
第一章：热力学系统的平
衡态及状态方程

Prepared by Jiang Xiao



火与热

火刑、炮烙之刑、火烧赤壁

Prepared by Jiang Xiao



Prepared by Jiang Xiao



热胀冷缩

Thermal Expansion of Water
Water, in the temperature range from to decreases in volume with
increasing temperature. In this range its coefficient of volume expansion is
negative. Above water expands when heated (Fig. 17.12). Hence water has
its greatest density at Water also expands when it freezes, which is why ice
humps up in the middle of the compartments in an ice cube tray. By contrast,
most materials contract when they freeze.

This anomalous behavior of water has an important effect on plant and animal
life in lakes. A lake cools from the surface down; above the cooled water at the
surface flows to the bottom because of its greater density. But when the surface tem-
perature drops below the water near the surface is less dense than the warmer
water below. Hence the downward flow ceases, and the water near the surface
remains colder than that at the bottom. As the surface freezes, the ice floats because
it is less dense than water. The water at the bottom remains at until nearly the
entire lake is frozen. If water behaved like most substances, contracting continu-
ously on cooling and freezing, lakes would freeze from the bottom up. Circulation
due to density differences would continuously carry warmer water to the surface for
efficient cooling, and lakes would freeze solid much more easily. This would destroy
all plant and animal life that cannot withstand freezing. If water did not have this
special property, the evolution of life would have taken a very different course.

Thermal Stress
If we clamp the ends of a rod rigidly to prevent expansion or contraction and then
change the temperature, thermal stresses develop. The rod would like to expand
or contract, but the clamps won’t let it. The resulting stresses may become large
enough to strain the rod irreversibly or even break it. (You may want to review
the discussion of stress and strain in Section 11.4).

Engineers must account for thermal stress when designing structures. Con-
crete highways and bridge decks usually have gaps between sections, filled with
a flexible material or bridged by interlocking teeth (Fig. 17.13), to permit expan-
sion and contraction of the concrete. Long steam pipes have expansion joints or
U-shaped sections to prevent buckling or stretching with temperature changes. If
one end of a steel bridge is rigidly fastened to its abutment, the other end usually
rests on rollers.

To calculate the thermal stress in a clamped rod, we compute the amount the
rod would expand (or contract) if not held and then find the stress needed to com-
press (or stretch) it back to its original length. Suppose that a rod with length 
and cross-sectional area A is held at constant length while the temperature is
reduced (negative causing a tensile stress. The fractional change in length if
the rod were free to contract would be
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SOLUTION

IDENTIFY and SET UP: This problem involves the volume expan-
sion of the glass and of the mercury. The amount of overflow
depends on the difference between the volume changes for
these two materials, both given by Eq. (17.8). The mercury will
overflow if its coefficient of volume expansion (given in Table
17.2) is greater than that of glass, which we find from Eq. (17.9)
using the given value of .

EXECUTE: From Table 17.2, . That is indeed
greater than : From Eq. (17.9), 

. The volume overflow is then10-5 K-12 = 1.2 * 10-5 K-1
bglass = 3aglass = 310.40 *bglass

bHg = 18 * 10 -5K -1
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EVALUATE: This is basically how a mercury-in-glass thermometer
works; the column of mercury inside a sealed tube rises as T
increases because mercury expands faster than glass.

As Tables 17.1 and 17.2 show, glass has smaller coefficients of
expansion and than do most metals. This is why you can use
hot water to loosen a metal lid on a glass jar; the metal expands
more than the glass does.

ba

= 2.7 cm3

= 1200 cm32180 C°2118 * 10-5 - 1.2 * 10-52= V0 ¢T1bHg - bglass2¢VHg - ¢Vglass = bHgV0 ¢T - bglassV0 ¢T

... on a fine scale it is not exactly
linear, which has important
consequences for life on earth.
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17.13 Expansion joints on bridges are
needed to accommodate changes in length
that result from thermal expansion.

液态水的热胀冷缩
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Water, in the temperature range from to decreases in volume with
increasing temperature. In this range its coefficient of volume expansion is
negative. Above water expands when heated (Fig. 17.12). Hence water has
its greatest density at Water also expands when it freezes, which is why ice
humps up in the middle of the compartments in an ice cube tray. By contrast,
most materials contract when they freeze.

