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Introduction 

 

       Heat transfer is the science that seeks to predict that energy transfer that may take place 

between materials bodies are result of a temperature difference.  Thermodynamics teaches that 

this energy transfer is defined as heat. The science of heat transfer seeks not merely to explain 

how heat energy may be transferred, but also to predict the rate at which the exchange will take 

place under certain specific conditions. The fact that heat transfer rate is the desired objective of 

an analysis points out difference between heat transfer and thermodynamics. Thermodynamics 

deals with systems in equilibrium stat to another; it may not be used to predict how fast a change 

will take place since the system is not in equilibrium during the process. Heat transfer 

supplements the first and second principles of thermodynamics by providing additional 

experimental rules which may be used to establish energy transfer rates. As in the science of 

thermodynamics, the experimental rules used as basis of the subject of heat transfer are rather 

simple and easily expanded to encompass a variety of practical situations.  

Most readers will be familiar with the terms used to denote the three modes of heat transfer; 

conduction, convection, and radiation. In this chapter we seek to explain the mechanism of these 

modes qualitatively so that each may be considered in its proper perspective. Subsequent chapters 

treat the three types of heat transfer in detail.  

1. Conduction Heat Transfer  

         When a temperature gradient exists in a body, experience has shown that there is an energy 

transfer from the high temperature region to how temperature region. We say that the energy is 

transferred by conduction and that the heat transfer rate per unit area is proportional to the normal 

temperature gradient: 

 

𝑞

𝐴
~

𝜕𝑇

𝜕𝑥
     

 

When the proportionality constant is inserted, 
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𝑞 = −𝑘𝐴
𝜕𝑇

𝜕𝑥
                                                                                           ……………..(1-1) 

      Where q is the heat transfer rate and 
𝜕𝑇

𝜕𝑥
 is the 

temperature gradient in the direction of the heat flow.  

The positive constant k is called the thermal 

conductivity of the martial, and the minus sign is 

inserted to that the second principle of thermodynamics 

will be satisfied; i.e... Heat must flow downhill on the 

temperature scale, as indicated in the coordinate system 

of fig (1-1). Equation (1-1) is called Fourier Law of 

heat conduction after the French mathematical 

physicist Josef Fourier, who made very significant 

contribution to the analytical treatment of heat transfer. 

It is important to note that equation (1-1) is the 

defining equation for thermal conductivity and that k 

has the units of watt per meter per Celsius degree in a 

typical system of units in which the heat flow is 

expressed in watt.              

     Consider the one-dimensional system shown in fig 

(1-2). If the system is a steady state i.e.. If the 

temperature does not change with time, then the 

problem is a simple one, and we need only integrate 

eq.(1-1) and substitute the appropriate values to solve 

for and desired quantity. We consider general case 

where the temperature may be changing with time and 

heat source may be present within the body. For 

element of thickness dx the following energy balance 

may be made:  

 

 

 

 

Energy conducted in the left face + Heat generated within 

element = Change in internal energy + Energy conducted out 

right face  
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These energy quantities are given as follows: 

 

             Energy in left face = 𝑞𝑥 = −𝑘𝐴
𝜕𝑇

𝜕𝑥
 

 

Energy generated within element=𝑞∙𝐴𝑑𝑥 

        

   Change in internal energy=𝜌𝑐𝐴
𝜕𝑇

𝜕𝑥
𝑑𝑥 

 

Energy out right face= 𝑞𝑥+𝑑𝑥 = −𝑘𝐴
𝜕𝑇

𝜕𝑥
= −𝐴 [𝑘

𝜕𝑇

𝜕𝑥
+

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) 𝑑𝑥] 

 

Where  

𝑞∙ : Energy generated per unit volume W/m3 

c: specific heat of material, J/kg.oC 

ρ: density, kg/m3 

Combine the relation above gives 

 −𝑘𝐴
𝜕𝑇

𝜕𝑥
+ 𝑞∙𝐴𝑑𝑥 = 𝜌𝑐𝐴

𝜕𝑇

𝜕𝜏
− 𝐴 [𝑘

𝜕𝑇

𝜕𝑥
+

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) 𝑑𝑥] 

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) + 𝑞∙ = 𝜌𝑐

𝜕𝑇

𝜕𝜏
                                                              (1-2) 

 

