. 
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Rtotal = the total thermal 

resistance, expressed as 
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Once Q  is known, an unknown surface temperature Tj at any surface or 

interface j can be determined from, 



 
 

where Ti is a known temperature at location i and Rtotal,i-j is the 

total thermal resistance between locations i and j. 

                  

 

 

Generalized Thermal Resistance Networks 

The thermal resistance concept or the electrical analogy can also be used to 

solve steady heat transfer problems that involve parallel layers or combined 

series-parallel arrangements. 

Consider the composite wall shown in the 

Figure, which consists of two parallel layers. 

The thermal resistance network, which consists 

of two parallel resistances, can be represented 

as shown in the figure. Noting that the total heat 

transfer is the sum of the heat transfers through 

each layer, we have 

 

Utilizing electrical analogy, we get 
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Now consider the combined series-parallel arrangement shown, the total rate of 

heat transfer through this composite system can again be expressed as, 

where        

and       

 

Once the individual thermal resistances are 

evaluated, the total resistance and the total rate 

of heat transfer can easily be determined from 

the relations above. 

 

Ex1: Find heat transfer per unit area through the 

composite wall Assume one-dimensional heat 

flow. 

  

KA= 150 W/m.°c                                           q 

KB=30     

KC=50                                            T1 370°C                                                     

KD=70                                                                    

 Ac=0.1m²        

                                                                                                                           

SOL: 
25mm 50mm 75mm 

                 B                

  A                            C 

                D                               

T2=66°C 



 
 

 

 

------------------------------------------------------------------------------------ 

Radial system: 

Heat transfer: 

𝒒 = −𝒌𝑨
𝒅𝑻

𝒅𝒓
    𝑨 = 𝟐𝝅𝒓𝑳 

𝒒 = −𝟐𝝅𝒓𝑳𝒌
𝒅𝑻

𝒅𝒓
 

𝒒 ∫
𝒅𝒓

𝒓

𝒓𝒐

𝒓𝒊

= −𝟐𝝅𝒌𝑳 ∫ 𝒅𝑻
𝑻𝒐

𝑻𝒊

 

𝒂𝒕  𝒓 = 𝒓𝒊     𝑻 = 𝑻𝒊   

      𝒓 = 𝒓  𝒐        𝑻 = 𝑻𝑶 

𝒒 𝒍𝒏
𝒓𝒐

𝒓𝒊
= −𝟐𝝅𝒌𝑳(𝑻𝒐 − 𝑻𝒊)                        𝒒 =

𝟐𝝅𝒌𝑳(𝑻𝒊 − 𝑻𝒐)

𝒍𝒏
𝒓𝒐
𝒓𝒊
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Ex2: A 3-m internal diameter spherical tank made of 2-cm-thick stainless steel (k = 15 W/m. 

°C) is used to store iced water at T∞1  = 0°C. The tank is located in a room whose temperature 

is T∞2  = 22°C. The walls of the room are also at 22°C. The outer surface of the tank is black 

and heat transfer between the outer surface of the tank and the surroundings is by natural 

convection and radiation. The convection heat transfer coefficients at the inner and the outer 

surfaces of the tank are h1 = 80 W/m2.°C and h2 = 10 W/m2.°C, respectively. Determine the 

rate of heat transfer to the iced water in the tank and  

SOL: 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

Ex3: Steam at T∞1 = 320°C flows in a cast iron pipe (k= 80 W/m. °C) whose 

inner and outer diameters are D1= 5 cm and D2= 5.5 cm, respectively. The pipe 

is covered with 3cm-thick glass wool insulation with k= 0.05 W/m. °C. Heat is 

lost to the surroundings at T∞2= 5°C by natural convection and radiation, with a 

combined heat transfer coefficient of h2 =18 W/m2.°C. Taking the heat transfer 

coefficient inside the pipe to be h1= 60 W/m2°C, determine the rate of heat loss 

from the steam per unit length of the pipe. Also determine the temperature drops 

across the pipe shell and the insulation. 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

H.W: A 5-m-internal-diameter spherical tank made of 1.5-cm-thick stainless 

steel (k=15 W/m.°C) is used to store iced water at 0°C. The tank is located in a 

room whose temperature is 30°C. The walls of the room are also at 30°C. The 

outer surface of the tank is black (emissivity = 1), and heat transfer between the 

outer surface of the tank and the surroundings is by natural convection and 

radiation. The convection heat transfer coefficients at the inner and the outer 

surfaces of the tank are 80 W/m2. °C and 10 W/m2. °C, respectively. Determine 

(a) the rate of heat transfer to the iced water in the tank 

 

 

 

 

 

 

 

H.W: Consider a 0.8-m-high and 1.5-m-wide double-pane window consistingof 

two 4-mm-thick layers of glass (k= 0.78 W/m · °C) separated by a 10mm wide 

stagnant air space (k = 0.026 W/m · °C). Determine the steady rate of heat 

 

 

  



 
 

 

Critical Radius of Insulation, 

 

The Objective:  Investigate the steady state one dimensional heat conduction in 

a cylinder and sphere, and estimate the critical radius of insulation for them. 

 

Introduction: Steady heat transfer through a cylinder or sphere, and the 

multilayered cylindrical or spherical shells can be handled just like plane walls 

by simply adding an additional resistance in series for each additional layer. 

The additional insulation increases the conduction resistance of the insulation 

layer but decreases the convection resistance of the surface because of the 

increase in the outer surface area for convection. The heat transfer from the pipe 

may increase or decrease, depending on which effect dominates. Critical radius 

of insulation is confirmed the idea of reducing the rate of heat loss from the 

cylindrical and spherical shells depending on which effect dominates.  
 

Test: What is the critical radius of insulation? How is it defined for a 

cylindrical layer? 

 

Summery:  

Heat transfer through a pipe can be modeled as steady and one-dimensional. 

