
Chapter 18
Temperature, Heat, and The First Law Of 

Thermodynamics



Thermodynamics

Thermodynamics is the study and applications of the thermal energy (or internal
energy) of systems.



1. Temperature

Temperature is one of the seven SI base quantities. In physics, we measure
temperature on the kelvin scale.

The lower limit of temperature is taken as the zero of the kelvin scale (0 K). Room
temperature is nearly 290 K, above the absolute zero.



2. The Zeroth Law of Thermodynamics

The properties of many bodies changes as their
temperature changes, such as volume and resistivity.

We can use any of these properties to build an
instrument that measures temperature.

The figure shows such an instrument. The number on
it increases with temperature increase and decreases
when the temperature decreases. The instrument is
not calibrated , and the number on it have no physical
meaning yet. This device is a thermoscope but not a
thermometer.



2. The Zeroth Law of Thermodynamics

Suppose that we put the thermoscope (body 𝑇)
into contact with another body (body 𝐴), where the
entire system is in an insulating box.

The number on the thermoscope rolls by until it
comes to rest (at 137.04, say). The two bodies are
now said to be in thermal equilibrium with each
other.

We conclude that bodies 𝑇 and 𝐴 must be at the
same temperature.



2. The Zeroth Law of Thermodynamics

Suppose that we next put body 𝑇 into contact with
body 𝐵, and find that the two bodies come to
thermal equilibrium at the same reading (137.04).

We conclude that bodies 𝑇 and 𝐵 are at the same
temperature.

Are bodies 𝐴 and 𝐵 in thermal equilibrium?

According to experiments, yes.

This experimental fact is summed up in the zeroth
law of thermodynamics



2. The Zeroth Law of Thermodynamics

“If bodies 𝐴 and 𝐵 are each in thermal equilibrium
with a third body 𝑇, then 𝐴 and 𝐵 are in thermal
equilibrium with each other.”

In other words, every body has a property called a
temperature. When two bodies are in thermal
equilibrium, their temperature are equal, and vice
versa.



3. The Celsius and Fahrenheit Scales

In the Celsius scale (centigrade scale) temperatures are measured in degrees. A
Celsius degree has the same size as the kelvin. The zero of the Celsius scale is
shifted to a more convenient value. A Celsius temperature 𝑇C and a Kelvin
temperature 𝑇 are related by

𝑇C = 𝑇 − 273.15°.

Note that we don’t use the degree symbol ° with Kelvin readings.

The Fahrenheit scale, has a smaller degree that the Celsius scale and a different
zero of temperature. The two scales are related by

𝑇F =
9

5
𝑇C + 32°.



3. The Celsius and Fahrenheit Scales

We use letters C and F with ° on the number to express equivalence of
temperature measurements on both scales. For example,

0°C = 32°F,

means 0° on the Celsius scale corresponds to 32° on the Fahrenheit scale.

However, we use letters C and F with ° on the letter to express the difference of
temperature. For examples,

5 C° = 9 F°,

means that a temperature difference of 5 Celsius degrees is equivalent to a
temperature difference of 9 Fahrenheit degrees.



3. The Celsius and Fahrenheit Scales

(a) All tie.

(b) 50°X, 50°Y, then 50°W.



3. The Celsius and Fahrenheit Scales

Example 1: Suppose you come across old
scientific notes that describe a
temperature scale called Z on which the
boiling point of water is 65.0°Z and the
freezing point is 14°Z . To what
temperature on the Fahrenheit scale
would a temperature of 𝑇 = −98.0°Z
correspond? Assume that the Z scale is
linear; that is, the size of a Z degree is the
same everywhere on the Z scale.



3. The Celsius and Fahrenheit Scales

The differences between the boiling and
melting points on both scales give that

79.0 Z° = 180.0 F°.

𝑇 is 84.0 Z° below the freezing point.
Therefore, 𝑇 is below the freezing point of
the Fahrenheit scale by

180.0 F°

79.0 Z°
84.0 Z° = 191 F°.

Thus,

𝑇 = 32.0° F − 191 F° = −159°F.



