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Chapter 16  Heat Transfer 
 
“There can be no doubt now, in the mind of the physicist who has associated himself 
with inductive methods, that matter is constituted of atoms, heat is movement of 
molecules , and conduction of heat, like all other irreversible phenomena, obeys, not 
dynamical, but statistical laws, namely, the laws of probability.”             Max Planck 
  

16.1  Heat Transfer 
In chapter 14 we saw that an amount of thermal energy Q, given by 
 

Q = mc∆T                                                                                (14.6) 
 

is absorbed or liberated in a sensible heating process. But how is this thermal energy transferred to, or from, the 
body so that it can be absorbed, or liberated? To answer that question, we need to discuss the mechanism of 
thermal energy transfer. The transfer of thermal energy has historically been called heat transfer. 

Thermal energy can be transferred from one body to another by any or all of the following mechanisms: 
1.  Convection 
2.  Conduction 
3.  Radiation 

 
Convection is the transfer of thermal energy by the actual motion of the medium itself. The medium in motion is 

usually a gas or a liquid. Convection is the most important heat transfer process for liquids and gases. 
Conduction is the transfer of thermal energy by molecular action, without any motion of the medium. Conduction 

can occur in solids, liquids, and gases, but it is usually most important in solids. 
Radiation is a transfer of thermal energy by electromagnetic waves. 
 
We will discuss the details of electromagnetic waves in chapter 25. For now we will say that it is not necessary to 
have a medium for the transfer of energy by radiation. For example, energy is radiated from the sun as an 
electromagnetic wave, and this wave travels through the vacuum of space, until it impinges on the earth, thereby 
heating the earth. 

Let us now go into more detail about each of these mechanisms of heat transfer. 
 
16.2  Convection 
Consider the large mass m of air at the surface of the 
earth that is shown in figure 16.1. The lines labeled T0, 
T1, T2, and so on are called isotherms and represent the 
temperature distribution of the air at the time t. An 
isotherm is a line along which the temperature is 
constant. Thus everywhere along the line T0 the air 
temperature is T0, and everywhere along the line T1 the 
air temperature is T1, and so forth. Consider a point P on 
the surface of the earth that is at a temperature T0 at 
the time t. How can thermal energy be transferred to 
this point P thereby changing its temperature? That is, 
how does the thermal energy at that point change with 
time? If we assume that there is no local infusion of 
thermal energy into the air at P, such as heating from 
the sun and the like, then the only way that thermal 

                                                                                         Figure 16.1  Horizontal convection. 
 
 energy can be transferred to P is by moving the hotter air, presently to the left of point P, to point P itself. That is, 
if energy can be transferred to the point P by convection, then the air temperature at the point P increases. This is 
equivalent to moving an isotherm that is to the left of P to the point P itself. The transfer of thermal energy per 
unit time to the point P is given by ∆Q/∆t. By multiplying and dividing by the distance ∆x, we can write this as 
 

∆Q = ∆Q  ∆x                                                                                 (16.1) 
                                                                                           ∆t      ∆x   ∆t 
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But 
∆x = v 

                                                                                                     ∆t       
 

the velocity of the air moving toward P. Therefore, equation 16.1 becomes 
 

∆Q = v ∆Q                                                                              (16.2) 
                                                                                                  ∆t         ∆x 

 
But ∆Q, on the right-hand side of equation 16.2, can be replaced with 

 
∆Q = mc∆T                                                                             (14.6) 

 
(We will need to depart from our custom of using the lower case t for temperatures in Celsius or Fahrenheit 
degrees, because we will use t to represent time. Thus, the upper case T is now used for temperature in either 
Celsius or Fahrenheit degrees.) Therefore, 

∆Q = vmc ∆T                                                                             (16.3) 
                                                                                              ∆t              ∆x 

 
Hence, the thermal energy transferred to the point P by convection becomes 

 
 ∆Q = vmc ∆T  ∆t                                                                         (16.4) 

                                                                                                               ∆x              
 

The term ∆T/∆x is called the temperature gradient, and tells how the temperature changes as we move in the x-
direction. We will assume in our analysis that the temperature gradient remains a constant. 

 
Example 16.1 

 
Energy transfer per unit mass. If the temperature gradient is 2.00 0C per 100 km and if the specific heat of air is 
1009 J/(kg 0C), how much thermal energy per unit mass is convected to the point P in 12.0 hr if the air is moving 
at a speed of 10.0 km/hr? 

Solution
 

The heat transferred per unit mass, found from equation 16.4, is 
 

∆Q = vc ∆T ∆t 
                                                                                      m          ∆x 

( )
o

0
km  J 2.00 C10.0 1009 12.0 hr
hr 100 kmkg C

   =    
   

 

= 2420 J/kg 
 

To go to this Interactive Example click on this sentence. 
 

 
 
If the mass m of the air that is in motion is unknown, the density of the fluid can be used to represent the 

mass. Because the density ρ = m/V, where V is the volume of the air, we can write the mass as 
 

m = ρV                                                                             (16.5) 
 

Therefore, the thermal energy transferred by convection to the point P becomes 
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∆Q = vρVc ∆T  ∆t                                                                         (16.6) 
                                                                                                              ∆x              

 
Sometimes it is more convenient to find the thermal energy transferred per unit volume. In this case, we can use 
equation 16.6 as 

  ∆Q = vρc∆T ∆t 
                                                                                      V           ∆x 

 
Example 16.2 

 
Energy transfer per unit volume. Using the data from example 16.1, find the thermal energy per unit volume 
transferred by convection to the point P. Assume that the density of air is ρair = 1.293 kg/m3. 

Solution
 

The thermal energy transferred per unit volume is found as 
 

∆Q = vρc∆T ∆t 
                                                                                     V           ∆x 

( )
o

3 0
km  kg  J 2.00 C10.0 1.293 1009 12.0 hr
hr 100 kmm kg C

    =     
    

 

= 3120 J /m3 
 

Note that although the number 3120 J/m3 may seem small, there are thousands upon thousands of cubic meters of 
air in motion in the atmosphere. Thus, the thermal energy transfer by convection can be quite significant. 
 

To go to this Interactive Example click on this sentence. 
 

 
 

Convection is the main mechanism of thermal energy transfer in the atmosphere. On a global basis, the 
nonuniform temperature distribution on the surface of the earth causes convection cycles that result in the 
prevailing winds. If the earth were not rotating, a huge convection cell would be established as shown in figure 
16.2(a). The equator is the hottest portion of the earth because it gets the maximum radiation from the sun. Hot 
air at the equator expands and rises into the atmosphere. Cooler air at the surface flows toward the equator to 
replace the rising air. Colder air at the poles travels toward the equator. Air aloft over the poles descends to 
replace the air at the surface that just moved toward the equator. The initial rising air at the equator flows toward 
the pole, completing the convection cycle. The net result of the cycle is to bring hot air at the surface of the 
equator, aloft, then north to the poles, returning cold air at the polar surface back to the equator. 

This simplified picture of convection on the surface of the earth is not quite correct, because the effect 
produced by the rotating earth, called the Coriolis effect, has been neglected. The Coriolis effect is caused by the 
rotation of the earth and can best be described by an example. If a projectile, aimed at New York, were fired from 
the North Pole, its path through space would be in a fixed vertical plane that has the North Pole as the starting 
point of the trajectory and New York as the ending point at the moment that the projectile is fired. However, by 
the time that the projectile arrived at the end point of its trajectory, New York would no longer be there, because 
while the projectile was in motion, the earth was rotating, and New York will have rotated away from the initial 
position it was in when the projectile was fired. A person fixed to the rotating earth would see the projectile veer 
away to the right of its initial path, and would assume that a force was acting on the projectile toward the right of 
its trajectory. This fictitious force is called the Coriolis force and this seemingly strange behavior occurs because 
the rotating earth is not an inertial coordinate system. 

The Coriolis effect can be applied to the global circulation of air in the atmosphere, causing winds in the 
northern hemisphere to be deflected to the right of their original path. The global convection cycle described above 
still occurs, but instead of one huge convection cell, there are three smaller ones, as shown in figure 16.2(b). The 
winds from the North Pole flowing south at the surface of the earth are deflected to the right of their path and 
become the polar easterlies, as shown in figure 16.2(b). As the air aloft at the equator flows north it is deflected to 
the right of its path and eventually flows in a easterly direction at approximately 300 north latitude. The piling up 
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of air at this latitude causes the air aloft to sink to the surface where it emerges from a semipermanent high-
pressure area called the subtropical high. 

 
 

 
Figure 16.2  Convection in the atmosphere. Lutgens/Tarbuck, The Atmosphere: An Introduction to Meteorology, 

4/E, 1989, pp. 186-187. Prentice-Hall, Inc., Englewood Cliffs, NJ. 
 
The air at the surface that flows north from this high-pressure area is deflected to the right of its path 

producing the mid-latitude westerlies. The air at the surface that flows south from this high-pressure area is also 
deflected to the right of its path and produces the northeast trade winds, also shown in figure 16.2(b). Thus, it is 
the nonuniform temperature distribution on the surface of the earth that is responsible for the global winds. 

Transfer of thermal energy by convection is also very important in the process called the sea breeze, which 
is shown in figure 16.3. Water has a higher specific heat than land and for the same radiation from the sun, the 
temperature of the water does not rise as high as the temperature of the land. Therefore, the land mass becomes 
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hotter than the neighboring water. The hot air over the land rises and a cool breeze blows off the ocean to replace 
the rising hot air. Air aloft descends to replace this cooler sea air and the complete cycle is as shown in figure 16.3. 
The net result of the process is to replace hot air over the 
land surface by cool air from the sea. This is one of the 
reasons why so many people flock to the ocean beaches 
during the hot summer months. The process reverses at 
night when the land cools faster than the water. The air 
then flows from the land to the sea and is called a land 
breeze.                                                                        

This same process of thermal energy transfer takes 
place on a smaller scale in any room in your home or office. 
Let us assume there is a radiator situated at one wall of the 
room, as shown in figure 16.4. The air in contact with the  

                                                                                             Figure 16.3  The sea breeze. 
 

heater is warmed, and then rises. Cooler air moves in to 
replace the rising air and a convection cycle is started. 
The net result of the cycle is to transfer thermal energy 
from the heater to the rest of the room. All these cases are 
examples of what is called natural convection. 