The temperature of the pipe in this case will depend on one direction only (the 

radial r-direction) and can be expressed as T = T(r). The temperature is 

independent of the azimuthal angle or the axial distance. This situation is 

approximated in practice in long cylindrical pipes and spherical containers. In 

steady operation, there is no change in the temperature of the pipe with time at 

any point. Therefore, the rate of heat transfer into the pipe must be equal to the 

rate of heat transfer out of it. In other words, heat transfer through the pipe must 

be constant, =
., cylconduction

Q constant.  

Consider a long cylindrical layer (such as a circular pipe) of inner radius r1, 

outer radius r2, length L, and average thermal conductivity k. The two surfaces 

of  the cylindrical layer 

 are maintained at constant temperatures T1 and T2. There is 

no heat generation in the layer and the thermal conductivity 

is constant. For one-dimensional heat conduction through the 

cylindrical layer, we have T(r). Then Fourier’s law of heat 

conduction for heat transfer through the cylindrical layer can 

be expressed as, 
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where A = 2πrL is the heat transfer area at location r. Note that A depends on r, 

and thus it varies in the direction of heat transfer. Separating the variables in the 

above equation and integrating from r = r1, where T(r1) = T1, to r = r2, where 

T(r2) = T2, gives, 

 
Substituting A = 2πrL and performing the integrations give, 

 
since =

., cylconduction
Q constant. This equation can be rearranged as, 
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is the thermal resistance of the cylindrical layer against heat conduction, or 

simply the conduction resistance of the cylinder layer. 

We can repeat the analysis above for a spherical layer by taking A= 4πr2 and 

performing the integrations, the result can be expressed as, 
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is the thermal resistance of the spherical layer against heat conduction, or 

simply the conduction resistance of the spherical layer. 

Now consider steady one-dimensional heat flow through a cylindrical or 

spherical layer that is exposed to convection on both sides to fluids at 

temperatures 1
T  and 

2
T  with heat transfer coefficients h1 and h2, respectively. 

The thermal resistance network in this case consists of one conduction and two 

convection resistances in series, just like the one for the plane wall, and the rate 

of heat transfer under steady conditions can be expressed as, 
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for a cylindrical layer, and 
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for a spherical layer. Note that A in the convection resistance relation Rconv = 

1/hA is the surface area at which convection occurs. It is equal to A = 2πrL for a 

cylindrical surface and A= 4πr2 for a spherical surface of radius r. Also note that 

the thermal resistances are in series, and thus the total thermal resistance is 

determined by simply adding the individual resistances, just like the electrical 

resistances connected in series. 

 

Multilayered Cylinders and Spheres 
Steady heat transfer through 

multilayered cylindrical or 

spherical shells can be handled 

just like multilayered plane 

walls discussed earlier by 

simply adding an additional 

resistance in series for each 

additional layer. For example, 

the steady heat transfer rate 

through the three-layered 

composite cylinder of length L 



 
 

 

with convection on both sides 

can be expressed as, 
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This equation can also be used for a three-layered spherical shell by replacing 

the thermal resistances of cylindrical layers by the corresponding spherical 

ones. 

Once Q  has been calculated, the interface temperature T2 between the first and 

second cylindrical layers can be determined from, 

 
We could also calculate T2 from 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Critical Radius of Insulation 

 
Adding more insulation to a wall always decreases heat transfer. The thicker the 

insulation produced the lower the heat transfer rate. This is expected, since the 

heat transfer area A is constant, and adding insulation always increases the 

thermal resistance of the wall without increasing the convection resistance. 

Adding insulation to a cylindrical pipe or a spherical 

shell, however, is a different matter. The additional 

insulation increases the conduction resistance of the 

insulation layer but decreases the convection resistance 

of the surface because of the increase in the outer 

surface area for convection. The heat transfer from the 

pipe may increase or decrease, depending on which 

effect dominates. 

Consider a cylindrical pipe of outer radius r1 whose 

outer surface temperature T1 is maintained constant. 

The pipe is now insulated with a material whose 

thermal conductivity is k and outer radius is r2. Heat 

is lost from the pipe to the surrounding medium at 

temperature T∞, with a convection heat transfer 

coefficient h. The rate of heat transfer from the 

insulated pipe to the surrounding air can be 

expressed as, 

 

   
The variation of Q  with the outer radius of the insulation r2 is plotted in the 

Figure. The value of r2 at which Q  reaches a maximum is determined from the 

requirement that dQ /dr2=0 (zero slope). Performing the differentiation and 

solving for r2 yields the critical radius of insulation for a cylindrical body to 

be, 

h

k
r

cylindercr
=

,
  (m) 

The value of the critical radius rcr will be the largest when k is large and h is 

small. Noting that the lowest value of h encountered in practice is about 5 

W/m2·°C for the case of natural convection of gases, and that the thermal 
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conductivity of common insulating materials is about 0.05 W/m2 · °C, the 

largest value of the critical radius we are likely to encounter is 

cmm
CmW

CmW

h

k
r

o

o

insulation

cr
101.0

./5

./05.0

min

max,

max,
===  

This value would be even smaller when the radiation effects are considered. The 

critical radius would be much less in forced convection, often less than 1 mm, 

because of much larger h values associated with forced convection. Therefore, 

we can insulate hot water or steam pipes freely without worrying about the 

possibility of increasing the heat transfer by insulating the pipes. 

The discussions above can be repeated for a sphere, and it can be shown in a 

similar manner that the critical radius of insulation for a spherical shell is, 

h

k
r

cspherecr

2
,

=   

where k is the thermal conductivity of the insulation and h is the convection heat 

transfer coefficient on the outer surface. 

 

 

Question: A pipe is insulated such that the outer radius of the insulation is 

less than the critical radius. Now the insulation is taken off. Will the rate of 

heat transfer from the pipe increase or decrease for the same pipe surface 

temperature? 