This anomalous behavior of water has an important effect on plant and animal
life in lakes. A lake cools from the surface down; above the cooled water at the
surface flows to the bottom because of its greater density. But when the surface tem-
perature drops below the water near the surface is less dense than the warmer
water below. Hence the downward flow ceases, and the water near the surface
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it is less dense than water. The water at the bottom remains at until nearly the
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efficient cooling, and lakes would freeze solid much more easily. This would destroy
all plant and animal life that cannot withstand freezing. If water did not have this
special property, the evolution of life would have taken a very different course.
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change the temperature, thermal stresses develop. The rod would like to expand
or contract, but the clamps won’t let it. The resulting stresses may become large
enough to strain the rod irreversibly or even break it. (You may want to review
the discussion of stress and strain in Section 11.4).

Engineers must account for thermal stress when designing structures. Con-
crete highways and bridge decks usually have gaps between sections, filled with
a flexible material or bridged by interlocking teeth (Fig. 17.13), to permit expan-
sion and contraction of the concrete. Long steam pipes have expansion joints or
U-shaped sections to prevent buckling or stretching with temperature changes. If
one end of a steel bridge is rigidly fastened to its abutment, the other end usually
rests on rollers.

To calculate the thermal stress in a clamped rod, we compute the amount the
rod would expand (or contract) if not held and then find the stress needed to com-
press (or stretch) it back to its original length. Suppose that a rod with length 
and cross-sectional area A is held at constant length while the temperature is
reduced (negative causing a tensile stress. The fractional change in length if
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sion of the glass and of the mercury. The amount of overflow
depends on the difference between the volume changes for
these two materials, both given by Eq. (17.8). The mercury will
overflow if its coefficient of volume expansion (given in Table
17.2) is greater than that of glass, which we find from Eq. (17.9)
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EXECUTE: From Table 17.2, . That is indeed
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EVALUATE: This is basically how a mercury-in-glass thermometer
works; the column of mercury inside a sealed tube rises as T
increases because mercury expands faster than glass.

As Tables 17.1 and 17.2 show, glass has smaller coefficients of
expansion and than do most metals. This is why you can use
hot water to loosen a metal lid on a glass jar; the metal expands
more than the glass does.
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热质说与分子运动说

热学基本概念：温度、热量

热质是以种无质量的气体，可以从热的物体流向冷的物体。

摩擦生热、钻木取火表明热可以由机械功转化而来。

热是原子分子的无规则运动，热的物体分子运动剧烈，热量
是分子无规则运动的能量。
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热和比热

17.5 Quantity of Heat
When you put a cold spoon into a cup of hot coffee, the spoon warms up and the
coffee cools down as they approach thermal equilibrium. The interaction that
causes these temperature changes is fundamentally a transfer of energy from one
substance to another. Energy transfer that takes place solely because of a temper-
ature difference is called heat flow or heat transfer, and energy transferred in this
way is called heat.

An understanding of the relationship between heat and other forms of energy
emerged during the 18th and 19th centuries. Sir James Joule (1818–1889) studied
how water can be warmed by vigorous stirring with a paddle wheel (Fig. 17.15a).
The paddle wheel adds energy to the water by doing work on it, and Joule found
that the temperature rise is directly proportional to the amount of work done. The
same temperature change can also be caused by putting the water in contact with
some hotter body (Fig. 17.15b); hence this interaction must also involve an
energy exchange. We will explore the relationship between heat and mechanical
energy in Chapters 19 and 20.

CAUTION Temperature vs. heat It is absolutely essential for you to distinguish
between temperature and heat. Temperature depends on the physical state of a mate-
rial and is a quantitative description of its hotness or coldness. In physics the term “heat”
always refers to energy in transit from one body or system to another because of a temper-
ature difference, never to the amount of energy contained within a particular system. We
can change the temperature of a body by adding heat to it or taking heat away, or by
adding or subtracting energy in other ways, such as mechanical work (Fig. 17.15a). If we
cut a body in half, each half has the same temperature as the whole; but to raise the tem-
perature of each half by a given interval, we add half as much heat as for the whole. !