To help the transfer of thermal energy by 
convection, fans can be used to blow the hot air into the 
room. Such a hot air heating system, shown in figure 16.5, 
is called a forced convection system. A metal plate is 
heated to a high temperature in the furnace. A fan blows 
air over the hot metal plate, then through some ducts, to a 
low-level vent in the room to be heated. The hot air 
emerges from the vent and rises into the room. A cold air 
return duct is located near the floor on the other side of  

                                                                                    Figure 16.4  Natural convection in a room. 
 

the room, returning cool air to the furnace to start the convection cycle over again. The final result of the process is 
the transfer of thermal energy from the hot furnace to the cool room. 

To analyze the transfer of thermal energy by this forced 
convection we will assume that a certain amount of mass of air ∆m is 
moved from the furnace to the room. The thermal energy transferred 
by the convection of this amount of mass ∆m is written as 

 
∆Q = (∆m)c∆T                                    (16.7) 

                                                                                                              
where ∆T = Th − Tc, Th is the temperature of the air at the hot plate 
of the furnace, and Tc is the temperature of the colder air as it leaves 
the room. The transfer of thermal energy per unit time becomes 
 
 

                                                                                                               Figure 16.5  Forced convection. 
 

∆Q = ∆m c(Th − Tc) 
                                                                                         ∆t       ∆t 
However, 

m = ρV 
therefore 

∆m = ρ∆V 
Therefore, the thermal energy transfer becomes 

 ∆Q = ρc ∆V (Th − Tc)                                                                   (16.8) 
                                                                                           ∆t            ∆t                                 

 
where ∆V/∆t is the volume flow rate, usually expressed as m3/min in SI units. 
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Example 16.3 
 

Forced convection. A hot air heating system is rated at 8.40 × 107 J/hr. If the heated air in the furnace reaches a 
temperature of 120 0C, the room temperature is 15.6 0C, and the fan can deliver 7.00 m3/min, what is the thermal 
energy transfer per hour from the furnace to the room, and the efficiency of this system? The specific heat of air at 
constant pressure is cair = 1009 J/kg 0C and the density of air is ρ = 1.29 kg/m3. 

Solution
 

We find the thermal energy transfer per hour from equation 16.8 as  
 

∆Q = ρ c∆V (Th − Tc)   
                                                                                        ∆t           ∆t 

( )
3

0 0
3 0

 kg  J m min1.29 1009 7.00 120 C 15.6 C 60 
min hrm kg C

     = −     
     

 

= 5.71 × 107 J/hr 
 

We determine the efficiency, or rated value, of the heater as the ratio of the thermal energy out of the system to 
the thermal energy in, times 100%. Therefore, 

  ( )
7

7
 5.71 10  J/hrEff 100%
8.40 10  J/hr

 ×
=  × 

 

= 67.9% 
 

To go to this Interactive Example click on this sentence. 
 

 
 
 
16.3  Conduction 
Conduction is the transfer of thermal energy by molecular action, without any motion of the medium. Conduction 
occurs in solids, liquids, and gases, but the effect is most pronounced in solids. If one end of an iron bar is placed in 
a fire, in a relatively short time, the other end becomes hot. Thermal energy is conducted from the hot end of the 
bar to the cold end. The atoms or molecules in the hotter part of the body vibrate around their equilibrium position 
with greater amplitude than normal. This greater vibration causes the molecules to interact with their nearest 
neighbors, causing them to vibrate more also. These in turn interact with their nearest neighbors passing on this 
energy as kinetic energy of vibration. The thermal energy is thus passed from molecule to molecule along the entire 
length of the bar. The net result of these molecular vibrations is a transfer of thermal energy through the solid. 
 
Heat Flow Through a Slab of Material 
We can determine the amount of thermal energy conducted through a solid 
with the aid of figure 16.6. A slab of material of cross-sectional area A and 
thickness d is subjected to a high temperature Th on the hot side and a colder 
temperature Tc on the other side. 

It is found experimentally that the thermal energy conducted through 
this slab is directly proportional to (1) the area A of the slab — the larger the 
area, the more thermal energy transmitted; (2) the time t — the longer the 
period of time, the more thermal energy transmitted; and finally (3) the 
temperature difference, Th − Tc, between the faces of the slab. If there is a 
large temperature difference, a large amount of thermal energy flows. We can 
express these observations as the direct proportion 

 
                                                                                                                               Figure 16.6  Heat conduction  

                                                                                                                                      through a slab. 
Q ∝ A(Th − Tc)t 
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The thermal energy transmitted is also found to be inversely proportional to the thickness of the slab, that is, 
 

Q ∝  1  
       d 

 
This is very reasonable because the thicker the slab the greater the 
distance that the thermal energy must pass through. Thus, a thick 
slab implies a small amount of energy transfer, whereas a thin slab 
implies a larger amount of energy transfer. 

These two proportions can be combined into one as 
 

Q ∝ A(Th − Tc)t                                    (16.9) 
       d 

 
To make an equality out of this proportion we must introduce a 
constant of proportionality. The constant must also depend on the 
material that the slab is made of, since it is a known fact that 
different materials transfer different quantities of thermal energy. 
We will call this constant the coefficient of thermal conductivity, and 
will denote it by k. Equation 16.9 becomes 
 

Q = kA(Th − Tc)t                                (16.10) 
                                                              d                    

 
Equation 16.10 gives the amount of thermal energy transferred by 
conduction. Table 16.1 gives the thermal conductivity k for various 
materials. If k is large, then a large amount of thermal energy will 
flow through the slab, and the material is called a good conductor 
of heat. If k is small then only a small amount of thermal energy 
will flow through the slab, and the material is called a poor 
conductor or a good insulator. Note from table 16.1 that most metals are good conductors while most nonmetals 
are good insulators. The ratio (Th − Tc)/d is the temperature gradient, ∆T/∆x. Let us look at some examples of heat 
conduction. 
 

Example 16.4 
 

Heat transfer by conduction. Find the amount of thermal energy that flows per day through a solid oak wall 10.0 
cm thick, 3.00 m long, and 2.44 m high, if the temperature of the inside wall is 21.1 0C while the temperature of 
the outside wall is −6.67 0C. 

Solution
 

The thermal energy conducted through the wall, found from equation 16.10, is 
 

Q = kA(Th − Tc)t 
      d 

= (0.147 J/m s 0C)(7.32 m2)(21.1 0C − (−6.67 0C))(24 hr)(3600 s/1 hr) 
(0.100 m) 

= 2.58 × 107 J 
 
Note that Th and Tc are the temperatures of the wall and in general will be different from the air temperature 
inside and outside the room. The value Th is usually lower than the room air temperature, whereas Tc is usually 
higher than the outside air temperature. This thermal energy loss through the wall must be replaced by the home 
heating unit in order to maintain a comfortable room temperature.   
 

To go to this Interactive Example click on this sentence. 
 

Table 16.1 
Coefficient of Thermal Conductivity for 

Various Materials 
Material           J         

         m s 0C 
Aluminum 
Brass 
Copper 
Gold 
Iron 
Lead 
Nickel 
Platinum 
Silver 
Zinc 
Glass 
Concrete 
Brick 
Plaster 
White pine 
Oak 
Cork board 
Sawdust 
Glass wool 
Rock wool 
Nitrogen 
Helium 
Air 

2.34 × 102 
1.09 × 102 
4.02 × 102 
3.13 × 102 
8.79 × 101 
3.56 × 101 
9.21 × 101 
7.12 × 101 
4.27 × 102 
1.17 × 102 
7.91 × 10−1 
1.30 
6.49 × 10−1 
4.69 × 10−1 
1.13 × 10−1 
1.47 × 10−1 
3.60 × 10−2 
5.90 × 10−2 
4.14 × 10−2 
3.89 × 10−2 
2.60 × 10−2 
1.50 × 10−1 
2.30 × 10−2 
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Equivalent Thickness of Various Walls 
The walls in most modern homes are insulated with 4 in. of glass wool that is placed within the 2×4 wooden stud 
framework that makes up the wall. This 4 in. of insulation is in reality only a nominal 4 inches because the size of 
the wooden studs is not exactly 2 in. by 4 in. The 2×4 size is the rough wood size before it is cut and sanded to its 
final size which is closer to 1 3/8 in. × 3 9/16 in. If you measure a 2×4 you will see that it is almost exactly 3.5 cm 
by 9.00 cm. So the insulation that is in the wall of most modern homes is actually 9.00 cm thick. Hence, when you 
buy 4 inches of glass wool insulation in your local lumber yard, you are really buying 9.00 cm of insulation.  

Suppose the walls of your home do not have this 9.00 cm glass wool insulation. What should the equivalent 
thickness of another wall be, in order to give the same amount of insulation as a glass wool wall if the wall is made 
of (a) concrete, (b) brick, (c) glass, (d) oak wood, or (e) aluminum? 

The amount of thermal energy that flows through the wall containing the glass wool, found from equation 
16.10, is 

      Qgw = kgwA(Th − Tc)t 
               dgw 

 
The thermal energy flowing through a concrete wall is given by 
 

Qc = kcA(Th − Tc)t 
        dc 

 
We assume in both equations that the walls have the same area, A; the same temperature difference (Th − Tc) is 
applied across each wall; and the thermal energy flows for the same time t. The subscript gw has been used for the 
wall containing the glass wool and the subscript c for the concrete wall. If both walls provide the same insulation 
then the thermal energy flow through each must be equal, that is, 

 
Qc = Qgw                                                                            (16.11) 

kcA(Th − Tc)t = kgwA(Th − Tc)t                                                           (16.12) 
                                                                                 dc                      dgw 
Therefore, 

 kc  =  kgw                                                                             (16.13) 
                                                                                          dc     dgw 

 
The equivalent thickness of the concrete wall to give the same insulation as the glass wool wall is 
 

dc =  kc dgw                                                                          (16.14) 
     kgw 

  
Using the values of thermal conductivity from table 16.1 gives for the thickness of the concrete wall 
 

 ( )
0

c
c gw 0

gw

 1.30 J/m s C= 9.00 cm
0.0414 J/m s C

k
d d

k

 
=  

 
  

     dc = 283 cm = 2.83 m 
 

Therefore it would take a concrete wall 2.83 m thick to give the same insulating ability as a 9-cm wall containing 
glass wool. Concrete is effectively a thermal sieve. Thermal energy flows through it, almost as fast as if there were 
no wall present at all. This is why uninsulated basements in most homes are difficult to keep warm. 