 

Ex.1: A 3mm diameter and 5m long electric wire is tightly wrapped with a 

2mm thick plastic cover whose thermal conductivity is k = 0.15 W/m°C. 

Electrical measurements indicate that a current of 10A passes through the wire 

and there is a voltage drop of 8 V along the wire. If the insulated wire is 

exposed to a medium at T∞=30°C with a heat transfer coefficient of h=12 

W/m2.°C, determine the temperature at the interface of the wire and the plastic 

cover in steady operation. Also determine whether doubling the thickness of the 

plastic cover will increase or decrease this interface temperature. 
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H.W.1  

        A 5-mm-diameter spherical ball at 50°C is covered by a 1-mm-thick plastic 

insulation (k =0.13 W/m.°C). The ball is exposed to a medium at 15°C, with a 

combined convection and radiation heat transfer coefficient of 20 W/m2.°C. 

Determine if the plastic insulation on the ball will help or hurt heat transfer from 

the ball.  

 

 

 

 

H.W.2   

        A 2-mm-diameter and 10 m long electric wire is tightly wrapped with a 1-

mm-thick plastic cover whose thermal conductivity is k=0.15W/m.°C. 

Electrical measurements indicate that a current of 10 A passes through the wire 

and there is a voltage drop of 8 V along the wire. If the insulated wire is 

exposed to a medium at T∞ =30°C with a heat transfer coefficient of h=24 

W/m2.°C, determine the temperature at the interface of the wire and the plastic 

cover in steady operation. Also determine if doubling the thickness of the 

plastic cover will increase or decrease this interface temperature. 

  



 

Steady State One Dimensional Heat Conduction in a Large Plane Wall, 

 and in a Cylinder  
 

The Objective: Study the heat conduction through a large plane wall and 

cylinder as one-dimension steady state case. This chapter deals with the 

theoretical and mathematical aspects of heat conduction. 

 

Introduction: Heat conduction through a large plane wall such as the wall of a 

house, the glass of a single pane window, the metal plate at the bottom of a 

pressing iron, a cast iron steam pipe, a cylindrical nuclear fuel element, an 

electrical resistance wire, the wall of a spherical container, or a spherical metal 

ball that is being quenched or tempered. Heat conduction in these and much 

other geometry can be approximated as being one-dimensional since heat 

conduction through these geometries will be dominant in one direction and 

negligible in other directions. 

 

Test: Why does metal feel colder than wood, if they are both at the same 

temperature? 

 

Summary:  

General Concepts in Conduction Heat Transfer 

1- Heat conduction in a medium is three-dimensional and time dependent, 

T=T(x,y,z,t). 

2- Heat conduction in a medium is said to be steady when the temperature 

does not very with time, and unsteady or transient when it does very with 

time. 

3- Heat conduction in a medium is said to be one-dimensional when 

conduction is significant in one dimension only and negligible in the other 

dimensions, two-dimensional when conduction in the third dimension is 

negligible and three-dimensional when conduction in all dimensions is 

significant. 

4- Conduction can take place in liquids and gases as well as solids provided 

that there is no bulk motion involved in the liquid or gas. 

5- Heat transfer has direction as well as magnitude, and thus it is a vector 

quantity. 

6- In coordinate system, a positive quantity indicates heat transfer in the 

positive direction and a negative quantity indicates heat transfer in the 

negative direction. 



 

7- The driving force for any form of heat transfer is the temperature 

difference. The larger the temperature difference, the larger the rate of heat 

transfer. 

8- The specification of the temperature at a point in a medium first requires 

the specification of the location of that point, by choosing a suitable 

coordinate system such as rectangular, cylindrical or spherical coordinates. 

9- The location of a point is specified as (x,y,z) in rectangular coordinates, or 

as (r,φ,z) in cylindrical coordinates, and or (r,φ,θ) in spherical coordinates. 

10- The best coordinate system for a given geometry is the one that describes 

the surfaces of the geometry best. 

11- Thermal conductivity of the material is a measure of the ability of a 

material to conduct heat. It is in general, varies with temperature, but 

sufficiently accurate results can be obtained by using a constant value for 

thermal conductivity at the average temperature. 

 

Fourier’ Law  
The rate of heat conduction through a medium in a specified direction (say, in 

the x-direction) is proportional to the temperature difference across the medium 

and the area normal to the direction of heat transfer, but is inversely 

proportional to the distance in that direction. This was expressed in the 

differential form by Fourier’s law of heat conduction for one-dimensional 

heat conduction as,  

 
where k is the thermal conductivity of the material, which is 

a measure of the ability of a material to conduct heat, and 

dT/dx is the temperature gradient, which is the slope of the 

temperature curve on a T-x diagram. 

Heat is conducted in the direction of decreasing temperature, and thus the 

temperature gradient is negative when heat is conducted in the positive x-

direction. The negative sign in the equation ensures that heat transfer in the 

positive x-direction is a positive quantity. 

 

General Relation for Fourier’s Law 
To obtain a general relation for Fourier’s law of heat conduction, consider a 

medium in which the temperature distribution is three-dimensional. The heat 

flux vector at a point P on this surface must be perpendicular to the surface, and 

it must point in the direction of decreasing temperature. If n is the normal of the 



 

isothermal surface at point P, the rate of heat conduction at that point can be 

expressed by Fourier’s law as, 
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In a rectangular coordinates system, 

  

 

 are the magnitudes of the 

heat transfer rates in the x-, y-, and z-

directions, which again can be determined 

from Fourier’s law as 
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Here Ax, Ay and Az are heat conduction areas normal to the x-, y-, and z-

directions, respectively. Most engineering materials are isotropic in nature, and 

thus they have the same properties in all directions. 

 

 

Heat Generation 
A medium through which heat is conducted may involve the conversion of 

electrical, nuclear, or chemical energy into heat (or thermal) energy. In heat 

conduction analysis, such conversion processes are characterized as heat 

generation. 