4. Thermal Expansion

Linear Expansion

An increase in the temperature of a metal rod of length 𝐿 by an amount ∆𝑇 results
in an increase ∆𝐿 in the rod’s length, given by

∆𝐿 = 𝐿𝛼 ∆𝑇,

where 𝛼 is the coefficient of linear expansion. Its SI unit is K−1 or C°−1.



4. Thermal Expansion

Volume Expansion

Because all the dimensions of a solid expand with temperature, the solid’s volume
expands as well. An increase of ∆𝑇 in the temperature of a solid or liquid of volume
𝑉 results in an increase ∆𝑉 in volume given by

∆𝑉 = 𝑉𝛽 ∆𝑇.

where 𝛽 is the coefficient of volume expansion of the solid or liquid.

𝛽 is related to 𝛼 by

𝛽 = 3𝛼.

Water is an exceptional liquid. Between 0° and 4°C, water expands as the
temperature decreases.



4. Thermal Expansion

(a) 2 & 3, 1, then 4.

(b) 3, 2, then 1 & 4.
∆𝐿 = 𝐿𝛼 ∆𝑇,



4. Thermal Expansion

Example 2: On a hot day in Las Vegas, an oil trucker loaded 37 000 L of diesel fuel.
He encountered cold weather on the way to Payson, Utah, where the temperature
was 23.0 K lower than in Las Vegas, and where he delivered his entire load. How
many liters did he deliver? The coefficient of volume expansion for diesel fuel is
9.50 × 10−4/C°, and the coefficient of linear expansion for his steel truck tank is
11 × 10−6/C°.

The decrease ∆𝑉 in the volume of the fuel is

∆𝑉 = 𝑉𝛽 ∆𝑇 = 37 000 L 9.50 × 10−4/C° −23.0 K = −808 L.

Thus, the amount he delivered is

𝑉del = 𝑉 + ∆𝑉 = 37 000 L − 808 L = 36 190 L.



5. Temperature and Heat

Consider a system with temperature 𝑇𝑆 in an environment of temperature 𝑇𝐸. If 𝑇𝑆
is not equal to 𝑇𝐸 then 𝑇𝑆 will change (𝑇𝐸 can change too) until 𝑇𝑆 = 𝑇𝐸.

The change in temperature is due to a change of the thermal energy of the system
because of energy transfer between the system and environment.

The transferred energy is called heat 𝑄.

𝑄 is positive when energy is transferred to (absorbed by) a system, and negative
when energy is transferred from (released by) a system.



5. Temperature and Heat

When 𝑇𝑆 > 𝑇𝐸, energy is transferred from the system to the environment and thus
𝑄 < 0.

When 𝑇𝑆 < 𝑇𝐸, energy is transferred to the system from the environment and thus
𝑄 > 0.

When 𝑇𝑆 = 𝑇𝐸, there is no energy transfer and 𝑄 = 0.



5. Temperature and Heat

Heat is defined as the energy transferred between a system and its environment
because of a temperature difference that exists between them.

Remember that energy can also be transferred between a system and its
environment as a work𝑊.

Heat and work are not intrinsic properties of the system. They only describe the
transfer of energy into or out of a system.

The SI unit of heat is the joule, since heat is energy.

Other common units of heat are the British thermal units (Btu) and the calorie,
where

1 cal = 3.968 × 10−3Btu = 4.1868 J.



6. The Absorption of Heat by Solids & Liquids

Heat Capacity

The heat capacity 𝐶 is the proportionality constant between the heat 𝑄 absorbed
or released and the resulting temperature change ∆𝑇:

𝑄 = 𝐶∆𝑇 = 𝐶 𝑇𝑓 − 𝑇𝑖 .

𝐶 has the unit of energy per degree or energy per kelvin.