To determine the equivalent thickness of the brick, glass, oak wood, and aluminum walls, we equate the 
thermal energy flow through each wall to the thermal energy flow through the wall containing the glass wool as in 
equations 16.11 and 16.12. We obtain a generalization of equation 16.13 as 

 
 kb = kg = kow = kAl = kgw                                                               (16.15) 

                                                                            db    dg    dow    dAl    dgw 
with the results 
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brick         0.649 (9.00 cm) 141 cm 1.41 m
0.0414

b
b gw

gw

k
d d

k
 = = = = 
 

             

glass            0.791 (9.00 cm) 172 cm 1.72 m
0.0414

g
g gw

gw

k
d d

k
 = = = = 
 

          

oak wood    0.147 (9.00 cm) 32.0 cm 0.320 m
0.0414

ow
ow gw

gw

k
d d

k
 = = = = 
 

               

aluminum   234 (9.00 cm) 50900 cm 509 m
0.0414

Al
Al gw

gw

k
d d

k
 = = = = 
 

             

 
We see from these results that concrete, brick, glass, wood, and aluminum are not very efficient as 

insulated walls. A standard wood frame, studded wall with 9 cm of glass wool placed between the studs is far more 
efficient. 

A few years ago, aluminum siding for the home was very popular. There were countless home 
improvement advertisements that said, “You can insulate your home with beautiful maintenance free aluminum 
siding.” As you can see from the preceding calculations, such statements were extremely misleading if not outright 
fraudulent. As just calculated, the aluminum wall would have to be 509 m (1670 ft) thick, just to give the same 
insulation as the 9 cm of glass wool. Aluminum siding may have provided a beautiful, maintenance free home, but 
it did not insulate it. Today most siding for the home is made of vinyl rather than aluminum because vinyl is a 
good insulator. Most cooking utensils, pots and pans, are made of aluminum because the aluminum will readily 
conduct the thermal energy from the fire to the food to be cooked. 

Another interesting result from these calculations is the realization that a glass window would have to be 
1.72 m thick to give the same insulation as the 9 cm of glass wool in the normal wall. Since glass windows are 
usually only about 0.32 cm or less thick, relatively large thermal energy losses are experienced through the 
windows of the home.  

 
Convection Cycle in the Walls of a Home 
All these results are based on the fact that different materials have 
different thermal conductivities. The smaller the value of k, the better the 
insulator. If we look carefully at table 16.1, we notice that the smallest 
value of k is for the air itself, that is, k = 0.0230 J/(m s 0C). This would 
seem to imply that if the space between the studs of a wall were left 
completely empty, that is, if no insulating material were placed in the 
wall, the air in that space would be the best insulator. Something seems 
to be wrong, since anyone who has an uninsulated wall in a home knows 
that there is a tremendous thermal energy loss through it. The reason is 
that air is a good insulator only if it is not in motion. But the difficulty is 
that the air in an empty wall is not at rest, as we can see from figure 16.7. 
Air molecules in contact with the hot wall Th are heated by this hot wall 
absorbing a quantity of thermal energy Q. This heated air, being less 
dense than the surrounding air, rises to the top. The air that was 
originally at the top now moves down along the cold outside wall. This air 
is warmer than the cold wall and transmits some of its thermal energy to 
the cold wall where it is conducted to the outside. The air now sinks down 
along the outside wall and moves inward to the hot inside wall where it is 
again warmed and rises. A convection cycle has been established within 
the wall, whose final result is the absorption of thermal energy Q at the 
hot wall and its liberation at the cold wall, thereby producing a heat 
transfer through the wall. A great deal of thermal energy can be lost 
through the air in the wall, not by conduction, but by convection. If the air 
could be prevented from moving, that is, by stopping the convection 
current, then air would be a good insulator. This is basically what is done  

                                                                                                                        Figure 16.7  Convection currents in 
                                                                                                                                   an empty wall. 
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in using glass wool for insulation. The glass wool consists of millions of fibers of glass that create millions of tiny 
air pockets. These air pockets cannot move and hence there is no convection. The air between the fibers is still or 
dead air and acts as a good insulator. It is the dead air that is doing the insulating, not the glass fibers, because as 
we have just seen glass is not a good insulator. 

As already mentioned, glass windows are a source of large thermal energy losses in a house. The use of 
storm windows or thermal windows cuts down on the thermal energy loss significantly. However, even storm 
windows or thermal windows are not as effective as a normally insulated wall because of the convection currents 
that occur between the panes of the glass windows. 
 
The Compound Wall 
Up to now a wall has been treated as if it 
consisted of only one material. In general this is 
not the case. Walls are made up of many different 
materials of different thicknesses. We solve this 
more general problem by considering the 
compound wall in figure 16.8. We assume, for the 
present, that the wall is made up of only two 
materials. This assumption will be extended to 
cover the case of any number of materials later. 
(The analysis, although simple is a little long. 
Those students weak in algebra and only 
interested in the results for the heat conduction  

                                                                                  Figure 16.8  The compound wall. 
 
through a compound wall can skip ahead to equation 16.18.) 

Let us assume that the inside wall is the hot wall and it is at a temperature Th, whereas the outside wall is 
the cold wall and it is at a temperature Tc. The temperature at the interface of the two materials is unknown at 
this time and will be designated by Tx. The first wall has a thickness d1, and a thermal conductivity k1, whereas 
wall 2 has a thickness d2, and a thermal conductivity k2. The thermal energy flow through the first wall, given by 
equation 16.10, is 

Q1 = k1A(Th − Tx)t                                                                      (16.16) 
          d1 

 
The thermal energy flow through the second wall is given by 
 

Q2 = k2A(Tx − Tc)t  
          d2 

 
Under a steady-state condition, the thermal energy flowing through the first wall is the same as the thermal 
energy flowing through the second wall. That is, 

Q1 = Q2   
k1A(Th − Tx)t = k2A(Tx − Tc)t 

                                                                                    d1                    d2 
 

Because the cross-sectional area of the wall A is the same for each wall and the time for the thermal energy flow t 
is the same, they can be canceled out, giving 

   k1(Th − Tx)  =  k2(Tx − Tc)  
                                                                                       d1                   d2 
or 

k1Th − k1Tx = k2Tx − k2Tc 
                                                                             d1        d1        d2        d2 

 
Placing the terms containing Tx on one side of the equation, we get 
 

− k1Tx − k2Tx = − k1Th − k2Tc 
                                                                              d1       d2           d1        d2 
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 1 2 1 2

1 2 1 2
x h c

k k k k
T T T

d d d d

 
+ = + 

 
 

Solving for Tx, we get 
Tx = (k1/d1)Th + (k2/d2)Tc                                                                (16.17) 

    k1/d1 + k2/d2 
 

If Tx, in equation 16.16, is replaced by Tx, from equation 16.17, we get 
 

Q1 = k1A{Th − [(k1/d1)Th + (k2/d2)Tc]/(k1/d1 + k2/d2)}t 
d1 

= k1A  [Th(k1/d1 + k2/d2) − (k1/d1)Th − (k2/d2) Tc]t 
                                                             d1                       k1/d1 + k2/d2 

= k1A  [(k1/d1)Th + (k2/d2)Th − (k1/d1)Th − (k2/d2)Tc]t 
                                                           d1                          k1/d1 + k2/d2 

=     k1Ak2(Th − Tc)t    
     d1d2(k1/d1 + k2/d2) 
=            A(Th − Tc)t           

             (d1d2/k1k2)(k1/d1 + k2/d2) 
=   A(Th − Tc)t   
     d2/k2 + d1/k1 

 
The thermal energy flow Q1 through the first wall is equal to the thermal energy flow Q2 through the second wall, 
which is just the thermal energy flow Q going through the compound wall. Therefore, the thermal energy flow 
through the compound wall is given by 

Q =   A(Th − Tc)t                                                                        (16.18) 
         d1/k1 + d2/k2          

 
If the compound wall had been made up of more materials, then there would be additional terms, di/ki, in 

the denominator of equation 16.18 for each additional material. That is, 
 

( )

1
/

h c
n

i i
i

A T T t
Q

d k
=

−
=

∑
                                                                        (16.19) 

 
The problem is usually simplified further by defining a new quantity called the thermal resistance R, or the R 
value of the insulation, as 

 R =  d                                                                                (16.20) 
         k        

 
The thermal resistance R acts to impede the flow of thermal energy through the material. The larger the value of 
R, the smaller the quantity of thermal energy conducted through the wall. For a compound wall, the total thermal 
resistance to thermal energy flow is simply 

Rtotal = d1 + d2 + d3 + d4 + …                                                            (16.21) 
                                                                                       k1     k2    k3    k4 
 or 

 Rtotal = R1 + R2 + R3 + R4 + …                                                            (16.22) 
 

And the thermal energy flow through a compound wall is given by 
 

( )

1

h c
n

i
i

A T T t
Q

R
=

−
=

∑
                                                                      (16.23) 
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Example 16.5 
 

Heat flow through a compound wall. A wall 3.00 m by 2.44 m is made up of a thickness of 10.0 cm of brick, 10.0 cm 
of glass wool, 1.25 cm of plaster, and 0.640 cm of oak wood paneling. If the inside temperature of the wall is Th = 
18.0 0C and the outside temperature is −7.00 0C, how much thermal energy flows through this wall per day? 

Solution
  

The R value of each material, found with the aid of table 16.1, is 
 

Rbrick = dbrick =        0.100 m      = 0.154  m2 s 0C  
                                                                       kbrick     0.649 J/m s 0C                     J 
                                                    Rglass wool = dgw =        0.100 m       = 2.42  m2 s 0C 
                                                                      kgw    0.0414 J/m s 0C                   J 
                                                       Rplaster = dp  =        0.0125 m    = 0.0267 m2 s 0C 
                                                                     kp      0.469 J/m s 0C                      J 
                                                         Rwood = dw  =     0.0064 m      = 0.0435  m2 s 0C 
                                                                     kw      0.147 J/m s 0C                       J 

 
The R value of the total compound wall, found from equation 16.22, is 
 

R = R1 + R2 + R3 + R4 = 0.154 + 2.42 + 0.0267 + 0.0435 
= 2.64  m2 s 0C  

               J    
 

Note that the greatest portion of the thermal resistance comes from the glass wool. The total thermal energy 
conducted through the wall, found from equation 16.23, is 
 

( )

1

h c
n

i
i

A T T t
Q

R
=

−
=

∑
 

= (3.00 m)(2.44 m)(18.0 0C − (−7.00 0C))(24 hr)(3600 s/hr) 
2.64 m2 s 0C/J 
= 5.99 × 106 J 

 
Note that if there were no glass wool in the wall, the R value would be R = 0.224, and the thermal energy 
conducted through the wall would be 7.05 × 107 J, almost 12 times as much as the insulated wall. Remember, all 
these heat losses must be replaced by the home furnace in order to keep the temperature inside the home 
reasonably comfortable, and will require the use of fuel for this purpose. Finally, we should note that there is also 
a great heat loss in the winter through the roof of the house. To eliminate this energy loss there should be at least 
13.5 cm of insulation in the roof of the house, and in some locations 27 cm is preferable.  
 