The rate of heat generation in a medium is usually specified per unit volume and 

is denoted by g , whose unit is W/m
3
. 

In the special case of uniform heat generation, as in the case of electric 

resistance heating throughout a homogeneous material,  

 
where g  : the constant rate of heat generation per unit volume. 

  V: total volume (m
3
) 

  G : total heat generation (Watt) 

 

One-Dimensional Heat Conduction Equation 
Consider a thin element of thickness  x in a large plane wall. Assume the 

density of the wall is ρ, the specific heat is C, and the area of the wall normal to 

the direction of heat transfer is A. An energy balance on this thin element 

during a small time interval Δt can be expressed as, 



 

or  

     
But the change in the energy content of the element and the rate of heat 

generation within the element can be expressed as 

 
Substitute to get, 

   
Dividing by AΔx gives, 
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The thermal conductivity in most practical applications can be assumed to 

remain constant at some average value, so that, 

t

T

k

g

x

T












1
2

2 
  [Constant thermal conductivity] 

where the property  = k/C is the thermal diffusivity of the material and 

represents how fast heat propagates through a material. 

This equation represents one dimensional heat conduction equation. It reduces 

to the following forms under specified conditions: 

 In the same way the one-dimensional heat conduction equation in cylindrical 

and spherical coordinate systems can be found. The rectangular, cylindrical, 

and spherical coordinate systems for the case of constant thermal conductivities 

are expressed as, 



 

            
For steady state with heat 

generation case the above 

equation be,  
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                        Cylindrical coordinate system  

and for steady state without heat 

generation case the above equation 

be,  

        

0
1

0
1

0

2

2

2

2








































r

T
r

rr

r

T
r

rr

T

T

             Spherical coordinate system  

Solving these equations with the boundary conditions give the temperature 

distribution and heat transfer for any problems.  

 

General Heat Conduction Equation …... Rectangular Coordinates 
Consider a small rectangular element of length Δx, width  Δy, and height Δz. 

Assume the density of the body is ρ and the specific heat is C. An energy 

balance on this element during a small time interval Δt can be expressed as, 

 

 

 

 



 

 
 

Noting that the volume of the element is Velement=ΔxΔyΔz, the 

change in the energy content of the element and the rate of  

heat generation within the element can be expressed as, 

 
Substituting, we get 

 
Dividing by ΔxΔyΔz gives, 

 
 

Noting that the heat transfer areas of the element for heat conduction in the x, y, 

and z directions are,  zyA
x

 ,  zxA
y

 ,  yxA
z

  respectively, and 

taking the limit as Δx, Δy, Δz and 0t yields 
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In the case of constant thermal conductivity, it reduces to 
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This is the general transient three-dimension heat conduction with heat 

generation. 

 

In the case of transient three-dimension heat conduction without heat 

generation, 
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 (Called the diffusion equation) 

 

For Steady, three dimension heat conduction with heat generation. 
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 (Called the Poisson equation) 



 

And for Steady state, three-dimension heat conduction without heat generation, 
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Question: What is heat generation in a solid? Give examples. Is heat transfer a 

scalar or vector quantity? Explain. Same question for “temperature”. 

 

 

General solution of one dimensional heat conduction  

 

1- Plane wall   

   

   
    

By integration  
  

  
   …….(1) 

 

         ………..(2) 

         at  x= 0   T=      sub in equ 2   

                    

        At  x= L   T=      sub in equ 2 

            
     

 
 

            
     

 
     

 

2-Plane wall with heat generation 
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By integration  
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General solution of equation of cylinder with heat generation  
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By integration  
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Final sol for temp dist. for solid cylinder  

        And for  r=              
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        And for hollow cylinder  
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General solution of equation of sphere  without heat generation 
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Ex.1:-  A 2-kW resistance heater wire with thermal conductivity of k = 20 W/m 

.°C, a diameter of D=5 mm, and a length of L =0.7 m is used to boil water. If 

the outer surface temperature of the resistance wire is Ts = 110°C, determine the 

temperature at the center of the wire. 

 

Assumptions 1 Heat transfer is steady since there is no change 

with time. 2 Heat transfer is one dimensional since there is 

thermal symmetry about the center line and no change in the 

axial direction. 3 Thermal conductivity is constant. 4 Heat 

generation in the heater is uniform. 

Properties The thermal conductivity is given to be k = 20 

W/m⋅°C. 

Sol.  

The resistance heater converts electric energy into heat at a rate of 2 kW. The 

rate of heat generation per unit volume of the wire is 

 

 

 



 

Ex.2:- Consider a homogeneous spherical piece of radioactive material of 

radius r0 = 0.04 m that is generating heat at a constant rate of g· =4 x 107 W/m
3
. 

The heat generated is dissipated to the environment steadily. The outer surface 

of the sphere is maintained at a uniform temperature of 80°C and the thermal 

conductivity of the sphere is k =15 W/m · °C. Assuming steady one-

dimensional heat transfer, (a) express the differential equation and the boundary 

conditions for heat conduction through the sphere, (b) obtain a relation for the 

variation of temperature in the sphere by solving the differential equation, and 

(c) determine the temperature at the center of the sphere. 

Assumptions 1 Heat transfer is steady since there is no indication of any 

changes with time. 2 Heat transfer is one-dimensional since there is thermal 

symmetry about the midpoint. 3 Thermal conductivity is constant. 4 Heat 

generation is uniform. 

Properties The thermal conductivity is given to be k = 15 W/m⋅°C. 



 

 

…………………………………………………………………………………… 

W.H.1:- Consider a large 5-cm-thick brass plate (k =111W/m.°C) in which heat 

is generated uniformly at a rate of 2= 105 W/m
3
. One side of the plate is 

insulated while the other side is exposed to an environment at 25°C with a heat 

transfer coefficient of 44 W/m
2
·°C. Explain where in the plate the highest and 

the lowest temperatures will occur, and determine their values. 