Warning: The word “capacity” has nothing to do with the amount of energy
contained or with an upper limit of energy transfer.



6. The Absorption of Heat by ------
---Solids & Liquids
Specific Heat

Two objects made of the same material will have heat
capacities proportional to their masses. Thus, it is more
convenient to define a “heat capacity per unit mass” or
specific heat 𝑐.

In terms of the specific heat 𝑐, we write

𝑄 = 𝑐𝑚∆𝑇 = 𝑐𝑚 𝑇𝑓 − 𝑇𝑖 .

The table shows the specific heats of some substances
at room temperature. For example, for water,

𝑐 = 1.00
cal

g ∙ c°
= 1.00

Btu

lb ∙ F°
= 4186.8

J

kg ∙ K



6. The Absorption of Heat by Solids & Liquids

Material A

𝑄 = 𝑐𝑚∆𝑇

𝑐 =
𝑄

𝑚∆𝑇



6. The Absorption of Heat by Solids & Liquids

Molar Specific Heat

Sometimes it is more convenient to specify an amount of substance in mole (mol),
where

1 mol = 6.02 × 1023 elementary units.

When quantities are expressed in moles, molar specific heats must replace specific
heats. In terms of the molar specific heat 𝑐mol, we write

𝑄 = 𝑐mol𝑛∆𝑇 = 𝑐mol𝑛 𝑇𝑓 − 𝑇𝑖 ,

where 𝑛 is the number of moles in the sample.



6. The Absorption of Heat by Solids & Liquids

Heat of Transformation

When heat is absorbed by a solid or liquid sample, the temperature of the sample
does not necessarily rise. The sample may change phase instead.

To melt a solid into a liquid, energy is required to free the molecules from their
rigid structure. The process is reversed in freezing a liquid.

To vaporize a liquid into a gas, like melting, energy is required to free the molecules
from their clusters. The process is reversed in condensing a gas.

The amount of heat per unit mass required to completely change the phase of a
sample is called the heat of transformation 𝐿. Thus, when a sample of mass 𝑚
completely undergoes a phase change, the total energy transferred is

𝑄 = 𝐿𝑚.



6. The Absorption of Heat by Solids & Liquids

Heat of Transformation

When the phase change is from liquid to gas or from gas to liquid, 𝐿 is called the
heat of vaporization 𝐿𝑉 . For water at its normal boiling or condensation
temperature,

𝐿𝑉 = 539
cal

g
= 40.7

kJ

mol
= 2256

kJ

kg
= 2256

J

g
.

When the phase change is from solid to liquid or from liquid to solid, 𝐿 is called the
heat of fusion 𝐿𝐹. For water at its normal freezing or melting temperature,

𝐿𝐹 = 79.5
cal

g
= 6.01

kJ

mol
= 333

kJ

kg
= 333

J

g
.



6. The Absorption of Heat by Solids & Liquids

Heat of Transformation



6. The Absorption of Heat by Solids & Liquids



6. The Absorption of Heat by Solids & Liquids

Example 3: A copper slug whose mass𝑚𝑐 is 75 g is heated in a laboratory oven to a
temperature 𝑇 of 312°C. The slug is then dropped into a glass beaker containing a
mass 𝑚𝑤 = 220 g of water. The heat capacity 𝐶𝑏 of the beaker is 45 cal/K. The
initial temperature 𝑇𝑖 of the water and the beaker is 12°C. Assuming that the slug,
beaker, and water are an isolated system and the water does not vaporize, find the
final temperature 𝑇𝑓 of the system at thermal equilibrium.

The heat transfers are related to the temperature changes by

𝑄𝑤 = 𝑐𝑤𝑚 𝑇𝑓 − 𝑇𝑖 ,

𝑄𝑏 = 𝐶𝑏 𝑇𝑓 − 𝑇𝑖 ,

𝑄𝑐 = 𝑐𝑐𝑚𝑐 𝑇𝑓 − 𝑇𝑖𝑐 .