To go to this Interactive Example click on this sentence. 
 

 
 
You should note that when you buy insulation for your home in your local lumberyard or home materials 

store, you will see ratings such as an R value of 12 for a nominal 4 in. of glass wool insulation, or an R value of 19 
for a nominal 6 in. of glass wool insulation. The units associated with these numbers are for the British 
engineering system of units, namely 

hr ft2 0F 
Btu 
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which is in the standard form used in the American construction industry today. So when using these products you 
must convert from the British engineering system of units to SI units for your calculations. You can still use the 
definition of R = d/k in problems in SI units, but then use the following conversion factor for the R value.  
 

R = 1 hr ft2 0F = 0.175 s m2 0C 
                                                                                  Btu                       J                      

 
and the numerical values will not correspond to the R values listed on the insulation itself. 

Everything that has been said about insulating our homes to prevent the loss of thermal energy in the 
winter, also applies in the summer. Only then the problem is reversed. The hot air is outside the house and the 
cool air is inside the house. The insulation will decrease the conduction of thermal energy through the walls into 
the room, keeping the room cool and cutting down or eliminating the use of air conditioning to cool the home. 
 
 
16.4  Radiation 
Radiation is the transfer of thermal energy by electromagnetic waves. As pointed out in chapter 12 on wave motion, 
any wave is characterized by its wavelength λ and frequency1 ν. The electromagnetic waves in the visible portion 
of the spectrum are called light waves. These light waves have wavelengths that vary from about 0.38 × 10−6 m for 
violet light to about 0.72 × 10−6 m for red light. Above visible red light there is an invisible, infrared portion of the 
electromagnetic spectrum. The wavelengths range from 0.72 × 10−6 m to 1.5 × 10−6 m for the near infrared, from 
1.5 × 10−6 m to 5.6 × 10−6 m for the middle infrared, and from 5.6 × 10−6 m up to 1 × 10−3 m for the far infrared. 
Most, but not all, of the radiation from a hot body falls in the infrared region of the electromagnetic spectrum. 
Every thing around you is radiating electromagnetic energy, but the radiation is in the infrared portion of the 
spectrum, which your eyes are not capable of detecting. Therefore, you are usually not aware of this radiation. 
 
The Stefan-Boltzmann Law 
Joseph Stefan (1835-1893) found experimentally, and Ludwig Boltzmann (1844-1906) found theoretically, that 
every body at an absolute temperature T radiates energy that is proportional to the fourth power of the absolute 
temperature. The result, which is called the Stefan-Boltzmann law is given by 
 

 Q = eσAT4t                                                                            (16.24) 
 

where Q is the thermal energy emitted; e is the emissivity of the body, which varies from 0 to 1; σ is a constant, 
called the Stefan-Boltzmann constant and is given by 
 

σ = 5.67 × 10−8      J        
                                s m2 K4 

 
A is the area of the emitting body, T is the absolute temperature of the body, and t is the time. 
 
Radiation from a Blackbody 
The amount of radiation depends on the radiating surface. Polished surfaces are usually poor radiators, while 
blackened surfaces are usually good radiators. Good radiators of heat are also good absorbers of radiation, while 
poor radiators are also poor absorbers. A body that absorbs all the radiation incident upon it is called a 
blackbody. The name blackbody is really a misnomer, since the sun acts as a blackbody and it is certainly not 
black. A blackbody is a perfect absorber and a perfect emitter. The substance lampblack, a finely powdered black 
soot, makes a very good approximation to a blackbody. A box, whose insides are lined with a black material like 
lampblack, can act as a blackbody. If a tiny hole is made in the side of the box and then a light wave is made to 
enter the box through the hole, the light wave will be absorbed and re-emitted from the walls of the box, over and 
over. Such a device is called a cavity resonator. For a blackbody, the emissivity e in equation 16.24 is equal to 1. 
The amount of heat absorbed or emitted from a blackbody is 

 
 Q = σAT 4t                                                                           (16.25) 

 

                                                           
1 When dealing with electromagnetic waves, the symbol ν (Greek letter nu) is used to designate the frequency instead of the letter f used for 
conventional waves. 
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Example 16.6 
 

Energy radiated from the sun. If the surface temperature of the sun is approximately 5800 K, how much thermal 
energy is radiated from the sun per unit time? Assume that the sun can be treated as a blackbody. 

Solution
 

We can find the energy radiated from the sun per unit time from equation 16.25. The radius of the sun is about 
6.96 × 108 m. Its area is therefore 

A = 4πr2 = 4π(6.96 × 108 m)2 

= 6.09 × 1018 m2 
The heat radiated from the sun is therefore 

 Q = σAT 4 
                                                                                         t              

( )( )46 18 2
2 4

  J5.67 10 6.09 10  m 5800 K
s m  K

− = × × 
 

 

= 3.91 × 1026 J/s  
 

To go to this Interactive Example click on this sentence. 
 

 
 

Example 16.7 
 

The solar constant. How much energy from the sun impinges on the top of the earth’s atmosphere per unit time per 
unit area? 

Solution
 

The energy per unit time emitted by the sun is power and was found in 
example 16.6 to be 3.91 × 1026 J/s. This total power emitted by the sun 
does not all fall on the earth because that power is distributed 
throughout space, in all directions, figure 16.9. Hence, only a small 
portion of it is emitted in the direction of  the earth. 

To find the amount of that power that reaches the earth, we 
first find the distribution of that power over a sphere, whose radius is 
the radius of the earth’s orbit, r = 1.5 × 1011 m. This gives us the 
power, or energy per unit time, falling on a unit area at the distance of 
the earth from the sun. The area of this sphere is 
 

A = 4πr2 = 4π(1.5 × 1011 m)2 
= 2.83 × 1023 m2 

 
The energy per unit area per unit time impinging on the earth is 

                                                                                                                   Figure 16.9  Radiation received on the 
                                                                                                                                earth from the sun. 

therefore 
 Q  = 3.91 × 1026 J/s = 1.38 × 103 W  

                                                                   At     2.83 × 1023 m2                      m2 
 
This value, 1.38 × 103 W/m2, the energy per unit area per unit time impinging on the edge of the atmosphere, is 
called the solar constant, and is designated as S0. 
 

To go to this Interactive Example click on this sentence. 
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Example 16.8 
 

Solar energy reaching the earth. Find the total energy from the sun impinging on the top of the atmosphere during 
a 24-hr period. 

Solution
 

The actual power impinging on the earth at the top of the atmosphere can be found by multiplying the solar 
constant S0 by the effective area A subtended by the earth. The area subtended by the earth is found from the area 
of a disk whose radius is equal to the mean radius of the earth, RE = 6.37 × 106 m. That is, 
 

A = π RE2 = π(6.37 × 106 m)2 = 1.27 × 1014 m2 
Power impinging on earth = (Solar constant)(Area) 

( )3 14 2 17
2

 W1.38 10 1.27 10  m 1.76 10  W 
m

P  = × × = × 
 

 

 
The energy impinging on the earth in a 24-hr period is found from 
 

Q = Pt = (1.76 × 1017 W)(24 hr)(3600 s/hr) 
= 1.52 × 1022 J 

 
This is an enormous quantity of energy. Obviously, solar energy, as a source of available energy for the world 
needs to be tapped. 

To go to this Interactive Example click on this sentence. 
 

 
 
All the solar energy incident on the upper atmosphere does not make it down to the surface of the earth 

because of reflection from clouds; scattering by dust particles in the atmosphere; and some absorption by water 
vapor, carbon dioxide, and ozone in the atmosphere. What is even more interesting is that this enormous energy 
received by the sun is reradiated back into space. If the earth did not re-emit this energy the mean temperature of 
the earth would constantly rise until the earth burned up. 

A body placed in any environment absorbs energy from the environment. The net energy absorbed by the 
body Q is equal to the difference between the energy absorbed by the body from the environment QA and the 
energy radiated by the body to the environment QR, that is, 

 
Q = QA − QR                                                                            (16.26) 

 
If TB is the absolute temperature of the radiating body and TE is the absolute temperature of the environment, 
then the net heat absorbed by the body is 

        Q = QA − QR = eEσATE4t − eBσATB4t 
 Q = σA(eETE4 − eBTB4)t                                                                   (16.27) 

 
where eE is the emissivity of the environment and eB is the emissivity of the body. In general these values, which 
are characteristic of the particular body and environment, must be determined experimentally. If the body and the 
environment can be approximated as blackbodies, then eB = eE = 1, and equation 16.27 reduces to the simpler form 
 

Q = σA(TE4 − TB4)t                                                                     (16.28) 
 

If the value of Q comes out negative, it represents a net loss of energy from the body. 
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Example 16.9 
 

Look at that person radiating. A person, at normal body temperature of 98.6 0F (37 0C) stands near a wall of a 
room whose temperature is 50.0 0F (10 0C). If the person’s surface area is approximately 2.00 m2, how much heat is 
lost from the person per minute? 

Solution
 

The absolute temperature of the person is 310 K while the absolute temperature of the wall is 283 K. Let us 
assume that we can treat the person and the wall as blackbodies, then the heat lost by the person, given by 
equation 16.28, is 

Q = σA(TE4 − TB4)t 

( ) ( ) ( ) ( )4 48 2
2 4
J5.67 10 2.00 m 283 K 310 K 60.0

s m  K
s−   = × −    

  

 = −1.92 × 104 J 
 
This thermal energy lost must be replaced by food energy. This result is of course only approximate, since the 
person is not a blackbody and no consideration was taken into account for the shape of the body and the insulation 
effect of the person’s clothes. 
 

To go to this Interactive Example click on this sentence. 
 