  

 

 

 

 

W.H.2:- In a nuclear reactor, 1-cm-diameter cylindrical uranium rods cooled by 

water from outside serve as the fuel. Heat is generated uniformly in the rods (k= 

29.5 W/m·°C) at a rate of 7x107 W/m
3
. If the outer surface temperature of rods 

is 175°C, determine the temperature at their center. 
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Lecture No(5) 

Heat Transfer from Finned Surfaces  

 

1. Class : third  Year  

2. Subject : Heat Transfer from Finned Surfaces 

 

3. Number of weeks: three weeks  

 

4. Central idea: Study the Heat Transfer from Finned Surfaces             
5. The Test: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 Page 3 
 

 

 

 

 

10 

q 



 Page 4 
 

 

 

 

 

 

 

 

 

 

 

 

                          where            (    ) 

10 



 Page 5 
 

        
  

    (    )    

Taking the limit as        

   

  
   (    )               where         

  

  
  

 

Where       is the cross- sectional Area at x  
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2=The fin is finite length and loses heat by convection from 

its end  

(     )        

                   
  

  
   (       )     

(    )     
      

    

              
  

  
     

       
    

After simplification and find values C1 and C2 

 ( )   

     
 

     (   ) (   )     (   )⁄

       (   )      ⁄
 

  √     (     )
     (   ) (   )     (   )⁄

       (   )      ⁄
 

 

 

Negligible Heat Loss From the Fin Tip (Insulated fin tip qfin tip =0)  

(    )     
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Fin Effectiveness 

The performance of the fins is judged on the basis of the enhancement in 

heat transfer relative to the no-fin case. The performance of fins 

expressed in terms of the fin effectiveness (     ) 
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Ex1: A very long fin copper rod (k=372 w/m.°c) 25 mm in diameter has 

one end maintained at 90 °C .The rod is exposed to a fluid whose 

temperature is 40  °C .The heat – transfer coefficient is 3.5 w/m².°c .How 

much heat is lost by the rod 

Sol:  

 

 

 

Ex2: Steam in a heating system flows through tubes whose outer diameter 

is D1= 3 cm and whose walls are maintained at a temperature of 120°C. 

Circular aluminum fins (k =180 W/m · °C) of outer diameter D2 = 6 cm 

and constant thickness t= 2 mm are attached to the tube, as shown in Fig 

.The space between the fins is 3 mm, and thus there are 200 fins per 

meter length of the tube. Heat is transferred to the surrounding air at T= 

25°C, with a combined heat transfer coefficient of h =60 W/m²· °C. 

Determine the increase in heat transfer from the tube per meter of its 

length as a result of adding fins. 
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Sol: 
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EX: 3The thermal conductivity of a metal plate measuring (1m*1m) is 

(20 w/m.°c) . The plate is at a uniform temperature of 80°C and losses 

heat to surrounding air which is at 40°C .The convection coefficient is 40 

w/m².°c .it was intended to double . the heat loss by adding rectangular 

fins to the surface .Each fin is (1m) width  (5mm) thick . the fins are 

spaced (45 mm) center to center . Neglect heat transfer from fin tips and 

calculate the required length of fins 

Sol:    q1=h A(ΔT) =40*1*(80-40)=1600 W 

q2= 2* q1 =3200 W  

q2= q fins + q space  

no of fins = 1 / 0.045 =22 fin  

q space =h A space (ΔT) = 40( (1*1)- ((0.005*1)*22)) (80-40)= 1424 W 

q fins = q2  -  q space = 3200 -1424 =1776 W  

q one fin  =1776 / 22 =80.727 W  

  √    (     )         

80.727= √   ((       )   )     (       )(   

  )                       L=  ?  

H.W:A plane wall (7.5 cm) thick generates heat internally at rate of (10⁵ 

W/m³) .one side of the wall is insulated and the temperature middle of the 

wall 115°C . In order to dissipate heat from other side of wall (10 fins ) 

are mounted at wall . the fin are of (1m) width and (1cm) thick and       

(4cm ) length. Consider that all the heat is dissipated through the fin only 

. the fins are to be considered insulated at the tip and the thermal 

conductivity of material of the fins and the wall is (17.3 w/m.°c) 

.Determine the heat transfer coefficient between the fin and the 

environment if the temperature  of the air is 25  °C . Take the surface area 

of the wall is to be (1 m²). 

hp
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Two-Dimensional Steady Heat Conduction 

 
The Objective:  Studying numerically the two-dimensional steady heat 

conduction.  

  

Introduction:  Many problems encountered in practice involve complicated 

geometries with complex boundary conditions or variable properties and cannot 

be solved analytically. In such cases, sufficiently accurate approximate 

solutions can be obtained by computers using a numerical method. 

 

Test: What are the limitations of the analytical solution methods?  
 

Summary: 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Solution Techniques  

The nodal equation may be written as  

                       

                       

                       

                       

  [ ]    

         
         
         

       [ ]  

  
  
  

    [ ]  
  
  
  

 

 

Can be expressed as  

[ ][ ]  [ ] 

And the problem is to find the inverse of [ ] such that  

[ ]  [ ]  [ ] 

[ ]   

         
         
         

 



 

The final solution for unknown temperature are written in expanded 

form  

                       

                       

                       

 

 

Example: Heat Loss through Chimneys 
Hot combustion gases of a furnace are flowing through a square chimney made 

of concrete (k = 1.4 W/m · °C). The flow section of the chimney is 20 cm x 20 

cm, and the thickness of the wall is 20 cm. The average temperature of the hot 

gases in the chimney is Ti = 300°C, and the average 

convection heat transfer coefficient inside the chimney 

is hi= 70 W/m
2
.°C. The chimney is losing heat from its 

outer surface to the ambient air at To = 20°C by 

convection with a heat transfer coefficient of ho = 21 

W/m
2
.°C and to the sky by radiation. The emissivity of 

the outer surface of the wall is   ε= 0.9, and the 

effective sky temperature is estimated to be 260 

K. Using the finite difference method with ∆x 

=∆y = 10 cm and taking full advantage of 

symmetry, determine the temperatures at the 

nodal points of a cross section and the rate of 

heat loss for a 1-m-long section of the chimney. 