6. The Absorption of Heat by Solids & Liquids

Because the system is isolated

𝑄𝑤 + 𝑄𝑏 + 𝑄𝑐 = 0.

Subsisting we obtain

𝑐𝑤𝑚 𝑇𝑓 − 𝑇𝑖 + 𝐶𝑏 𝑇𝑓 − 𝑇𝑖 + 𝑐𝑐𝑚𝑐 𝑇𝑓 − 𝑇𝑖𝑐 = 0.

Solving for 𝑇𝑓 gives

𝑇𝑓 =
𝑐𝑐𝑚𝑐𝑇𝑖𝑐 + 𝐶𝑏 + 𝑐𝑤𝑚𝑤 𝑇𝑖
𝑐𝑤𝑚𝑤 + 𝐶𝑏 + 𝑐𝑐𝑚𝑐

=
0.0923cal/g ∙ C° 75 g 312°C + 45cal/K + 1.00 cal/g ∙ C° 220 g 12°C

1.00 cal/g ∙ C° 220 g + 45 cal/K + 0.0923cal/g ∙ C° 75 g

= 20°C.



6. The Absorption of Heat by Solids & Liquids

With 𝑇𝑓 = 19.9°C (≈ 20°C),

𝑄𝑤 = 1670 cal,

𝑄𝑏 = 342 cal,

𝑄𝑐 = −2020 cal.

These heats add up to zero, apart form the rounding errors.



6. The Absorption of Heat by Solids & Liquids

Example 4:

(a) How much heat must be absorbed by ice of mass𝑚 = 720 g at −10°C to take it
to the liquid state at 15°C?

We need heat 𝑄1 to bring the ice to its melting temperature:

𝑄1 = 𝑐ice𝑚 𝑇𝑓 − 𝑇𝑖 = 2220 J/kg ∙ K 0.720 kg 0 − −10°C = 15.98 kJ.

We need heat 𝑄2 to melt the ice:

𝑄2 = 𝐿𝐹𝑚 = 333 kJ/kg 0.720 kg = 239.8 kJ.

We need heat 𝑄3 to heat the water to 15°C:

𝑄3 = 𝑐w𝑚 𝑇𝑓 − 𝑇𝑖 = 4186.8 J/kg ∙ K 0.720 kg 15°C − 0 = 45.22 kJ.

The total heat required is therefore



6. The Absorption of Heat by Solids & Liquids

𝑄1 + 𝑄2 + 𝑄3 = 15.98 kJ+239.8 kJ+45.22 kJ=300 kJ.

(b) If we supply the ice with a total energy of only 210 kJ (as heat), what are the
final state and temperature of the water?

After heating the ice to the melting point, the remaining heat is

𝑄rem = 210 kJ − 15.98 kJ = 194 kJ.

The mass of the ice melted by the remaining heat is

𝑚 =
𝑄rem
𝐿𝐹

=
194 kJ

333 kJ/kg
= 580 g.

The mass of the remaining ice is720 g − 580 g = 140 g.



7. A Closer Look at Heat and Work

Lets us look in some detail at how energy can be
transferred as heat and work between a system and its
environment.

Let us consider the system shown in the figure, where a
gas is confined to a cylinder with a movable piston.

The pressure multiplied by the piston’s area balances the
weight of the lead shot.

The walls of the cylinder are insulating.

The bottom of the cylinder is a thermal reservoir of
adjustable temperature.



7. A Closer Look at Heat and Work

The system (the gas) starts from an initial state described
by 𝑝𝑖, 𝑉𝑖 and 𝑇𝑖.

You want to change the system to a final state described
by 𝑝𝑓, 𝑉𝑓 and 𝑇𝑓.

The process of changing the system from state 𝑖 to state 𝑓
is called a thermodynamic process.



7. A Closer Look at Heat and Work

During such a process, heat can be transferred to (𝑄 > 0)
or from (𝑄 < 0) the system.