 
 
Blackbody Radiation as a Function of Wavelength 
The Stefan-Boltzmann law tells us only about the total energy emitted and nothing about the wavelengths of the 
radiation. Because all this radiation consists of electromagnetic waves, the energy is actually distributed among 
many different wavelengths. The energy distribution per unit area per unit time per unit frequency ∆ν is given by 
a relation known as Planck’s radiation law as 
 

3

2 /
2 1

1h kT

Q h
At c e ν

π ν
ν

 =  ∆ − 
                                                                (16.29) 

 
where c is the speed of light and is equal to 3 × 108 m/s, ν is the frequency of the electromagnetic wave, e is a 
constant equal to 2.71828 and is the base e used in natural logarithms, k is the Boltzmann constant given in 
chapter 15, and h is a new constant, called Planck’s constant, given by 
 

h = 6.625 × 10−34 J s 
 

This analysis of blackbody radiation by Max Planck (1858-1947) was revolutionary in its time (December 1900) 
because Planck assumed that energy was quantized into little bundles of energy equal to hν. This was the 
beginning of what has come to be known as quantum mechanics, which will be discussed later in chapter 31. 
Equation 16.29 can also be expressed in terms of the wavelength λ as 
 

2

5 /
2 1

1hc kT

Q hc
At e λ

π
λ λ

 =  ∆ − 
                                                             (16.30) 

 
A plot of equation 16.30 is shown in figure 16.10 for various temperatures. Note that T4 < T3 < T2 < T1. The first 
thing to observe in this graph is that the intensity of the radiation for a given temperature varies with the 
wavelength from zero up to a maximum value and then decreases. That is, for any one temperature, there is one 
wavelength λmax for which the intensity is a maximum. Second, as the temperature increases, the wavelength λmax 
where the maximum or peak intensity occurs shifts to shorter wavelengths. This was recognized earlier by the 
German physicist Wilhelm Wien (1864-1928) and was written in the form 
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 λmaxT = constant = 2.898 × 10−3 m K                                                            (16.31) 
 

 
and was called the Wien displacement law. Third, 
the visible portion of the electromagnetic spectrum 
(shown in the hatched area) is only a small portion of 
the spectrum, and most of the radiation from a 
blackbody falls in the infrared range of the 
electromagnetic spectrum. Because our eyes are not 
sensitive to these wavelengths, the infrared 
radiation coming from a hot body is invisible. But as 
the temperature of the blackbody rises, the peak 
intensity shifts to lower wavelengths, until, when the 
temperature is high enough, some of the blackbody 
radiation is emitted in the visible red portion of the 
spectrum and the heated body takes on a red glow. If 
the temperature continues to rise, the red glow  
 

Figure 16.10  The intensity of blackbody radiation as a 
                                                                                                                   function of wavelength and temperature. 
 
becomes a bright red, then an orange, then yellow-white, and finally blue-white as the blackbody emits more and 
more radiation in the visible range. When the blackbody emits all wavelengths in the visible portion of the 
spectrum, it appears white. (The visible range of the electromagnetic spectrum, starting from the infrared end, has 
the colors red, orange, yellow, green, blue, and violet before the ultraviolet portion of the spectrum begins.) 

 
Example 16.10 

 
The wavelength of the maximum intensity of radiation from the sun. Find the wavelength of the maximum 
intensity of radiation from the sun, assuming the sun to be a blackbody at 5800 K. 

Solution
 

The wavelength of the maximum intensity of radiation from the sun is found from the Wien displacement law, 
equation 16.31, as 

λmax = 2.898 × 10−3 m K  
       T 

 = 2.898 × 10−3 m K 
5800 K 

= 0.499 × 10−6 m = 0.499 µm 
 

That is, the wavelength of the maximum intensity from the sun lies at 0.499 µm, which is in the blue-green portion 
of the visible spectrum. It is interesting to note that some other stars, which are extremely hot, radiate mostly in 
the ultraviolet region. 
 

To go to this Interactive Example click on this sentence. 
 

 
 

Have you ever wondered . . . ? 
An Essay on the Application of Physics 

The Greenhouse Effect and Global Warming 
 
Have you ever wondered what the newscaster was talking about when she said that the earth is getting warmer 
because of the Greenhouse Effect? What is the Greenhouse Effect and what does it have to do with the heating of 
the earth? 
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The name Greenhouse Effect comes from the way the earth and its atmosphere is heated. The ultimate 
cause of heating of the earth’s atmosphere is the sun. But if this is so, then why is the top of the atmosphere 
(closer to the sun) colder than the lower atmosphere (farther from the sun)? You may have noticed snow and ice on 
the colder mountain tops while the valleys below are relatively warm. We can explain this paradox in terms of the 
radiation of the sun, the radiation of the earth, and the constituents of the atmosphere. The sun radiates 
approximately as a blackbody at 5800 K with a peak intensity occurring at 0.499 × 10−6 m, as shown in figure 1. 
 

The heavy smoke from industrial plants contribute to the Greenhouse Effect. 

Figure 1  Comparison of radiation from the sun and the earth. 
 

Example 16H.1 
 

The wavelength of the maximum intensity of radiation from the earth. Assuming that the earth has a mean 
temperature of about 300 K use the Wien displacement law to estimate the wavelength of the peak radiation from 
the earth. 

Solution
 

The wavelength of the peak radiation from the earth, found from equation 16.31, is 
 

λmax = 2.898 × 10−3 m K  
       T 
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= 2.898 × 10−3 m K 
300 K 

= 9.66 × 10−6 m 
 

which is also shown in figure 1. Notice that the maximum radiation from the earth lies well in the longer wave 
infrared region, whereas the maximum solar radiation lies in much shorter wavelengths. (Ninety-nine percent of 
the solar radiation is in wavelengths shorter than 4.0 µm, and almost all terrestrial radiation is at wavelengths 
greater than 4.0 µm.) Therefore, solar radiation is usually referred to as short-wave radiation, while terrestrial 
radiation is usually referred to as long-wave radiation. 

 

 
 
Of all the gases in the atmosphere only oxygen, ozone, water vapor, and carbon dioxide are significant 

absorbers of radiation. Moreover these gases are selective absorbers, that is, they absorb strongly in some 
wavelengths and hardly at all in others. The absorption spectrum for oxygen and ozone is shown in figure 2(b). 
The absorption of radiation is plotted against the wavelength of the radiation. An absorptivity of 1 means total 
absorption at that wavelength, whereas an absorptivity of 0 means that the gas does not absorb any radiation at 
that wavelength. Thus, when the absorptivity is 0, the gas is totally transparent to that wavelength of radiation. 
Observe from figure 2(b) that oxygen and ozone absorb almost all the ultraviolet radiation from the sun in 
wavelengths below 0.3 µm. A slight amount of ultraviolet light from the sun reaches the earth in the range 0.3 µm 
to the beginning of visible light in the violet at 0.38 µm. Also notice that oxygen and ozone are almost transparent 
to radiation in the visible and infrared region of the electromagnetic spectrum. 

Figure 2  Absorption of radiation at various wavelengths for atmospheric constituents. Lutgens/Tarbuck, The 
Atmosphere, 3/E, p. 44. Prentice-Hall, Inc., Englewood Cliffs, NJ. 
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Figure 2(d) shows the absorption spectrum for water vapor (H2O). Notice that there is no absorption in the 
ultraviolet or visible region of the electromagnetic spectrum for water vapor. However, there are a significant 
number of regions in the infrared where water vapor does absorb radiation. 

Figure 2(c) shows the absorption spectrum for carbon dioxide (CO2). Notice that there is no absorption in 
the ultraviolet or visible region of the electromagnetic spectrum for carbon dioxide. However, there are a 
significant number of regions in the infrared where carbon dioxide does absorb radiation. The bands are not quite 
as wide as for water vapor, but they are very significant as we will see shortly. Also note in figure 2(a) that nitrous 
oxide (N2O) also absorbs some energy in the infrared portion of the spectrum. 

Figure 2(e) shows the combined absorption spectrum for the atmosphere. We can see that the atmosphere 
is effectively transparent in the visible portion of the spectrum. Because the peak of the sun’s radiation falls in this 
region, the atmosphere is effectively transparent to most of the sun’s rays, and hence most of the sun’s radiation 
passes through the atmosphere as if there were no atmosphere at all. The atmosphere is like an open window to 
let in all the sun’s rays. Hence, the sun’s rays pass directly through the atmosphere where they are then absorbed 
by the surface of the earth. The earth then reradiates as a blackbody, but since its average temperature is so low 
(250-300 K), its radiation is all in the infrared region as was shown in figure 1. But the water vapor, H2O, and 
carbon dioxide, CO2, in the atmosphere absorb almost all the energy in the infrared region. Thus, the earth’s 
atmosphere is mainly heated by the absorption of the infrared radiation from the earth. Therefore, the air closest to 
the ground becomes warmer than air at much higher altitudes, and therefore the temperature of the atmosphere 
decreases with height. The warm air at the surface rises by convection, distributing the thermal energy 
throughout the rest of the atmosphere. 

This process of heating the earth’s atmosphere by terrestrial radiation is called the Greenhouse Effect. The 
reason for the name is that it was once thought that this was the way a greenhouse was heated. That is, short-
wavelength radiation from the sun passed through the glass into the greenhouse. The plants and ground in the 
greenhouse absorbed this short-wave radiation and reradiated in the infrared. The glass in the greenhouse was 
essentially opaque to this infrared radiation and reflected this radiation back into the greenhouse thus keeping 
the greenhouse warm. Because the mechanism for heating the atmosphere was thought to be similar to the 
mechanism for heating the greenhouse, the heating of the atmosphere came to be called the Greenhouse Effect. (It 
has since been shown that the dominant reason for keeping the greenhouse warm is the prevention of the 
convection of the hot air out of the greenhouse by the glass. However, the name Greenhouse Effect continues to be 
used.) 

Because carbon dioxide is an absorber of the earth’s infrared radiation, it has led to a concern over the 
possible warming of the atmosphere caused by excessive amounts of carbon dioxide that comes from the burning of 
fossil fuels, such as coal and oil, and the deforestation of large areas of trees, whose leaves normally absorb some of 
the excess carbon dioxide in the atmosphere. “For example, since 1958 concentrations of CO2 have increased from 
315 to 352 parts per million, an increase of approximately 15%.”2 Also, “During the last 100-200 years carbon 
dioxide has increased by 25%.”3 And “Everyday 100 square miles of rain forest go up in smoke, pumping one billion 
tons of carbon dioxide into the atmosphere.”4 

Almost everyone agrees that the increase in carbon dioxide in the atmosphere is not beneficial, but this is 
where the agreement ends. There is wide disagreement on the consequences of this increased carbon dioxide level. 
Let us first describe the two most extreme views. 

One scenario says that the increased level of CO2 will cause the mean temperature of the atmosphere to 
increase. This increased temperature will cause the polar ice caps to melt and increase the height of the mean sea 
level throughout the world. This in turn will cause great flooding in the low-lying regions of the world. The 
increased temperature is also assumed to cause the destruction of much of the world’s crops and hence its food 
supply. 