 

Solution:  

The most striking aspect of this problem is the 

apparent symmetry about the horizontal and 

vertical lines passing through the midpoint of the 

chimney as well as the diagonal axes, as 

indicated on the figure. Therefore, we need to 

consider only one-eighth of the geometry in the 

solution whose nodal network consists of nine 

equally spaced nodes. No heat can cross a 

symmetry line, and thus symmetry lines can be treated as insulated surfaces and 



 

thus “mirrors” in the finite difference formulation. Then the 

nodes in the middle of the symmetry lines can be treated as 

interior nodes by using mirror images. Six of the nodes are 

boundary nodes, so we will have to write energy balances to 

obtain their finite difference formulations. First we partition 

the region among the nodes equitably by drawing dashed lines 

between the nodes through the middle. Then the region around 

a node surrounded by the boundary or the dashed lines 

represents the volume element of the node. Considering a unit depth and using 

the energy balance approach for the boundary nodes (again assuming all heat 

transfer into the volume element for convenience) and the formula for the 

interior nodes, the finite difference equations for the nine nodes are determined 

as follows: 

 

 

 



 

 

 

 



 

 

 

 
 

 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 



 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

  



 

Transient Heat conduction                     

 

1. Class : third  Year  

2. Subject : Transient Heat conduction                                                      

3. Number of weeks: Two weeks  

 

4. Central idea : Study the Transient Heat conduction                       

5. The Test: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Lecture  

Lecture  
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 Heat transfer : 
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Case 1:a sudden change in surface temperature        

 (   )    
     

    
 

 √  
 

T0= surface temperature =  (   ) 

Ti = initial temperature of medium =  (   )  

At surface the heat flow  

 
  
  (     )
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Q1: Stainless steel ball bearings (ρ= 8085 kg/m3, k =15.1 W/m · °C, Cp = 

0.480 kJ/kg · °C, and α =3.91 x       ⁄ ) having a diameter of 1.2 cm 

are to be quenched in water. The balls leave the oven at a uniform 

temperature of 900°C and are exposed to air at 30°C for a while before 

they are dropped into the water. If the temperature of the balls is not to 

fall below 850°C prior to quenching and the heat transfer coefficient in 

the air is 125 W/m²· °C, determine how long they can stand in the air 

before being dropped into the water. 

Sol: 
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Therefore, the lumped system 

analysis is applicable. Then the 

allowable time is determined to be 
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The result indicates that the ball bearing can stay in the air about 4 s 

before being dropped into the water. 

Ex2: A stainless-steel rod (ρ = 7817 kg/m3, Cp = 460J/kg · °C) 6.4 mm in 

diameter is initially at a uniform temperature of 25◦C and is suddenly 

immersed in a liquid at 150◦C with h= 120 W/m²・◦C. Using the lumped-

capacity method of analysis, calculate the time necessary for the rod 

temperature to reach 120◦C. 

 

 

Steel balls 

 900C 
Air, 30C 

Furnace 



 

 

Ex3: A large plate of aluminum 5.0 cm thick(k = 215 W/m.◦C , 

α=8.4×10−5 m2/s , ρ=2700 kg/m³, c=0.9 kJ/kg・◦C) and initially at 

200◦C is suddenly exposed to the convection environment h= 525 

W/m²◦C  and T∞=70◦C  Calculate the temperature at a depth of 1.25 cm 

from one of the faces 1 min after the plate has been exposed to the 

environment. How much energy has been removed per unit area from the 

plate in this time? 

Sol: 

θi = Ti −T∞ =200−70=130            2L = 5.0 cm     L=2.5 cm                       

τ =1 min=60 s 

k = 215 W/m ・ ◦C                   h = 525 W/m2 ・ ◦C  

x = 2.5−1.25=1.25 cm 

Then 

ατ / L²= (8.4×10−5)*(60)/(0.025)² =8.064 

 

k/hL= 215/(525)(0.025) =16.38 

 

x/L= 1.25/ 2.5=0.5 

From Figure  

θ0/θi = 0.61 

 

θ0 = T0 −T∞ =(0.61)(130)=79.3 

From Figure    at x/L=0.5, 

 

θ/θ0 =0.98 

 

and 

θ = T −T∞ =(0.98)(79.3)=77.7 

T = 77.7+70=147.7◦C 

For Figure we need 

h²ατ/k² = (525)²(8.4×10−5)(60) /(215)² =0.03 

 

hL/k = (525)(0.025)/ 215 =0.061 

From Figure  

Q/Q0 =0.41  

For unit area 

Q0/A = ρcVθi /A   =ρc(2L)θi   = (2700)(900)(0.05)(130) 

= 15.8×106 J/m² 

So that the heat removed per unit surface area is 

Q/A = (15.8×106)(0.41)=6.48×106 J/m² 



 

 

Q4:Estimate the minimum depth x at which one must place a water main 

below the surface to avoid freezing .The soil is initially at a uniform 

temperature of 20 °C .Assume that under the worst conditions anticipated 

it is subjected to surface temperature of -15 °C for a period of 60 days 

.Use the following properties for soil(c=1840J/kg.k),(ρ=2050 

kg/m³)(K=0.52w/m.k) (α=k/ρc =0.138*10⁻⁶ m²/s) 

                                                                Ts=-15°C  

                                                      soil                      x 

  

                                            water main                       T(x,60d)=0 

 



 

 

 
Fundamentals  of Convection 

 

The Objective: Study the mechanism of heat transfer through a fluid in the 

presence of bulk fluid motion.  