Also, work can be done by the system to raise the piston
(𝑊 > 0) or lower it (𝑊 < 0).

If you remove a few lead shot, the gas pushes on the
piston and move it upward through a differential
displacement 𝑑 𝑠 with a force  𝐹 = 𝑝  𝐴.

The differential work 𝑑𝑊 done by the gas is then

𝑑𝑊 =  𝐹 ∙ 𝑑  𝑠 = 𝑝𝐴 𝑑𝑠 = 𝑝 𝐴 𝑑𝑠

= 𝑝 𝑑𝑉,

where 𝑑𝑉 is the differential change in the volume of the
gas.



7. A Closer Look at Heat and Work

If the gas volume changes from 𝑉𝑖 to 𝑉𝑓, the total work
done by the gas is

𝑊 =  
𝑖

𝑓

𝑑𝑊 =  
𝑉𝑖

𝑉𝑓

𝑝𝑑𝑉 .

During the volume change, the pressure and temperature
may also change.

We need to know how 𝑝 changes with 𝑉 (that is 𝑝 𝑉 )
during the process to evaluate the integral.

There are many ways to take the system from state 𝑖 to
state 𝑓.



7. A Closer Look at Heat and Work



7. A Closer Look at Heat and Work

We can control how

much work it does.



7. A Closer Look at Heat and Work

Cycling clockwise yields

a positive net work.



7. A Closer Look at Heat and Work

To sum up, a system can be taken from a given initial state to a given final state by
an infinite number of processes.

Heat may or may not be involved.

In general, the work 𝑊 and and heat 𝑄 differ for different processes: 𝑊 and 𝑄 are
path-dependent quantities.



7. A Closer Look at Heat and Work

𝑐 and 𝑒.



8. The First Law of Thermodynamics

We have seen that, when a system changes from state 𝑖 to state 𝑓, both 𝑄 and 𝑊
depend on the nature of the thermodynamic process involved.

However, the quantity 𝑄 −𝑊 is (experimentally) the same for all processes. It
depends only on the initial and final states of the system; it is path independent.

The quantity 𝑄 −𝑊 must represent a change in some intrinsic property of the
system. We call this property the internal energy 𝐸int. We thus write

∆𝐸int = 𝐸int,f − 𝐸int,i = 𝑄 −𝑊.

This equation is called the first law of thermodynamics: “The internal energy 𝐸int
of a system tends to increase if energy is added as heat 𝑄 and tends to decrease if
energy is lost as work𝑊 done by the system. ”



8. The First Law of Thermodynamics

The first law of thermodynamics is an extension of the principle of energy
conservation to systems that are not isolated, in which energy can be transferred
into or out of the system as either work𝑊 or heat 𝑄.

We assume in the first law of thermodynamics that there is no change in the
potential energy or kinetic energy of the system ∆𝑈 = ∆𝐾 = 0.

Recall that the work𝑊 here is the work done by the system.



8. The First Law of Thermodynamics

(a) All the same

(b) 4, 3, 2, then 1.

(c) 4, 3, 2, then 1.
∆𝐸int = 𝑄 −𝑊



9. Some Special Cases of the First Law of 
Thermodynamics
Here are four thermodynamics processes:

1. Adiabatic processes

An adiabatic process is one that occurs rapidly or in an isolated system so that there
is no transfer of energy as heat.

Putting 𝑄 = 0 in the first law of thermodynamics yields

∆𝐸int = −𝑊.

The internal energy is decreased by the amount of work done by the system. 𝐸int is
increased by the amount of the work done on the system.



9. Some Special Cases of the First Law of 
Thermodynamics
1. Adiabatic processes

The figure shows an idealized adiabatic process. The
system is isolated; no heat can enter or leave the system.

The only way energy can enter the system is by work. If we
remove some lead shot letting the gas expands, positive
work is done by the system and the internal energy of the
system decreases.