We can define a unit of quantity of heat based on temperature changes of some
specific material. The calorie (abbreviated cal) is defined as the amount of heat
required to raise the temperature of 1 gram of water from 14.5°C to 15.5°C. The
kilocalorie (kcal), equal to 1000 cal, is also used; a food-value calorie is actually
a kilocalorie (Fig. 17.16). A corresponding unit of heat using Fahrenheit degrees
and British units is the British thermal unit, or Btu. One Btu is the quantity of
heat required to raise the temperature of 1 pound (weight) of water 1 from

to
Because heat is energy in transit, there must be a definite relationship between

these units and the familiar mechanical energy units such as the joule. Experi-
ments similar in concept to Joule’s have shown that

The calorie is not a fundamental SI unit. The International Committee on
Weights and Measures recommends using the joule as the basic unit of energy in
all forms, including heat. We will follow that recommendation in this book.

Specific Heat
We use the symbol Q for quantity of heat. When it is associated with an infinitesi-
mal temperature change dT, we call it dQ. The quantity of heat Q required to
increase the temperature of a mass m of a certain material from to is found to
be approximately proportional to the temperature change It is also
proportional to the mass m of material. When you’re heating water to make tea,
you need twice as much heat for two cups as for one if the temperature change is
the same. The quantity of heat needed also depends on the nature of the material;
raising the temperature of 1 kilogram of water by requires 4190 J of heat, but
only 910 J is needed to raise the temperature of 1 kilogram of aluminum by 1 C°.

1 C°

¢T = T2 - T1.
T2T1

 1 Btu = 778 ft # lb = 252 cal = 1055 J
 1 kcal = 1000 cal = 4186 J
 1 cal = 4.186 J

64°F.63°F
F°
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The water warms
as the paddle does
work on it; the
temperature rise is
proportional to
the amount of
     work done.

Direct heating can
produce the same
temperature change
as doing work on the
water.

(a) Raising the temperature of water by doing
work on it

(b) Raising the temperature of water by direct
heating

17.15 The same temperature change of
the same system may be accomplished by
(a) doing work on it or (b) adding heat to it.

17.16 The word “energy” is of Greek
origin. This label on a can of Greek coffee
shows that 100 milliliters of prepared
coffee have an energy content 
of 9.6 kilojoules or 2.3 kilocalories.
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17.5 Quantity of Heat
When you put a cold spoon into a cup of hot coffee, the spoon warms up and the
coffee cools down as they approach thermal equilibrium. The interaction that
causes these temperature changes is fundamentally a transfer of energy from one
substance to another. Energy transfer that takes place solely because of a temper-
ature difference is called heat flow or heat transfer, and energy transferred in this
way is called heat.

An understanding of the relationship between heat and other forms of energy
emerged during the 18th and 19th centuries. Sir James Joule (1818–1889) studied
how water can be warmed by vigorous stirring with a paddle wheel (Fig. 17.15a).
The paddle wheel adds energy to the water by doing work on it, and Joule found
that the temperature rise is directly proportional to the amount of work done. The
same temperature change can also be caused by putting the water in contact with
some hotter body (Fig. 17.15b); hence this interaction must also involve an
energy exchange. We will explore the relationship between heat and mechanical
energy in Chapters 19 and 20.

CAUTION Temperature vs. heat It is absolutely essential for you to distinguish
between temperature and heat. Temperature depends on the physical state of a mate-
rial and is a quantitative description of its hotness or coldness. In physics the term “heat”
always refers to energy in transit from one body or system to another because of a temper-
ature difference, never to the amount of energy contained within a particular system. We
can change the temperature of a body by adding heat to it or taking heat away, or by
adding or subtracting energy in other ways, such as mechanical work (Fig. 17.15a). If we
cut a body in half, each half has the same temperature as the whole; but to raise the tem-
perature of each half by a given interval, we add half as much heat as for the whole. !

We can define a unit of quantity of heat based on temperature changes of some
specific material. The calorie (abbreviated cal) is defined as the amount of heat
required to raise the temperature of 1 gram of water from 14.5°C to 15.5°C. The
kilocalorie (kcal), equal to 1000 cal, is also used; a food-value calorie is actually
a kilocalorie (Fig. 17.16). A corresponding unit of heat using Fahrenheit degrees
and British units is the British thermal unit, or Btu. One Btu is the quantity of
heat required to raise the temperature of 1 pound (weight) of water 1 from

to
Because heat is energy in transit, there must be a definite relationship between

these units and the familiar mechanical energy units such as the joule. Experi-
ments similar in concept to Joule’s have shown that

The calorie is not a fundamental SI unit. The International Committee on
Weights and Measures recommends using the joule as the basic unit of energy in
all forms, including heat. We will follow that recommendation in this book.