 

Introduction: Heat transfer through a solid is always by conduction, since 

the molecules of a solid remain at relatively fixed positions. Heat transfer 

through a liquid or gas, however, can be by conduction or convection, 

depending on the presence of any bulk fluid motion. Heat transfer through a 

fluid is by convection in the presence of bulk fluid motion and by 

conduction in the absence of it. 

Convection heat transfer is complicated by the fact that it involves fluid 

motion as well as heat conduction. 

The rate of heat transfer through a fluid is much higher by convection 

than it is by conduction. In fact, the higher the fluid velocity, the higher the 

rate of heat transfers. 

 

 

Convection 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Forced convection Natural or free 

convection 

External convection 

( Flow Over flat plate 

,flow across cylinder 

,sphere ) 

 

internal convection 

(inside pipe and tube)  

 

Free  convection 

( From vertical planes 

and cylinders ) 

 

Free  convection 

( From horizontal  

planes and cylinders ) 

 



 

 

Summary: 

 

Convection is classified as natural (or free) and forced convection, 

depending on how the fluid motion is initiated. 

 In forced convection, the fluid is forced to flow over a surface or in a 

pipe by external means such as a pump or a fan. 

 In natural convection, any fluid motion is caused by natural means such 

as the buoyancy effect, which manifests itself as the rise of warmer fluid and 

the fall of the cooler fluid. 

Convection is also classified as external and internal, depending on 

whether the fluid is forced to flow over a surface or in a channel. 

Experience shows that convection heat transfer strongly depends on the fluid 

properties dynamic viscosity μ, thermal conductivity k, density ρ, and 

specific heat Cp, as well as the fluid velocity V . It also depends on the 

geometry and the roughness of the solid surface, in addition to the type of 

fluid flow (such as being laminar “streamlined” or turbulent). 

Convection heat transfer is observed to be proportional to the temperature 

difference and is conveniently expressed by Newton’s law of cooling as: 

q·conv = h(Ts - T∞)            (W/m
2
)  

or 

Q ·conv = hAs(Ts - T∞)       (W)        

Where: 

h = convection heat transfer coefficient, W/m
2
.°C 

As = heat transfer surface area, m
2
 

Ts = temperature of the surface, °C 

T∞ = temperature of the fluid sufficiently far from the surface, °C 

Judging from its units, the convection heat transfer coefficient h can be 

defined as the rate of heat transfer between a solid surface and a fluid per 

unit surface area per unit temperature difference. 
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When a fluid is forced to flow over a solid surface, it is observed that the 

fluid in motion comes to a complete stop at the surface and assumes a zero 

velocity relative to the surface. That is, the fluid layer in direct contact with 

a solid surface “sticks” to the surface and there is no slip. In fluid flow, this 

phenomenon is known as the no-slip condition, and it is due to the viscosity 

of the fluid. 

A fluid and a solid surface will have the same temperature at the point of 

contact. This is known as no-temperature-jump condition. An implication 

of the no-slip and the no-temperature jump conditions is that heat transfer 

from the solid surface to the fluid layer adjacent to the surface is by pure 

conduction, since the fluid layer is motionless, and can be expressed as: 

  

where T represents the temperature distribution in the fluid and 
oy

y

T





is the 

temperature gradient at the surface. This heat is then convected away from 

the surface as a result of fluid motion. Note that convection heat transfer 

from a solid surface to a fluid is merely the conduction heat transfer from the 



 

solid surface to the fluid layer adjacent to the surface. Therefore, we can 

equate eq.(1) & eq. (4) for the heat flux to obtain: 

 
The convection heat transfer coefficient, in general, varies along the flow (or 

x-) direction. The average or mean convection heat transfer coefficient for a 

surface in such cases is determined by properly averaging the local 

convection heat transfer coefficients over the entire surface. 

 

Velocity boundary layer 

 

Consider the parallel flow of a fluid over a flat plate. The x-coordinate is 

measured along the plate surface from the leading edge of the plate in the 

direction of the flow, and y is measured from the surface in the normal 

direction. The fluid approaches the plate in the x-direction with a uniform 

upstream velocity of V,  which is practically identical to the free-stream 

velocity u∞ over the plate away from the surface. the x component of the 

fluid velocity, u, will vary from 0 at y = 0 to nearly u∞ at y = δv.  

The region of the flow above the plate bounded by δ in which the effects 

of the viscous shearing forces caused by fluid viscosity are felt is called the 

velocity boundary layer. The boundary layer thickness, δv, is typically 

defined as the distance y from the surface at which u = 0.99u∞. The 

hypothetical line of u = 0.99 u∞ divides the flow over a plate into two 

regions: the boundary layer region, in which the viscous effects and the 

velocity changes are significant, and the in viscid flow region, in which the 

frictional effects are negligible and the velocity remains essentially constant. 

 



 

 

Friction force per unit area is called shear stress, and is denoted by τ. 

Experimental studies indicate that the shear stress for most fluids is 

proportional to the velocity gradient, and the shear stress at the wall surface 

is as 

 
where the constant of proportionality μ is called the dynamic viscosity of 

the fluid. 

Kinematic viscosity is expressed as   . Two common units of 

kinematic viscosity are m
2
/s and stoke (1 stoke = 1 cm

2
/s = 0.0001 m

2
/s). 

The determination of the surface shear stress τs is not practical since it 

requires a knowledge of the flow velocity profile. A more practical approach 

in external flow is to relate τs to the upstream velocity V    as 

 
where Cf is the dimensionless friction coefficient, whose value in most 

cases is determined experimentally, and ρ is the density of the fluid. Note 

that the friction coefficient, in general, will vary with location along the 

surface. Once the average friction coefficient over a given surface is 

available, the friction force over the entire surface is determined from 

                 where As is the surface area. 

 

Nusselt Number 

It is common practice to nondimensionalize the heat transfer coefficient h 

with the Nusselt number, defined as: 

                  
k

hL
Nu c   

where k is the thermal conductivity of the fluid and Lc is the characteristic 

length. 