This is the one – dimensional heat conduction equation. To treat more than one dimensional heat 

flow, we need consider only the heat conducted in and out of a unit volume in all three coordinate 

directions, as shown in fig 1-3a. The energy balance yields  
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𝑞𝑥 + 𝑞𝑦 + 𝑞𝑧 + 𝑞𝑔𝑒𝑛 = 𝑞𝑥+𝑑𝑥 + 𝑞𝑦+𝑑𝑦 + 𝑞𝑧+𝑑𝑧 +
𝑑𝐸

𝑑𝜏
  

 

And the energy quantities are given by  

𝑞𝑥 = −𝑘𝑑𝑦𝑑𝑧
𝜕𝑇

𝜕𝑥
  

𝑞𝑥+𝑑𝑥 = − [𝑘
𝜕𝑇

𝜕𝑥
+

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) 𝑑𝑥] 𝑑𝑦𝑑𝑧  

𝑞𝑦 = −𝑘𝑑𝑥𝑑𝑧
𝜕𝑇

𝜕𝑦
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𝑞𝑦+𝑑𝑦 = − [𝑘
𝜕𝑇

𝜕𝑦
+

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) 𝑑𝑦] 𝑑𝑥𝑑𝑧  

𝑞𝑧 = −𝑘𝑑𝑦𝑑𝑥
𝜕𝑇

𝜕𝑧
  

𝑞𝑧+𝑑𝑧 = − [𝑘
𝜕𝑇

𝜕𝑧
+

𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) 𝑑𝑧] 𝑑𝑦𝑑𝑥  

𝑞𝑔𝑒𝑛 =  𝑞∙𝑑𝑥𝑑𝑦𝑑𝑧  

𝑑𝐸

𝑑𝜏
= 𝜌𝑐𝑑𝑥𝑑𝑦𝑑𝑧

𝜕𝑇

𝜕𝜏
  

 

So that the general three-dimensional heat conduction equation is  

 

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) + 𝑞∙ = 𝜌𝑐

𝜕𝑇

𝜕𝜏
                                (1-3) 

 

For constant thermal conductivity equation (1-3) is written  

 

𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 +
𝜕2𝑇

𝜕𝑧2 +
𝑞∙

𝑘
=

1

𝛼

𝜕𝑇

𝜕𝜏
                                                    (1-3a) 

 

Where the quantity  𝛼 = 𝑘
𝜌𝑐⁄   is called the thermal diffusivity of the material. 

Equation (1-3a) may be transformed into either cylindrical or spherical coordinates by standards 

calculus techniques. The results are as follows. 

Cylindrical coordinates:   

 

 
𝜕2𝑇

𝜕𝑟2 +
1

𝑟

𝜕𝑇

𝜕𝑟
+

1

𝑟2

𝜕2𝑇

𝜕∅2 +
𝑞∙

𝑘
=

1

𝛼

𝜕𝑇

𝜕𝜏
                                               (1-3b) 
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Spherical coordinates: 

1

𝑟

𝜕2

𝜕𝑟2
(𝑟𝑇) +

1

r2sin 𝜃

𝜕

𝜕𝜃
(sin 𝜃

𝜕𝑇

𝜕𝜃
) +

1

𝑟2𝑠𝑖𝑛2𝜃

𝜕2𝑇

𝜕∅2 +
𝑞∙

𝑘
=

1

𝛼

𝜕𝑇

𝜕𝜏
     (1-3c) 

 

Steady state one dimensional heat flow (no heat generated)  

 

𝒅𝑻

𝒅𝒙𝟐=0                                                                                     (1-4) 

 

Note that this equation is the same as equation (1-1) when q=constant 

 

Steady state one dimensional heat flow in cylindrical coordinates (no 

heat generation): 

 

d2T

dr2 +
1

r

dT

dr
= 0                                                                     (1-5) 

 

Steady state one dimensional heat flow with heat source  

 

𝑑2𝑇

𝑑𝑥2 +
𝑞∙

𝑘
= 0                                                                       (1-6) 

 

Two dimensional steady state conduction without heat sources 

 

𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 = 0                                                                   (1-7) 
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1-2 Thermal conductivity 

         Equation (1-1) is defining equation for thermal conductivity.  One the base of this 

definition, experimental measurement may be made to determine the thermal conductivity of 

different materials. The mechanism of thermal conduction in a gas is a simple one we identify the 

kinetic energy of a molecular with its temperature; thus, in a high- temperature region, the 

molecular have higher velocities than in same lower temperature region. The molecules are in 

continuous random motion, colliding with another and exchanging energy and momentum. The 

molecules have this random motion whether or not a temperature gradient exists in the gas. Table 