Specific Heat
We use the symbol Q for quantity of heat. When it is associated with an infinitesi-
mal temperature change dT, we call it dQ. The quantity of heat Q required to
increase the temperature of a mass m of a certain material from to is found to
be approximately proportional to the temperature change It is also
proportional to the mass m of material. When you’re heating water to make tea,
you need twice as much heat for two cups as for one if the temperature change is
the same. The quantity of heat needed also depends on the nature of the material;
raising the temperature of 1 kilogram of water by requires 4190 J of heat, but
only 910 J is needed to raise the temperature of 1 kilogram of aluminum by 1 C°.
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分子运动和物质状态

Lennard-Jones potential

17.4 Thermal Expansion 557

17.4 Thermal Expansion
Most materials expand when their temperatures increase. Rising temperatures
make the liquid expand in a liquid-in-tube thermometer (Fig. 17.1a) and bend
bimetallic strips (Fig. 17.3b). The decks of bridges need special joints and sup-
ports to allow for expansion. A completely filled and tightly capped bottle of
water cracks when it is heated, but you can loosen a metal jar lid by running hot
water over it. These are all examples of thermal expansion.

Linear Expansion
Suppose a rod of material has a length at some initial temperature When
the temperature changes by the length changes by Experiments show
that if is not too large (say, less than or so), is directly propor-
tional to (Fig. 17.8a). If two rods made of the same material have the same
temperature change, but one is twice as long as the other, then the change in
its length is also twice as great. Therefore must also be proportional to 
(Fig. 17.8b). Introducing a proportionality constant (which is different for dif-
ferent materials), we may express these relationships in an equation:

(linear thermal expansion) (17.6)

If a body has length at temperature then its length L at a temperature
is

(17.7)

The constant which describes the thermal expansion properties of a particular
material, is called the coefficient of linear expansion. The units of are or

(Remember that a temperature interval is the same in the Kelvin and
Celsius scales.) For many materials, every linear dimension changes according to
Eq. (17.6) or (17.7). Thus L could be the thickness of a rod, the side length of a
square sheet, or the diameter of a hole. Some materials, such as wood or single crys-
tals, expand differently in different directions. We won’t consider this complication.

We can understand thermal expansion qualitatively on a molecular basis. Pic-
ture the interatomic forces in a solid as springs, as in Fig. 17.9a. (We explored the
analogy between spring forces and interatomic forces in Section 14.4.) Each
atom vibrates about its equilibrium position. When the temperature increases, the
energy and amplitude of the vibration also increase. The interatomic spring
forces are not symmetrical about the equilibrium position; they usually behave
like a spring that is easier to stretch than to compress. As a result, when the
amplitude of vibration increases, the average distance between atoms also
increases (Fig. 17.9b). As the atoms get farther apart, every dimension increases.

1C°2-1.
K-1a

a,

L = L0 + ¢L = L0 + aL0 ¢T = L011 + a¢T2T = T0 + ¢T
T0,L0

¢L = aL0 ¢T

a
L0¢L

¢T
¢L100 C°¢T

¢L.¢T,
T0.L0

(a) For moderate temperature changes, DL is
directly proportional to DT.

(b) DL is also directly proportional to L0.

DL

2DL

L0

T0

T0 1 DT

T0 1 2DT

DL

2DL2L0

L0

T0

T0 1 DT

T0 1 DT

T0

17.8 How the length of a rod changes
with a change in temperature. (Length
changes are exaggerated for clarity.)

(a) A model of the forces between neighboring
atoms in a solid

Average distance between atoms

(b) A graph of the “spring” potential energy
U(x)

U(x)

O x

x 5 distance between atoms
5 average distance

 between atoms

E1

E2

E3

As energy increases from E1 to E2 to E3,
average distance between atoms increases.

17.9 (a) We can model atoms in a solid
as being held together by “springs” that are
easier to stretch than to compress. (b) A
graph of the “spring” potential energy 
versus distance x between neighboring
atoms is not symmetrical (compare Fig.
14.20b). As the energy increases and the
atoms oscillate with greater amplitude, the
average distance increases.

U1x2

E =
1

2
mv̄2 / T
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17.1 Temperature and Thermal Equilibrium
The concept of temperature is rooted in qualitative ideas of “hot” and “cold”
based on our sense of touch. A body that feels hot usually has a higher tempera-
ture than a similar body that feels cold. That’s pretty vague, and the senses can be
deceived. But many properties of matter that we can measure depend on temper-
ature. The length of a metal rod, steam pressure in a boiler, the ability of a wire to
conduct an electric current, and the color of a very hot glowing object—all these
depend on temperature.