 



 

To understand the physical significance of the Nusselt number, consider 

a fluid layer of thickness L and temperature difference ΔT = T2 - T1, as 

shown in the figure. Heat transfer through the fluid layer will be by 

convection when the fluid involves some motion and by conduction when 

the fluid layer is motionless. Heat flux (the rate of heat transfer per unit time 

per unit surface area) in either case will be 

 
which is the Nusselt number. Therefore, the Nusselt number represents the 

enhancement of heat transfer through a fluid layer as a result of convection 

relative to conduction across the same fluid layer. The larger the Nusselt 

number, the more effective the convection. A Nusselt number of Nu = 1 for 

a fluid layer represents heat transfer across the layer by pure conduction. 

 

Reynolds Number 

 

The transition from laminar to turbulent flow depends on the surface 

geometry, surface roughness, free-stream velocity, surface temperature, and 

type of fluid, among other things. The flow regime depends mainly on the 

ratio of the inertia forces to viscous forces in the fluid. This ratio is called 

the Reynolds number, which is a dimensionless quantity, and is expressed 

for external flow as 

  
whereV   is the upstream velocity (equivalent to the free-stream velocity u∞ 

for a flat plate), Lc is the characteristic length of the geometry, and     

is the kinematic viscosity of the fluid. For a flat plate, the characteristic 



 

 

length is the distance x from the leading edge. The Reynolds number at 

which the flow becomes turbulent is called the critical Reynolds number 

which is equal to 5x10
5
 for flat plate. For flow on flat plate   Re<5x10

5 
the 

flow is laminar,   Re>5x10
5  

the flow is turbulent. 

 

Prandtl Number 

 

The relative thickness of the velocity and the thermal boundary layers is 

best described by the dimensionless parameter Prandtl number, defined as 

 
The Prandtl numbers of fluids range from less than 0.01 for liquid metals 

to more than 100,000 for heavy oils. Note that the Prandtl number is in the 

order of 10 for water. 

 

The Grashof Number 

 

The flow regime in forced convection is governed by the dimensionless 

Reynolds number, which represents the ratio of inertial forces to viscous 

forces acting on the fluid. The flow regime in natural convection is governed 

by the dimensionless Grashof number, which represents the ratio of the 

buoyancy force to the viscous force acting on the fluid. 
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Since    T ,   

The Grashof number for a characteristic length Lc is, 

where                       .  

g = gravitational acceleration, m/s
2
 

  = coefficient of volume expansion, 1/K (  = 1/T for ideal gases) 

Ts = temperature of the surface, 
°
C 

T∞ = temperature of the fluid sufficiently far from the surface,
 °
C 



 

Lc = characteristic length of the geometry, m 

  = kinematics viscosity of the fluid, m
2
/s             

  

Rayleigh number 

 It is represented the product of the Grashof and Prandtl numbers, 

                   

 

 

 



One Dimensional Steady State Force Convection Heat 

Transfer on Flat Plate 

External Flow 
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For turbulent flow  
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Parallel Flow over flat plates  
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For combined flow (laminar & turbulent ) 
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For combined flow (laminar & turbulent ) 
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Ex1: Engine oil at 60°C flows over the upper surface of a 5-m-

long flat plate whose temperature is 20°C with a velocity of 2 

m/s . Determine the total friction  force and the rate of heat 

transfer per unit width of the entire plate 

 

 



 

Ex2:A 0.3-cm-thick, 12-cm-high, and 18-cm-long circuit board 

houses 80 closely spaced logic chips on one side, each 

dissipating 0.06 W. The board is impregnated with copper 

fillings and has an effective thermal conductivity of 16 W/m · 

°C. All the heat generated in the chips is conducted across the 

circuit board and is dissipated from the back side of the board to 

the ambient air at 30°C, which is forced to flow over the surface 

by a fan at a free-stream velocity of 400 m/min. Determine the 

temperatures on the two sides of the circuit board. 

Sol: 
Properties Assuming a film temperature of 40C, the properties of air are (Table A-15) 
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Analysis The Reynolds number is 
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which is less than the critical Reynolds number. 

Therefore, the flow is laminar. Using the proper relation 

for Nusselt number, heat transfer coefficient is 

determined to be 
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The temperatures on the two sides of the circuit board are 
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Ex3:Air at a pressure of 1 atm and temperature of 50 °C is 

parallel flow over the top surface of a flat plate that is 

heated to uniform temperature of 100 °C .the plate has a 

length of 0.2 m (in the flow direction ) and a width of 

0.1m . the Reynolds number based on the plate length is 

40000 .what is the rate of heat transfer from the plate to 

the air  

 

Sol: 

 

H.W: 
An array of power transistors, dissipating 6 W of power each, are to be 

cooled by mounting them on a 25-cm  x 25-cm square aluminum plate 

and blowing air at 35°C over the plate with a fan at a velocity of 4 m/s. 

The average temperature of the plate is not to exceed 65°C. Assuming the 

heat transfer from the back side of the plate to be negligible and 

disregarding radiation, determine the number of transistors that can be 

placed on this plate 

 

 

 

 

 



 

 

 

 

  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Drag coefficient   
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Ex4: In an industrial facility, air is to be preheated before entering a 

furnace by geothermal water at 120ºC flowing through the tubes of a tube 

bank located in a duct. Air enters the duct at 20ºC and 1 atm with a mean 

velocity of 4.5 m/s, and flows over the tubes in normal direction. The 

outer diameter of the tubes is 1.5 cm, and the tubes are arranged in-line 

with longitudinal and transverse pitches of SL _ ST _ 5 cm. There are 6 

rows in the flow direction with 10 tubes in each row, as shown in Figure . 

Determine the rate of heat transfer per unit length of the tubes, and the 

pressure drop across the tube bank   

 

 

 

 

 

 

 

 

 

 

 



 

  



 

 