(1-1) lists typical values of thermal conductivities for several materials to indicate the relative 

orders of magnitude to be expected in practices. Thermal conductivities of typical gases are 

shown in figure (1-4). For most gases at moderate pressures the thermal conductivity is a function 

of temperature alone. The physical mechanism of thermal energy conduction in liquid is 

qualitatively the same as in gases. However, the situation is considerably more complex the 

molecules are more closely spaced and molecular force exerts a strong influence on the energy 

exchange in the collision process. Thermal conductivities of some typical liquids are shown in fig 

(1-5).  We noted that thermal conductivity has the units of (w/m.oC), and in the English system of 

units is (Btu/h.ft.oF). 
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1-3 Convection heat transfer 

It is well known that a hot plate of metal will cool faster when placed in front of a fan than when 

exposed to still air. We say that the heat is convicted away, and we call the process convection 

heat transfer. The term convection provides the reader with an intuitive notation concerning the 

heat- transfer process; however, this intuitive notation must be expanded to enable one to arrive at 

anything like an adequate analytical treatment of the problem.  For example, we know that the 

velocity at which the air blows over the hot plate obviously influences the heat transfer rate. But 

does influence the cooling in a linear way; i.e.. if the velocity is doubled, will the heat transfer 
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rate double? We should suspect that the heat transfer rate might be different if we cooled the plate 

with water instead of air. 

 

Consider the heated plate shown in fig (1-7). The temperature of the plate is Tw , and the 

temperature of the fluid is T∞. the velocity of the flow will appear as shown, being reduced to 

zero at the plate as a result of viscose action. Since the velocity of the fluid layer at the wall be 

zero, the heat must be transferred only by conduction at that point. Thus we might compute the 

heat transfer, using equation (1-1), with the thermal conductivity of the fluid and the fluid 

temperature gradient at the wall. Thus the temperature gradient at the wall depends on the flow 

field, and we must develop in our later analysis an expression relating the two quantities. 

Nevertheless, it must be remembered that the typical mechanism of heat transfer at the wall is a 

conduction process. 

  To express the overall effect of convection, we use Newton’s law of cooling: 

 

𝑞 = ℎ𝐴(𝑇𝑤 − 𝑇∞)                                                               (1-8) 

 

 

Here the heat transfer rate is related to overall temperature difference between the wall and fluid 

and the surface area A. the quantity h is called the convection heat transfer coefficient, and 

Equation (1-8) is the defining equation. If a heated plate were exposed to ambient room air 

without an external source of motion, a movement of the air would be experience as a result of 

density gradient near the plate. We called this natural or free convection as opposed to force 

convection, which is experienced in the case of the fan blowing air over a plate, boiling and 

condensation phenomena are also grouped under the general subject of convection heat transfer. 

The approximate ranges of convection heat transfer coefficient are indicated in table (1-3). 
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Convection Energy Balance on a Flow Channel 

          The energy transfer expressed by equation (1-8) is used for evaluating the convection loss 

for flow over an external surface. Of equal importance is the convection gain or loss resulting 

from a fluid flowing inside a channel or tube as shown in fig( 1-8). In this case the heated wall at 

Tw loses heat to the cooler fluid which consequently rises in temperature as flows from inlet 

condition at Ti to exit condition Te. Using the symbol i to designate enthalpy (to avoid confusion 

with h, the convection coefficient), the energy balance on the fluid is  

 

 

 



14 | P a g e 

 

 𝑞∙ = 𝑚∙(𝑖𝑒 − 𝑖𝑖) 

Where 𝑚∙ . is the fluid mass flow rate. For many signal phase liquids and gases operating over 

reasonable temperature range ∆i=cp ∆T 

𝑞 = 𝑚∙𝑐𝑝(𝑇𝑒 − 𝑇𝑖)  

This may be equated to a convection relation like equation (1-8) 

𝑞 = 𝑚∙𝑐𝑝(𝑇𝑒 − 𝑇𝑖) =ℎ𝐴(𝑇𝑤,𝑎𝑣𝑔 − 𝑇𝑓𝑙𝑢𝑖𝑑𝑎𝑣𝑔) ……      . (1-8a) 

 

1-4 Radiation Heat Transfer     

In contrast to mechanisms of conduction and convection, where energy transfer through a 

material medium is involved, heat may also be transferred through regions where a perfect 

vacuum exits. The mechanism in this case is electromagnetic radiation which is propagated as a 

result of temperature difference; this is called thermal radiation.  