Temperature is also related to the kinetic energies of the molecules of a mate-
rial. In general this relationship is fairly complex, so it’s not a good place to start
in defining temperature. In Chapter 18 we will look at the relationship between
temperature and the energy of molecular motion for an ideal gas. It is important
to understand, however, that temperature and heat can be defined independently
of any detailed molecular picture. In this section we’ll develop a macroscopic
definition of temperature.

To use temperature as a measure of hotness or coldness, we need to construct
a temperature scale. To do this, we can use any measurable property of a system
that varies with its “hotness” or “coldness.” Figure 17.1a shows a familiar system
that is used to measure temperature. When the system becomes hotter, the colored
liquid (usually mercury or ethanol) expands and rises in the tube, and the value of
L increases. Another simple system is a quantity of gas in a constant-volume con-
tainer (Fig. 17.1b). The pressure p, measured by the gauge, increases or decreases
as the gas becomes hotter or colder. A third example is the electrical resistance R
of a conducting wire, which also varies when the wire becomes hotter or colder.
Each of these properties gives us a number (L, p, or R) that varies with hotness
and coldness, so each property can be used to make a thermometer.

To measure the temperature of a body, you place the thermometer in contact
with the body. If you want to know the temperature of a cup of hot coffee, you
stick the thermometer in the coffee; as the two interact, the thermometer becomes
hotter and the coffee cools off a little. After the thermometer settles down to a
steady value, you read the temperature. The system has reached an equilibrium
condition, in which the interaction between the thermometer and the coffee causes
no further change in the system. We call this a state of thermal equilibrium.

If two systems are separated by an insulating material or insulator such as
wood, plastic foam, or fiberglass, they influence each other more slowly. Camp-
ing coolers are made with insulating materials to delay the ice and cold food
inside from warming up and attaining thermal equilibrium with the hot summer
air outside. An ideal insulator is a material that permits no interaction at all
between the two systems. It prevents the systems from attaining thermal equilib-
rium if they aren’t in thermal equilibrium at the start. An ideal insulator is just
that, an idealization; real insulators, like those in camping coolers, aren’t ideal, so
the contents of the cooler will warm up eventually.

The Zeroth Law of Thermodynamics
We can discover an important property of thermal equilibrium by considering
three systems, A, B, and C, that initially are not in thermal equilibrium (Fig. 17.2).
We surround them with an ideal insulating box so that they cannot interact with
anything except each other. We separate systems A and B with an ideal insulating
wall (the green slab in Fig. 17.2a), but we let system C interact with both systems
A and B. This interaction is shown in the figure by a yellow slab representing a
thermal conductor, a material that permits thermal interactions through it. We
wait until thermal equilibrium is attained; then A and B are each in thermal equi-
librium with C. But are they in thermal equilibrium with each other?

To find out, we separate system C from systems A and B with an ideal insulat-
ing wall (Fig. 17.2b), and then we replace the insulating wall between A and B

552 CHAPTER 17 Temperature and Heat

Thick glass
wall

Capillary of
small volume

Liquid (mercury
or ethanol)
Thin glass wall

Zero
level

(a) Changes in temperature cause
the liquid’s volume to change.

L

(b) Changes in temperature cause
the pressure of the gas to change.

p

Container
of gas
at constant
volume

17.1 Two devices for measuring
temperature.

温度计
温度的影响：热胀冷缩

蒸腾凝聚
焰色变化
电阻变化

伽利略测温器：http://v.youku.com/v_show/id_XMzk4MzgzMjQ4.html
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热力学体系

系统类别 物质交换 能量交换 做功 例子

孤立体系 无 无 无 刚性绝热容器内的气体

封闭体系 无 有 有 封闭气球内的气体

开放体系 有 有 有 开口容器

阿佛加德罗常数：NA = 6 x 1023

1摩尔（1 mol） = NA

1 mol 水(H2O) = 18 g
1 mol 空气(O2, N2) = 29 g

估算地球上空气的总质量、总摩尔数。
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强度量

广延量

平衡态和非平衡态

微观物理量：
分子质量(m)
直径(d)
速度(v)
动量(p)
能量(E)

平衡态：体系的宏观性质不随时间变化。
非平衡态：反之。

宏观物理量：
质量(M)
体积(V)
热容量(CV, Cp) 
温度(T)
压强(p)
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热力学第零定律
17.2 Thermometers and Temperature Scales 553

with a conducting wall that lets A and B interact. What happens? Experiment
shows that nothing happens; there are no additional changes to A or B. We
conclude:

If C is initially in thermal equilibrium with both A and B, then A and B are also
in thermal equilibrium with each other. This result is called the zeroth law of
thermodynamics.