A second scenario says that the increased temperatures from the excessive carbon dioxide will cause 
greater evaporation from the oceans and hence greater cloud cover over the entire globe. It is then assumed that 
this greater cloud cover will reflect more of the incident solar radiation into space. This reflected radiation never 
makes it to the surface of the earth to heat up the surface. Less radiation comes from the earth to be absorbed by 
the atmosphere and hence there is a decrease in the mean temperature of the earth. This lower temperature will 
then initiate the beginning of a new ice age. 

                                                           
2 “Computer Simulation of the Greenhouse Effect,” Washington, Warren M. and Bettge, Thomas W., Computers in Physics, May/June 1990. 
3 “Climate and the Earth’s Radiation Budget,” Ramanathan, V.; Barkstrom, Bruce R.; and Harrison, Edwin F., Physics Today, May 1989. 
4  NOVA TV series, “The Infinite Voyage, Crisis in the Atmosphere.” 
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Thus one scenario has the earth burning up, the other has it freezing down. It is obvious from these two 
scenarios that much greater information on the effect of the increase in carbon dioxide in the atmosphere is 
necessary.  

Another way to look at the Greenhouse Effect is to consider the earth as a planet in space that is in 
equilibrium between the incoming solar radiation and the outgoing terrestrial radiation. As we saw in example 
16.7, the amount of energy per unit area per unit time falling on the earth from the sun is given by the solar 
constant, S0 = 1.38 × 103 J/(s m2). The actual energy per unit time impinging on the earth at the top of the 
atmosphere can be found by multiplying the solar constant S0 by the effective area Ad subtended by the earth. 
That is, Q/t = S0Ad. The area subtended by the earth Ad is found from the area of a disk whose radius is equal to 
the mean radius of the earth. That is, Ad = πRE2  

The solar radiation reaching the surface of the earth is equal to the solar radiation impinging on the top of 
the atmosphere S0Ad minus the amount of solar radiation reflected from the atmosphere, mostly from clouds. The 
albedo of the earth a, the ratio of the amount of radiation reflected to the total incident radiation, has been 
measured by satellites to be a = 0.300. Hence the amount of solar energy reaching the earth per second is given by 

 
 Q  = S0Ad − aS0Ad = S0Ad(1 − a) 

                                                                       t 
 
Assuming that the earth radiates as a blackbody it will emit the radiation 
 

 Q = σAsT4 
                                                                                         t              

  
The radiating area of the earth, As = 4πRE2, is the spherical area of the earth because the earth is radiating 
everywhere, not only in the region where it is receiving radiation from the sun. Because the earth must be in 
thermal equilibrium in its position in space, the radiation in must equal the radiation out, or 
 

 Q  = S0Ad(1 − a) = σAsT 4 
                                                                             t                                     

  
Solving for the temperature T of the earth, we get 
 

T 4 = S0Ad(1 − a) = S0πRE2 (1 − a)   
                                                                                             σAs                σ4πRE2 

= S0(1 − a) 
    4σ 

= [1.38 × 103 J/(s m2)](1 − 0.300) 
4[5.67 × 10−8 J/(s m2 K4)] 

T = 255 K 
 

That is the radiative equilibrium temperature of the earth should be 255 K. This mean radiative temperature of 
255 K is sometimes called the planetary temperature and/or the effective temperature of the earth. It is observed, 
however, that the mean temperature of the surface of the earth, averaged over time and place, is actually 288 K, 
some 33 K higher than this temperature.5 This difference in the mean temperature of the earth is attributed to the 
Greenhouse Effect. That is, the energy absorbed by the water vapor and carbon dioxide in the atmosphere causes 
the surface of the earth to be much warmer than if there were no atmosphere. It is for this reason that 
environmentalists are so concerned with the abundance of carbon dioxide in the atmosphere. 

As a contrast let us consider the planet Venus, whose main constituent in the atmosphere is carbon 
dioxide. Performing the same calculation for the solar constant in example 16.7, only using the orbital radius of 
Venus of 1.08 × 1011 m, gives a solar constant of 2668 W/m2, roughly twice that of the earth. The mean albedo of 
Venus is about 0.80 because of the large amount of clouds covering the planet. Performing the same calculation for 
the planetary temperature of Venus gives 220 K. Even though the solar constant is roughly double that of the 
earth, because of the very high albedo, the planetary temperature is some 30 K colder than the earth. However, 
the surface temperature of Venus has been found to be 750 K due to the very large amount of carbon dioxide in the 

                                                           
5 We should note that the radiative temperature of the earth is 255 K. This is a mean temperature located somewhere in the middle of the 
atmosphere. The surface temperature is much higher and temperatures in the very upper atmosphere are much lower, giving the mean of 255 
K. 
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atmosphere. Hence the Greenhouse Effect on Venus has caused the mean surface temperature to be 891 0F. There 
is apparently no limitation to the warming that can result from the Greenhouse Effect. 

More detailed computer studies of the earth’s atmosphere, using general circulation models (GCM), have 
been made. In these models, it is assumed that the amount of carbon dioxide in the atmosphere has doubled and 
the model predicts the general condition of the atmosphere over a period of twenty years. The model indicates a 
global warming of about 4.0 to 4.5 0C. (A temperature of 4 or 5 0C may not seem like much, but when you recall 
that the mean temperature of the earth during an ice age was only 3 0C cooler than presently, the variation can be 
quite significant.) The effect of the warming was to cause greater extremes of temperature. That is, hot areas were 
hotter than normal, while cold areas were colder than normal. These greater extremes of temperature will cause 
greater extremes of weather 

Stephen H. Schneider6 has said, “Sometime between 15,000 and 5,000 years ago the planet warmed up 
5 0C. Sea levels rose 300 feet and forests moved. Literally that change in 5 0C revamped the ecological face of this 
planet. Species went extinct, others grew. It took nature about 10,000 years to do that. That’s the natural rate of 
change. We’re talking about a 5 0C change from our climate models in one century.” 

Still with all this evidence many scientists are reluctant to make a definitive stand on the issue of global 
warming. As an example, “No ‘smoking gun’ evidence exists, however, to prove that the Earth’s global climate is 
warming (versus a natural climate variability) or, if it is warming, whether that warming is caused by the increase 
in carbon dioxide. Recent estimates show a warming trend, but unfortunately many problems and limitations of 
observed data make difficult the exact determination of temperature trends.”7 

Still one concern remains. If we wait until we are certain that there is a global warming caused by the 
increase of carbon dioxide in the air, will we be too late to do anything about it? 

                                                           
6 Stephen H. Schneider, Global Warming, Sierra Club Books, San Francisco, 1989. 
7 “Computer Simulation of the Greenhouse Effect,” Washington, Warren M. and Bettge, Thomas W., Computers in Physics, May/June 1990. 

 
The Language of Physics 

 
Convection 
The transfer of thermal energy by 
the actual motion of the medium 
itself (p. ). 
 
Conduction 
The transfer of thermal energy by 
molecular action. Conduction occurs 
in solids, liquids, and gases, but the 
effect is most pronounced in solids 
(p. ). 
 
Radiation 
The transfer of thermal energy by 
electromagnetic waves (p. ). 
 
Isotherm 
A line along which the temperature 
is a constant (p. ). 
 
Temperature gradient 
The rate at which the temperature 
changes with distance (p. ). 
 
Coriolis effect 
On a rotating coordinate system, 
such as the earth, objects in 
straight line motion appear to be 
deflected to the right of their 

straight line path. Their actual 
motion in space is straight, but the 
earth rotates out from under them. 
The direction of the prevailing 
winds is a manifestation of the 
Coriolis effect (p. ). 
 
Conductor 
A material that easily transmits 
heat by conduction. A conductor has 
a large value of thermal 
conductivity (p. ). 
 
Insulator 
A material that is a poor conductor 
of heat. An insulator has a small 
value of thermal conductivity (p. ). 
 
Thermal resistance, or R value 
of an insulator 
The ratio of the thickness of a piece 
of insulating material to its thermal 
conductivity (p. ). 
 
Stefan-Boltzmann law 
Every body radiates energy that is 
proportional to the fourth power of 
the absolute temperature of the 
body (p. ). 

 
Blackbody 
A body that absorbs all the 
radiation incident upon it. A 
blackbody is a perfect absorber and 
a perfect emitter. The substance 
lampblack, a finely powdered black 
soot, makes a very good 
approximation to a blackbody. The 
name is a misnomer, since many 
bodies, such as the sun, act like 
blackbodies and are not black (p. ). 
 
Solar constant 
The power per unit area impinging 
on the edge of the earth’s 
atmosphere. It is equal to 1.38 × 
103 W/m2 (p. ). 
 
Planck’s radiation law 
An equation that shows how the 
energy of a radiating body is 
distributed over the emitted 
wavelengths. Planck assumed that 
the radiated energy was quantized 
into little bundles of energy, 
eventually called quanta (p. ). 
 
Wien displacement law 
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The product of the wavelength that 
gives maximum radiation times the 

absolute temperature is a constant 
(p. ). 

 
Summary of Important Equations 

 
Heat transferred by convection 

∆Q = vmc ∆T  ∆t               (16.4) 
                             ∆x        

∆Q = vρVc ∆T  ∆t              (16.6) 
                               ∆x         

 
∆Q = ρc ∆V (Th − Tc)          (16.8) 

         ∆t          ∆t                 
Heat transferred by conduction 

  Q = kA(Th − Tc)t        (16.10) 
                           d 
Heat transferred by conduction 
through a compound wall 
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R value of insulation 

   R =  d                 (16.20) 
                            k 
 
 
Stefan-Boltzmann law, heat 
transferred by radiation 

      Q = eσAT 4t           (16.24) 
 
Radiation from a blackbody 

  Q = σAT 4t             (16.25) 
 

Energy absorbed by radiation from 
environment 

    Q = σA(eETE4 − eBTB4)t  (16.27) 
 
Planck’s radiation law        

3
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 =  ∆ − 
    (16.30) 

 
Wien displacement law 

   λmaxT = constant     (16.31) 

 
Questions for Chapter 16 

 
1. Explain the differences and 

similarities between convection, 
conduction, and radiation. 

*2. Explain how the process of 
convection of ocean water is 
responsible for relatively mild 
winters in Ireland and the United 
Kingdom even though they are as 
far north as Hudson’s Bay in 
Canada. 

*3. Explain from the process of 
convection why the temperature of 
the Pacific Ocean off the west coast 
of the United States is colder than 
the temperature of the Atlantic 
Ocean off the east coast of the 
United States. 