If, instead, we add lead shot and compress the gas,
negative work is done by the system and the energy of the
system increases.



9. Some Special Cases of the First Law of 
Thermodynamics
2. Constant-volume (isochoric) processes

If the volume of the system is held constant,𝑊 = 0.

Putting𝑊 = 0 in the first law of thermodynamics yields

∆𝐸int = 𝑄.

The internal energy is increases if it absorbs heat (𝑄 > 0), and decreases if the
system releases heat (𝑄 < 0).



9. Some Special Cases of the First Law of 
Thermodynamics
3. Cyclical processes

If the system’s initial and final states are the same, no intrinsic property of the
system is changed and ∆𝐸int = 0.

The first law of thermodynamics becomes

𝑄 = 𝑊.

The net work done is exactly equal to the net amount of heat transferred.



9. Some Special Cases of the First Law of 
Thermodynamics
4. Free Expansions

These are processes in which no heat
transfer occurs and no work is done on or
by the system.

Setting Q = 𝑊 = 0 in the first law of
thermodynamics gives

∆𝐸int = 0.

The figure shows such an expansion.



9. Some Special Cases of the First Law of 
Thermodynamics



9. Some Special Cases of the First Law of 
Thermodynamics

(a) Zero.

(b) Negative.

∆𝐸int = 𝑄 −𝑊



9. Some Special Cases of the First Law of 
Thermodynamics
Example 5: Let 1.00 kg of liquid water at 100°C be
converted to steam at 100°C by boiling at standard
atmospheric pressure (which is 1.00 atm or 1.01
× 105 Pa) in the arrangement of the figure. The volume
of that water changes from an initial value of 1.00
× 10−3 m3 as a liquid to 1.671 m3 as steam.

(a) How much work is done by the system during this
process?

𝑊 =  
𝑉𝑖

𝑉𝑓

𝑝𝑑𝑉 = 𝑝 
𝑉𝑖

𝑉𝑓

𝑑𝑉 = 𝑝 𝑉𝑓 − 𝑉𝑖

= 1.01 × 105 Pa 1.671 m3 − 1.00 × 10−3 m3

= 169 kJ.



9. Some Special Cases of the First Law of 
Thermodynamics
(b) How much energy is transferred as heat during the
process?

𝑄 = 𝑚𝐿𝑣 = 1000 g 2256 J/g ≈ 2260 kJ.

(c) What is the change in the system’s internal energy
during the process?

∆𝐸𝑖𝑛𝑡 = 𝑄 −𝑊 = 2256 kJ − 169 kJ = 2090 kJ.



10. Heat Transfer Mechanisms

Now we describe how heat transfers. There are three main heat transfer
mechanism:

(1) Conduction.

(2) Convection

(3) Radiation.

Conduction

If a region in a sample is hotter, the vibration amplitudes of atoms and electrons of
that region become relatively higher. These increased vibrational amplitudes are
passed via collisions from atom to atom during collisions. This results in an increase
in the temperature of the colder regions.



10. Heat Transfer Mechanisms

Consider the situation shown in the figure.
Experimentally, the conduction rate 𝑃cond is

𝑃cond =
𝑄

𝑡
= 𝑘𝐴

𝑇𝐻 − 𝑇𝐶
𝐿

,

where 𝑘 is the thermal conductivity. Its SI unit isW
/ m ∙ K .

𝑃cond can be recast as

𝑃cond = 𝐴
𝑇𝐻 − 𝑇𝐶
𝑅

,

where 𝑅 ≡ 𝐿/𝑘 , is the thermal resistance to
conduction (𝑅-value).



10. Heat Transfer Mechanisms



10. Heat Transfer Mechanisms

Conduction Through a Composite Slap

Consider the situation shown in the figure. Let us
assume that the transfer is a steady state process
(that is, the temperatures everywhere in the slab and
the rate of energy transfer do not change with time).