(The importance of this law was recognized only after the first, second, and third
laws of thermodynamics had been named. Since it is fundamental to all of them,
the name “zeroth” seemed appropriate.)

Now suppose system C is a thermometer, such as the liquid-in-tube system of
Fig. 17.1a. In Fig. 17.2a the thermometer C is in contact with both A and B. In
thermal equilibrium, when the thermometer reading reaches a stable value, the
thermometer measures the temperature of both A and B; hence A and B both have
the same temperature. Experiment shows that thermal equilibrium isn’t affected
by adding or removing insulators, so the reading of thermometer C wouldn’t
change if it were in contact only with A or only with B. We conclude:

Two systems are in thermal equilibrium if and only if they have the same
temperature.

This is what makes a thermometer useful; a thermometer actually measures its
own temperature, but when a thermometer is in thermal equilibrium with another
body, the temperatures must be equal. When the temperatures of two systems are
different, they cannot be in thermal equilibrium.
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17.2 The zeroth law of thermodynamics.

Test Your Understanding of Section 17.1 You put a thermometer in a
pot of hot water and record the reading. What temperature have you recorded? 
(i) the temperature of the water; (ii) the temperature of the thermometer; (iii) an
equal average of the temperatures of the water and thermometer; (iv) a weighted average
of the temperatures of the water and thermometer, with more emphasis on the tempera-
ture of the water; (v) a weighted average of the water and thermometer, with more
emphasis on the temperature of the thermometer. !

17.2 Thermometers and Temperature Scales
To make the liquid-in-tube device shown in Fig. 17.1a into a useful thermometer,
we need to mark a scale on the tube wall with numbers on it. These numbers are
arbitrary, and historically many different schemes have been used. Suppose we
label the thermometer’s liquid level at the freezing temperature of pure water
“zero” and the level at the boiling temperature “100,” and divide the distance
between these two points into 100 equal intervals called degrees. The result is the
Celsius temperature scale (formerly called the centigrade scale in English-
speaking countries). The Celsius temperature for a state colder than freezing
water is a negative number. The Celsius scale is used, both in everyday life and in
science and industry, almost everywhere in the world.

Another common type of thermometer uses a bimetallic strip, made by bond-
ing strips of two different metals together (Fig. 17.3a). When the temperature of
the composite strip increases, one metal expands more than the other and the
strip bends (Fig. 17.3b). This strip is usually formed into a spiral, with the outer
end anchored to the thermometer case and the inner end attached to a pointer
(Fig. 17.3c). The pointer rotates in response to temperature changes.

In a resistance thermometer the changing electrical resistance of a coil of fine
wire, a carbon cylinder, or a germanium crystal is measured. Resistance ther-
mometers are usually more precise than most other types.

(a) A bimetallic strip

(b) The strip bends when its temperature is
raised.

(c) A bimetallic strip used in a thermometer
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17.3 Use of a bimetallic strip as a
thermometer.
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热力学第零定律：如果两个热力系的每一个都与第三个热力系处于热平衡，则它
们彼此也处于热平衡。

两个系统处于热平衡当且仅当它们具有相同的温度。
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The Kelvin Scale and Absolute Temperature
The Celsius scale has two fixed points: the normal freezing and boiling tempera-
tures of water. But we can define the Kelvin scale using a gas thermometer with
only a single reference temperature. We define the ratio of any two temperatures

and on the Kelvin scale as the ratio of the corresponding gas-thermometer
pressures and 

(constant-volume gas thermometer, T in kelvins) (17.4)