Thermodynamic considerations show that an ideal thermal radiator, or black body, will emit 

energy at a rate proportional to the fourth power of absolute temperature of the body and direct 

proportional to its surface area. Thus  

𝑞𝑒𝑚𝑖𝑡𝑡𝑒𝑑 = 𝜎𝐴𝑇4                                                   (1-9) 

Where σ is proportionality constant and is called the Stefan-Boltzmann constant with the value of 

5.669×10-8W/m2.oK. equation (1-9)is called the Stefan-Boltzmann Law of thermal radiation, and 

is applies only on black bodies. It is important to note that this equation is valid only for thermal 

radiation; other types of electromagnetic radiation may not be treated so simply. Equation (1-9) 

governs only radiation emitted by blackbody. The net radiant exchange between two surfaces will 

be proportional to the difference in absolute temperature to the fourth power, i.e.., 

𝑞𝑛𝑒𝑡𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒

𝐴
∝ 𝜎(𝑇1

4 − 𝑇2
4)                (1-10)  

𝑞 = 𝐹𝑐𝐹𝐺𝜎𝐴(𝑇1
4 − 𝑇2

4)                               (1-11) 

 

Where Fc is an emissivity function and FG is a geometric (view factor) function  
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Radiation in an Enclosure  

A simple radiation problem is encountered when we have a heat transfer surface at temperature 

T1 completely enclosed by a much large surface maintained at T2. The net radiant heat exchange 

in this case can e calculated with  

 

𝑞 = 𝜖1𝜎𝐴1(𝑇1
4 − 𝑇2

4)                                                                                             (1-12) 

 

Dimensions and units  

 

       In this section we outline the systems of units that are used throughout the book. One must be 

careful not to confuse the meaning of the units and dimensions. A dimension is a physical 

variable used to specify the behavior of a particular system. For example the length of the rod is a 

dimension of the rod. In like manner, the temperature of a gas may be considered one of the 

thermodynamic dimensions of the gas. In our development of heat transfer we use the 

dimensions: 

L= length (m- meter) 

M= mass (kg-kilogram ) 

F= force (N-Newton) 

τ= time (sec- second) 

T=  temperature (oK, oC) 

Temperature conversions are performed with familiar formulas 

oF= 9/5 oC+32            oR= oF+459.69 

                                                                        oK= oC+273.16            oR=9/5 oK 

 

Some conversions factors for the various units of work and energy are  

                                              1 Btu=778.1 Ibf.ft          1 Btu= 1055 J 

1 Kcal= 4182 J               1 Ibf.ft= 1.356 J 

1 Btu= 252 cal   
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A 

 

 

 

 

 

 

 

 

 

1-1 The inner and outer surfaces of a brick wall are maintained at (20 and 5oC). The rate 

of heat transfer through the wall is to be determined. 

 Assumptions 1 steady operating conditions exist since the surface temperatures of the 

wall remain constant at the specified values. 2 Thermal properties of the wall are 

constant. 

Properties The thermal conductivity of the wall is given to be k = 0.69 W/mC.  

Analysis Under steady conditions, the rate of heat transfer through the wall is 

       

 

 

     W1035






m0.3

C5)(20
)m6C)(5W/m(0.69 2

L

T
kAQcond

  

 
1-2 The thermal conductivity of a material is to be determined by ensuring one-

dimensional heat conduction, and by measuring temperatures when steady 

operating conditions are reached. 

Assumptions 1 steady operating condition exists since the 

temperature readings do not change with time. 2 Heat losses through 

the lateral surfaces of the apparatus are negligible since those surfaces 

are well-insulated, and thus the entire heat generated by the heater is 

conducted through the samples. 3 The apparatus possesses thermal 

symmetry. 

Analysis For each sample we have 

30 cm 

20C 5C 

Brick 

wall 

0.3 m 

Examples 
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 /

( . . .

Q

A

T

 

 

   

28 2 14

01 01 0 01

82 74 8

 W

 m)(  m)  m

C

2



 

Then the thermal conductivity of the material becomes 

 
 (

( . )(8 )
Q kA

T

L
k

QL

A T
   


 





14

0 01

 W)(0.005 m)

 m C2
0.875 W / m. C  

1-3 A 200-ft long section of a steam pipe passes through an open space at a specified 

temperature. The rate of heat loss from the steam pipe and the annual cost of this 

energy lost are to be determined.  