*4. Explain from the process of 
convection why it gets colder after 
the passing of a cold front and 
warmer at the approach and 
passing of a warm front. 

5. Explain the process of heat 
conduction in a gas and a liquid. 

6. Considering the process of 
heat conduction through the walls 
of your home, explain why there is 

a greater loss of thermal energy 
through the walls on a very windy 
day. 

7. Using the old saying, “if a 
little is good then more is even 
better”,  could you put 18 cm of 
glass wool insulation into the 9 cm 
space in your wall to give you even 
greater insulation?  

8. In the winter time, why does 
a metal door knob feel colder than 
the wooden door even though both 
are at the same temperature? 

9. Explain the use of venetian 
blinds for the windows of the home 
as a temperature controlling device. 
What advantage do they have over 
shades? 

10. Why are thermal lined 
drapes used to cover the windows of 
a home on cold winter nights? 

11. Why is it desirable to wear 
light colored clothing in very hot 
climates rather than dark colored 
clothing? 

12. Explain how you can still 
feel cold while sitting in a room 

whose air temperature is 70 0F, if 
the temperature of the walls is very 
much lower. 

*13. From what you now know 
about the processes of heat transfer, 
discuss the insulation of a 
calorimeter. 

14. On a very clear night, 
radiation fog can develop if there is 
sufficient moisture in the air. 
Explain. 

*15. If the maximum radiation 
from the sun falls in the blue-green 
portion of the visible spectrum, why 
doesn’t the sun appear blue-green? 

16. From the point of view of 
radiation, discuss the process of 
thermography, whereby a 
specialized camera takes pictures of 
an object in the infrared portion of 
the spectrum. Explain how this 
could be used in medicine to detect 
tumors in the human body. (The 
tumors are usually several degrees 
hotter than normal body tissue.) 

 

 
Problems for Chapter 16 

 
16.2  Convection 

1. How much thermal energy 
per unit mass is transferred by 

convection in 6.00 hr if air at the 
surface of the earth is moving at 
24.0 km/hr? The temperature 

gradient is measured as 4.00 0C per 
100 km. 
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2. Air is moving over the 
surface of the earth at 30.0 km/hr. 
The temperature gradient is 2.50 0C 
per 100 km. How much thermal 
energy per unit mass is transferred 
by convection in an 8.00-hour 
period? 

3. An air conditioner can cool 
10.5 m3 of air per minute from 
30.0 0C to 18.5 0C. How much 
thermal energy per hour is removed 
from the room in one hour? 

4. In a hot air heating system, 
air at the furnace is heated to 
93.0 0C. A window is open in the 
house and the house temperature 
remains at 13.0 0C. If the furnace 
can deliver 5.60 m3/min of air, how 
much thermal energy per hour is 
transferred from the furnace to the 
room? 

5. A hot air heating system 
rated at 6.3 × 107 J/hr has an 
efficiency of 58.0%. The fan is 
capable of moving 5.30 m3 of air per 
minute. If air enters the furnace at 
17.0 0C, what is the temperature of 
the outlet air? 

 
16.3 Conduction 

6. How much thermal energy 
flows through a glass window 0.350 
cm thick, 1.20 m high, and 0.80 m 
wide in 12.0 hr if the temperature 
on the outside of the window is 
−8.00 0C and the temperature on 
the inside of the window is 20.0 0C? 

7. Repeat problem 6, but now 
assume that there are strong gusty 
winds whose air temperature is 
−15.0 0C. 

8. Find the amount of thermal 
energy that will flow through a 
concrete wall 10.0 m long, 2.80 m 
high, and 22.0 cm wide, in a period 
of 24.0 hr, if the inside temperature 
of the wall is 20.0 0C and the 
outside temperature of the wall is 
5.00 0C. 

9. Find the amount of thermal 
energy transferred through a pine 
wood door in 6.00 hr if the door is 
0.91 m wide, 1.73 m high, and 5.00 
cm thick. The inside temperature of 
the door is 20.0 0C and the outside 
temperature of the door is −5.00 0C. 

10. How much thermal energy 
will flow per hour through a copper 
rod, 5.00 cm in diameter and 1.50 m 
long, if one end of the rod is 
maintained at a temperature of 
225 0C and the other end at 20.0 0C? 

11. One end of a copper rod has 
a temperature of 100 0C, whereas 
the other end has a temperature of 
20.0 0C. The rod is 1.25 m long and 
3.00 cm in diameter. Find the 
amount of thermal energy that 
flows through the rod in 5.00 min. 
Find the temperature of the rod at 
45.0 cm from the hot end. 

12. On a hot summer day the 
outside temperature is 35.0 0C. A 
home air conditioner is trying to 
maintain a temperature of 22.0 0C. 
If there are 12 windows in the 
house, each 0.350 cm thick and 
0.960 m2 in area, how much 
thermal energy must the air 
conditioner remove per hour to 
eliminate the thermal energy 
transferred through the windows? 

*13. A styrofoam cooler (k = 
0.201 J/m s 0C) is filled with ice at 
0 0C for a summertime party. The 
cooler is 40.0 cm high, 50.0 cm long, 
40.0 cm wide, and 3.00 cm thick. 
The air temperature is 35.0 0C. 
Find (a) the mass of ice in the 
cooler, (b) how much thermal 
energy is needed to melt all the ice, 
and (c) how long it will take for all 
the ice to melt. Assume that the 
energy to melt the ice is only 
conducted through the four sides of 
the cooler. Also take the thickness 
of the cooler walls into account 
when computing the size of the 
walls of the container. 

14. An aluminum rod 50.0 cm 
long and 3.00 cm in diameter has 
one end in a steam bath at 100 0C 
and the other end in an ice bath at 
0.00 0C. How much ice melts per 
hour? 

15. If the home thermostat is 
turned from 21.0 0C down to 15.5 0C 
for an 8-hr period at night when the 
outside temperature is −7.00 0C, 
what percentage saving in fuel can 
the home owner realize? 

16. If the internal temperature 
of the human body is 37.0 0C, the 

surface temperature is 35.0 0C, and 
there is a separation of 4.00 cm of 
tissue between, how much thermal 
energy is conducted to the skin of 
the body each second? Take the 
thermal conductivity of human 
tissue to be 0.2095 J/s m 0C and the 
area of the human skin to be 1.90 
m2. 

17. What is the R value of 
(a) 4.00 in. of glass wool and 
(b) 6.00 in. of glass wool in SI units? 

18. How thick should a layer of 
plaster be in order to provide the 
same R value as a 5.00 cm of 
concrete? 

19. A basement wall consists of 
20.0 cm of concrete, 3.00 cm of glass 
wool, 0.800 cm of sheetrock 
(plaster), and 2.00 cm of knotty pine 
paneling. The wall is 2.50 m high 
and 10.0 m long. The outside 
temperature is 1.00 0C, and we 
want to maintain the inside 
temperature of 22.0 0C. How much 
thermal energy will be lost through 
four such walls in a 24-hr period? 

20. On a summer day the attic 
temperature of a house is 71.0 0C. 
The ceiling of the house is 8.00 m 
wide by 13.0 m long and 0.950 cm 
thick plasterboard. The house is 
cooled by an air conditioner and 
maintains a 21.0 0C temperature in 
the house. (a) Find the amount of 
thermal energy transferred from 
the attic to the house in 2.00 hr. 
(b) If 15.0 cm of glass wool is now 
placed in the attic floor, find the 
amount of thermal energy 
transferred into the house. 

21. How much thermal energy 
is conducted through a thermopane 
window in 8.00 hr if the window is 
80.0 cm wide by 120 cm high, and it 
consists of two sheets of glass 0.350 
cm thick separated by an air gap of 
1.50 cm? The temperature of the 
inside window is 22.0 0C and the 
temperature of the outside window 
is −5.00 0C. Treat the thermopane 
window as a compound wall. 

22. How much thermal energy 
is conducted through a combined 
glass window and storm window in 
8.00 hr if the window is 81.0 cm 
wide by 114 cm high and 0.318 cm 
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thick? The storm window is the 
same size but is separated from the 
inside window by an air gap of 5.00 
cm. The temperature of the inside 
window is 20.0 0C and the 
temperature of the outside window 
is −7.00 0C. Treat the combination 
as a compound wall. 

 
16.4  Radiation 

23. How much thermal energy 
from the sun falls on the surface of 
the earth during an 8-hr period? 
(Ignore reflected solar radiation 
from clouds that does not make it to 
the surface of the earth.) 

 
Diagram for problem 23. 

 
24. If the mean temperature of 

the surface of the earth is 288 K, 
how much thermal energy is 
radiated into space per second? 

25. Assuming the human body 
has an emissivity, e = 1, and an 
area of approximately 2.23 m2, find 
the amount of thermal energy 
radiated by the body in 8 hr if the 
surface temperature is 95.0 0F. 

26. If the surface temperature 
of the human body is 35.0 0C, find 
the wavelength of the maximum 
intensity of radiation from the 
human body. Compare this 
wavelength to the wavelengths of 
visible light. 

27. How much energy is 
radiated per second by an 
aluminum sphere 5.00 cm in radius, 
at a temperature of (a) 20.0 0C, and 
(b) 200 0C? Assume that the sphere 
emits as a blackbody. 

28. How much energy is 
radiated per second by an iron 
cylinder 5.00 cm in radius and 10.0 
cm long, at a temperature of 
(a) 20.0 0C and (b) 200 0C? Assume 
blackbody radiation. 

29. How much energy is 
radiated per second from a wall 

2.50 m high and 3.00 m wide, at a 
temperature of 20.0 0C? What is the 
wavelength of the maximum 
intensity of radiation? 

30. A blackbody initially at 
100 0C is heated to 300 0C. How 
much more power is radiated at the 
higher temperature? 

31. A blackbody is at a 
temperature of 200 0C. Find the 
wavelength of the maximum 
intensity of radiation. 

32. A blackbody is radiating at 
a temperature of 300 K. To what 
temperature should the body be 
raised to double the amount of 
radiation? 

33. A distant star appears red, 
with a wavelength 7.000 × 10−7 m. 
What is the surface temperature of 
that star? 

 
Additional Problems 

34. An aluminum pot contains 
10.0 kg of water at 100 0C. The 
bottom of the pot is 15.0 cm in 
radius and is 3.00 mm thick. If the 
bottom of the pot is in contact with 
a flame at a temperature of 170 0C, 
how much water will boil per 
minute? 

35. Find how much energy is 
lost in one day through a concrete 
slab floor on which the den of a 
house is built. The den is 5.00 m 
wide and 6.00 m long, and the slab 
is 15.0 cm thick. The temperature of 
the ground is 3.00 0C and the 
temperature of the room is 22.0 0C. 