The conduction rates through the two faces of the
slap is the same:

𝑃cond = 𝑘2𝐴
𝑇𝐻 − 𝑇𝑋
𝐿2

= 𝑘1𝐴
𝑇𝑋 − 𝑇𝐶
𝐿1

.

Eliminating 𝑇𝑋 yields

𝑃cond = 𝐴
𝑇𝐻 − 𝑇𝐶

𝐿1/𝑘1 + 𝐿2/𝑘2
= 𝐴

𝑇𝐻 − 𝑇𝐶
𝑅1 + 𝑅2

.



10. Heat Transfer Mechanisms

Conduction Through a Composite Slap

For a slab consisting of 𝑛 materials

𝑃cond = 𝐴
𝑇𝐻 − 𝑇𝐶

𝐿1
𝑘1
+
𝐿2
𝑘2
+
𝐿3
𝑘3
+⋯+

𝐿𝑛
𝑘𝑛

,

= 𝐴
𝑇𝐻 − 𝑇𝐶

𝑅1 + 𝑅2 + 𝑅3 +⋯+ 𝑅𝑛
.



10. Heat Transfer Mechanisms

b & d, a then c.

𝑃cond = 𝑘𝐴
𝑇𝐻 − 𝑇𝐶
𝐿

𝑘 =
𝐿𝑃cond

𝐴 𝑇𝐻 − 𝑇𝐶



10. Heat Transfer Mechanisms

Example 6: The figure shows the cross
section of a wall made of white pine of
thickness 𝐿𝑎 and brick of thickness 𝐿𝑑
(= 2.0𝐿𝑎 ), sandwiching two layers of
unknown material with identical
thicknesses and thermal conductivities.
The thermal conductivity of the pine is 𝑘𝑎
and that of the brick is 𝑘𝑑 (= 5.0𝑘𝑎). The
face area 𝐴 of the wall is unknown.
Thermal conduction through the wall has
reached the steady state; the only known
interface temperatures are 𝑇1 = 25°C, 𝑇2
= 20°C , and 𝑇5 = −10°C . What is
interface temperature 𝑇4?
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The conduction rates through the pine
wood is

𝑃a = 𝑘𝑎𝐴
𝑇1 − 𝑇2
𝐿𝑎

,

and through the brick is

𝑃d = 𝑘𝑑𝐴
𝑇4 − 𝑇5
𝐿𝑑

.

We know that 𝑃a = 𝑃d. This gives

𝑇4 =
𝑘𝑎𝐿𝑑
𝑘𝑑𝐿𝑎

𝑇1 − 𝑇2 + 𝑇5

=
𝑘𝑎 2.0𝐿𝑎
5.0 𝑘𝑎 𝐿𝑎

25°C − 20°C + −10°C

= −8.0°C.
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Convection

When a fluid comes in contact with a hotter
object, the temperature of the part of the fluid
that is in contact with the hot object increases.
That part of the fluid expands and thus becomes
less dense and lighter than the surrounding cooler
fluid. Thus, buoyant forces cause the hotter part to
rise and some of the surrounding cooler fluid then
flows so as to take the place of the rising warmer
fluid, and the process can then continue.
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Radiation

An object of surface area 𝐴 and
temperature 𝑇 (on the surface) emits
electromagnetic radiation (called thermal
radiation) at the rate

𝑃rad = 𝜎𝜀𝐴𝑇
4,

where 𝜎 = 5.6704 × 10−8W/ m2 ∙ K4

is the Stefan-Boltzmann constant. 𝜀 is
called the emissivity of the surface, which
has a value between 0 and 1.
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Radiation

If an object is in an environment of uniform temperature 𝑇env, the object absorbs
energy (thermal radiation) at the rate

𝑃abs = 𝜎𝜀𝐴𝑇env
4 .

The object’s net rate 𝑃net of energy exchange due to thermal radiation is

𝑃net = 𝜎𝜀𝐴 𝑇env
4 − 𝑇4 .

Read sample problem 18.07 on page 538.