Assumptions 1 steady operating condition exists. 2 Heat transfer by radiation is 

disregarded. 3 The convection heat transfer coefficient is constant and uniform over the 

surface.  

Analysis (a) The rate of heat loss from the steam pipe is 

          2ft 4.209ft) 200(ft) 12/4(  DLAs  

    
Btu/h 289,000=

F)50280)(ft 4.209(F).Btu/h.ft 6()( 22
pipe  airss TThAQ

 

(b) The amount of heat loss per year is 

  

The amount of gas consumption per year in the furnace that has an efficiency of 86% is 

  therms/yr438,29
Btu 100,000

 therm1

86.0

Btu/yr 10532.2
LossEnergy  Annual

9









  

Then the annual cost of the energy lost becomes 

  

 

1-4 The rate of radiation heat transfer between a person and the surrounding 

surfaces at specified temperatures is to be determined in summer and in winter. 

Assumptions 1 steady operating condition exists. 2 Heat transfer by 

convection is not considered. 3 The person is completely 

surrounded by the interior surfaces of the room. 4 The surrounding 

surfaces are at a uniform temperature. 

Properties The emissivity of a person is given to be  = 0.95 

Analysis Noting that the person is completely enclosed by the 

surrounding surfaces, the net rates of radiation heat transfer from 

the body to the surrounding walls, ceiling, and the floor in both 

cases are: 

(a) Summer: Tsurr = 23+273=296  

Tsurr 

Qrad 

D =4 in 

280F 

L=200 

ft 

Q 

Air,50

F 
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 W84.2=

]KK) (296273)+)[(32m )(1.6.KW/m 1067.5)(95.0(

)(

4442428

4
surr

4
rad







TTAQ ss

 

(b) Winter:   Tsurr = 12+273= 285 K 

 W177.2=

]KK) (285273)+)[(32m )(1.6.KW/m 1067.5)(95.0(

)(

4442428

4
surr

4
rad







TTAQ ss

 

 

 

 

 

 

1-1 Heat is transferred steadily to boiling water in the pan through its bottom. The inner 

surface of the bottom of the pan is given. The temperature of the outer surface is to be 

determined. (Ans. T2  =  105.43 oC) 

 

 

 

 

 

1-2    The thermal conductivity of a refrigerator door is to be determined by measuring 

the surface temperatures and heat flux when steady operating conditions are reached. 

(Ans. Q=0.09375 W) 

  

    

 

 

 

 

 

105C 

800 W 0.4 cm 

200 cm 

Problems 

Door

ass 

7C 15C 

L = 3 cm 
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1-3 The heat generated in the circuitry on the surface of a 3-W silicon chip is conducted 

to the ceramic substrate. The temperature difference across the chip in steady operation is 

to be determined. (Ans.∆𝑇 =0.32oC) 

 

 

 

 

 

 

1-4 A hot water pipe at 80°C is losing heat to the surrounding air at 5°C by natural 

convection with a heat transfer coefficient of 25 W/ m2.°C. The rate of heat loss from the 

pipe by convection is to be determined.(Ans.Q=2945W) 

 

 

 

 

 

 

1-5 Four power transistors are mounted on a thin vertical square aluminum plate (22 cm) 

that is cooled by a fan. The temperature of the aluminum plate is to be determined, if the 

coefficient of heat transfer is 25 W/m2.oC . (Ans. Ts=74.6o) 

 

 

 

1-6 A sealed electronic box of (0.4*0.4*0.2) m. dissipating a total of 100 W of power is 

placed in a vacuum chamber. If this box is to be cooled by radiation alone and the outer 

surface temperature of the box is not to exceed 55C, the temperature the surrounding 

surfaces must be kept is to be determined. (Ans 𝑇∞ = 23.3°𝐶) 

 

3 W 
Chip 

6  6  0.5 mm 

Ceramic 

Substrate 

 

D =5 cm 

80C 

L = 10 m Q 

Air,  5C 

Ts 

15  W 𝑇∞ = 25𝑜𝐶 

100 W 

 = 0.95 

Ts =55C 
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1-7 The backside of the thin metal plate is insulated and the front side is exposed to solar 

radiation. The surface temperature of the plate is to be determined when it stabilizes. 

(Ans Ts=26.3oC) 

 

 

 

 

 

 

 

 

 

700 W/m2 

 = 0.7 

air, 10C   . 

Qrad 

h=30W/m2.oC 