36. A lead bar 2.00 cm by 2.00 
cm and 10.0 cm long is welded end 
to end to a copper bar 2.00 cm by 
2.00 cm by 25.0 cm long. Both bars 
are insulated from the 
environment. The end of the copper 
bar is placed in a steam bath while 
the end of the lead bar is placed in 
an ice bath. What is the 
temperature T at the interface of 
the copper-lead bar? How much 
thermal energy flows through the 
bar per minute? 

 

 
Diagram for problem 36. 

 
37. Find the amount of thermal 

energy conducted through a wall, 
5.00 m high, 12.0 m long, and 5.00 
cm thick, if the wall is made of 
(a) concrete, (b) brick, (c) wood, and 
(d) glass. The temperature of the 
hot wall is 25.0 0C and the cold wall 
−5.00 0C. 

*38. Show that the distribution 
of solar energy over the surface of 
the earth is a function of the 
latitude angle φ. Find the energy 
per unit area per unit time hitting 
the surface of the earth during the 
vernal equinox and during the 
summer solstice at (a) the equator, 
(b) 30.00 north latitude, (c) 45.00 
north latitude, (d) 60.00 north 
latitude, and (e) 90.00 north 
latitude. At the vernal equinox the 
sun is directly overhead at the 
equator, whereas at the summer 
solstice the sun is directly overhead 
at 23.50 north latitude. 

 
Diagram for problem 38. 

 
39. An asphalt driveway, 50.0 

m2 in area and 6.00 cm thick, 
receives energy from the sun. Using 
the solar constant of 1.38 × 103 
W/m2, find the maximum change in 
temperature of the asphalt if (a) the 
radiation from the sun hits the 
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driveway normally for a 2.00-hr 
period and (b) the radiation from 
the sun hits the driveway at an 
angle of 350 for the same 2.00-hr 
period. Take the density of asphalt 
to be 1219 kg/m3 and the specific 
heat of asphalt to be 4270 J/kg 0C. 

*40. Find the amount of 
radiation from the sun that falls on 
the planets (a) Mercury, (b) Venus, 
(c) Mars, (d) Jupiter, and (e) Saturn 
in units of W/m2. 

41. If the Kelvin temperature of 
a blackbody is quadrupled, what 
happens to the rate of energy 
radiation? 

*42. A house measures 12.0 m 
by 9.00 m by 2.44 m high. The walls 
contain 10.0 cm of glass wool. 
Assume all the heat loss is through 
the walls of the house. The home 
thermostat is turned from 21.0 0C 
down to 15.0 0C for an 8-hr period 
at night when the outside 
temperature is −7.00 0C. (a) How 
much thermal energy can the home 
owner save by lowering the 
thermostat? (b) How much energy is 
used the next morning to bring the 
temperature of the air in the house 
back to 21.0 0C? (c) What is the 
savings in energy now? 

 
*43. An insulated aluminum 

rod, 1.00 m long and 25.0 cm2 in 
cross-sectional area, has one end in 
a steam bath at 100 0C and the 
other end in a cooling container. 
Water enters the cooling container 
at an input temperature of 10.0 0C 
and exits the cooling container at a 
temperature of 30.0 0C, leaving a 
mean temperature of 20.0 0C at the 
end of the aluminum rod. Find the 
mass of water that must flow 
through the cooling container per 
minute to maintain this 
equilibrium condition. 

*44. An aluminum engine, 
operating at 300 0C is cooled by 
circulating water over the end of 
the engine where the water absorbs 
enough energy to boil. The cooling 
interface has a surface area of 0.525 
m2 and a thickness of 1.50 cm. If 
the water enters the cooling 
interface of the engine at 100 0C, 

how much water must boil per 
minute to cool the engine? 

*45. When the surface through 
which thermal energy flows is not 
flat, such as in figure 16.6, the 
equation for heat transfer, equation 
16.10, is no longer accurate. With 
the help of the calculus it can be 
shown that the amount of thermal 
energy that flows through the sides 
of a rectangular annular cylinder is 
given by 

∆Q  = 2πkl∆T   
   ∆t       ln(r2/r1)    

 
where l is the length of the cylinder, 
r1 is the inside radius of the 
cylinder, and r2 is the outside 
radius of the cylinder. Steam at 
100 0C flows in a cylindrical copper 
pipe 5.00 m long, with an inside 
radius of 10.0 cm and an outside 
radius of 15 cm. Find the energy 
lost through the pipe per hour if the 
outside temperature of the pipe is 
30.0 0C. 

*46. When the surface through 
which thermal energy flows is a 
spherical shell rather than a flat 
surface, the amount of thermal 
energy that flows through the 
spherical surface can be shown to 
be given by 

   ∆Q =     4πk∆T      
               ∆t      (r2 − r1)/r1r2 

 
where r1 is the inside radius of the 
sphere and r2 is the outside radius 
of the sphere. 

Consider an igloo as half of a 
spherical shell. The inside radius is 
3.00 m and the outside radius is 
3.20 m. If the temperature inside 
the igloo is 15.0 0C and the outside 
temperature is −40.0 0C, find the 
flow of thermal energy through the 
ice per hour. The thermal 
conductivity of ice is 1.67 J/(s m 0C). 

 

 
Diagram for problem 46. 

 
*47. Show that for large values 

of r1 and r2 the solution for thermal 
energy flow through a spherical 
shell (problem 46) reduces to the 
solution for the thermal energy flow 
through a flat slab. 

*48. In problems 45 and 46 
assume that you can use the 
formula for the thermal energy flow 
through a flat slab. Find ∆Q/∆t and 
find the percentage error involved 
by making this approximation. 

49. A spherical body of 25.0-cm 
radius, has an emissivity of 0.45, 
and is at a temperature of 500.0 0C. 
How much power is radiated from 
the sphere? 

*50. Newton’s law of cooling 
states that the rate of change of 
temperature of a cooling body is 
proportional to the rate at which it 
gains or loses heat, which is 
approximately proportional to the 
difference between its temperature 
and the temperature of the 
environment. This is written 
mathematically as 

 
∆T  = −K(Tavg − Te) 

         ∆t            
 

where Tavg is the average 
temperature of the body, Te is the 
temperature of the environment, 
and K is a constant. A cup of coffee 
cools from 98.0 0C to 90.0 0C in 1.5 
min. The cup is in a room that has a 
temperature of 20.0 0C. Find (a) the 
value of K and (b) how long it will 
take for the coffee to cool from 
90.0 0C to 50.0 0C. 

*51. A much more complicated 
example of heat transfer is one that 
combines conduction and 
convection. That is, we want to 
determine the thermal energy 
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transferred from a hot level plate at 
100 0C to air at a temperature of 
20.0 0C. The thermal energy 
transferred is given by the equation 

 
Q = hA∆T t 

 
where h is a constant, called the 
convection coefficient and is a 
function of the shape, size, and 
orientation of the surface, the type 
of fluid in contact with the surface 
and the type of motion of the fluid 
itself. Values of h for various 
configurations can be found in 
handbooks. If h is equal to 7.45 J/(s 
m2 0C) and A is 2.00 m2, find the 
amount of thermal energy 
transferred per minute. 

*52. Using the same principle of 
combined conduction and 
convection used in problem 51, find 
the amount of thermal energy that 
will flow through an uninsulated 
wall 10.0 cm thick of a wood frame 
house in 1 hr. Assume that both the 
inside and outside wall have a 
thickness of 2.00 cm of pine wood 
and an area of 25.0 m2. (Hint: First 
consider the thermal energy loss 
through the inside wall, then the 
thermal energy loss through the 
10.0-cm air gap, then the thermal 
energy loss through the outside 
wall.) The temperatures at the first 
wall are 18.0 0C and 13.0 0C, and 
the temperatures at the second wall 
are 10.0 0C and −6.70 0C. The 
convection coefficient for a vertical 
wall is h = 0.177 (∆T)1/4 J/(s cm2 0C). 

*53. A thermograph is 
essentially a device that detects 
radiation in the infrared range of 
the electromagnetic spectrum. A 
thermograph can map the 
temperature distribution of the 
human body, showing regions of 
abnormally high temperatures such 
as found in tumors. Starting with 
the Stefan-Boltzmann law show 
that the ratio of the power emitted 
from tissue at a slightly higher 
temperature, T + ∆T, to the power 
emitted from normal tissue at a 
temperature T is 

 
 P2  = (1 + ∆T/T)4   

                 P1                         
 

Then show that a change of 
temperature of only 0.9 0C will give 
an approximate 1.00% increase in 
the power of the radiation 
transmitted. Assume that the body 
temperature is 37.0 0C. 

  
Interactive Tutorials 

54. Conduction. How much 
thermal energy flows through a 
glass window per second (Q/s) if the 
thickness of the window d = 0.020 
m and its cross-sectional area A = 
2.00 m2. The temperature difference 
between the window’s faces is ∆T = 
65.0 0C, and the thermal 
conductivity of glass is k = 0.791 
J/(m s 0C). 

55. Convection. A hot air 
heating system heats air to a 
temperature of 125 0C and the 
return air is at a temperature of 

17.5 0C. The fan is capable of 
moving a volume of 7.50 m3 of air in 
1 min, ∆V/∆t. The specific heat of 
air at constant pressure, c, is 1.05 × 
103 J/kg 0C and take the density of 
air, ρ to be 1.29 kg/m3. Find the 
amount of thermal energy transfer 
per hour from the furnace to the 
room. 

56. Conduction through a 
compound wall. Find the amount of 
heat conducted through a 
compound wall that has a length L 
= 8.5 m and a height h = 4.33 m. 
The wall consists of a thickness of 
d1 = 10.0 cm of brick, d2 = 1.90 cm of 
plywood, d3 = 10.2 cm of glass wool, 
d4 = 1.25 cm of plaster, and d5 = 
0.635 cm of oak wood paneling. The 
inside temperature of the wall is Th 
= 20.0 0C and the outside 
temperature of the wall is Tc = 
−9.00 0C. How much thermal energy 
flows through this wall per day? 

57. Radiation. How much 
energy is radiated in 1 s by an iron 
sphere 18.5 cm in radius at a 
temperature of 125 0C? Assume 
that the sphere radiates as a 
blackbody of emissivity e = 1. What 
is the wavelength of the maximum 
intensity of radiation? 

 
To go to these Interactive 

Tutorials click on this sentence. 
 

 
 To go to another chapter, return to the table of contents by clicking on this sentence. 
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