The pressure p is directly proportional to the Kelvin temperature, as shown in
Fig. 17.5b. To complete the definition of T, we need only specify the Kelvin tem-
perature of a single specific state. For reasons of precision and reproducibility,
the state chosen is the triple point of water. This is the unique combination of
temperature and pressure at which solid water (ice), liquid water, and water vapor
can all coexist. It occurs at a temperature of and a water-vapor pressure of
610 Pa (about 0.006 atm). (This is the pressure of the water; it has nothing to do
directly with the gas pressure in the thermometer.) The triple-point temperature

of water is defined to have the value corresponding to
From Eq. (17.4), if is the pressure in a gas thermometer at tempera-

ture and p is the pressure at some other temperature T, then T is given on
the Kelvin scale by

(17.5)

Low-pressure gas thermometers using various gases are found to agree very
closely, but they are large, bulky, and very slow to come to thermal equilibrium.
They are used principally to establish high-precision standards and to calibrate
other thermometers.

Figure 17.7 shows the relationships among the three temperature scales we
have discussed. The Kelvin scale is called an absolute temperature scale, and
its zero point the temperature at which in 
Eq. (17.5)) is called absolute zero. At absolute zero a system of molecules 
(such as a quantity of a gas, a liquid, or a solid) has its minimum possible total
energy (kinetic plus potential); because of quantum effects, however, it is not
correct to say that all molecular motion ceases at absolute zero. To define more
completely what we mean by absolute zero, we need to use the thermodynamic
principles developed in the next several chapters. We will return to this concept
in Chapter 20.

p = 01T = 0 K = -273.15°C,

T = Ttriple
p

ptriple
= 1273.16 K2 p

ptriple

Ttriple

ptriple0.01°C.
Ttriple = 273.16 K,Ttriple

0.01°C

T2

T1
=

p2

p1

p2:p1

T2T1

556 CHAPTER 17 Temperature and Heat

Example 17.1 Body temperature

You place a small piece of ice in your mouth. Eventually, the water
all converts from ice at to body temperature,

Express these temperatures in both Celsius degrees
and kelvins, and find in both cases.

SOLUTION

IDENTIFY and SET UP: Our target variables are stated above. We
convert Fahrenheit temperatures to Celsius using Eq. (17.2), and
Celsius temperatures to Kelvin using Eq. (17.3).

¢T = T2 - T1

T2 = 98.60°F.
T1 = 32.00°F

EXECUTE: From Eq. (17.2), and then
To get the Kelvin temperatures, just

add 273.15 to each Celsius temperature: and
The temperature difference is 

EVALUATE: The Celsius and Kelvin scales have different zero points
but the same size degrees. Therefore any temperature difference 
is the same on the Celsius and Kelvin scales. However, is not the
same on the Fahrenheit scale; here, for example, ¢T = 66.60 F°.

¢T
¢T

37.00 K.
¢T = T2 - T1 =T2 = 310.15 K.

T1 = 273.15 K
¢T = T2 - T1 = 37.00 C°.

T2 = 37.00°C;T1 = 0.00°C

Test Your Understanding of Section 17.3 Rank the following temperatures
from highest to lowest: (i) (ii) ; (iii) 260.00 K; (iv) 77.00 K; 
(v) !-180.00°C.

0.00°F0.00°C;

Water boils

Water freezes

CO2 solidifies

Oxygen liquefies

Absolute zero

373

273

195

90

0

100°

0°

!78°

2183°

2273°

212°

32°

2109°

2298°

2460°

K C F

180 F°100 C°100 K

17.7 Relationships among Kelvin (K),
Celsius (C), and Fahrenheit (F) tempera-
ture scales. Temperatures have been
rounded off to the nearest degree.

绝对温度 (K, Kelvin)

TK = TC + 273.15
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17.3 Gas Thermometers and the Kelvin Scale 555

The principle of a gas thermometer is that the pressure of a gas at constant
volume increases with temperature. A quantity of gas is placed in a constant-
volume container (Fig. 17.5a), and its pressure is measured by one of the
devices described in Section 12.2. To calibrate a constant-volume gas ther-
mometer, we measure the pressure at two temperatures, say and plot
these points on a graph, and draw a straight line between them. Then we can read
from the graph the temperature corresponding to any other pressure. Figure 17.5b
shows the results of three such experiments, each using a different type and
quantity of gas.

By extrapolating this graph, we see that there is a hypothetical temperature,
at which the absolute pressure of the gas would become zero. We

might expect that this temperature would be different for different gases, but it
turns out to be the same for many different gases (at least in the limit of very low
gas density). We can’t actually observe this zero-pressure condition. Gases liq-
uefy and solidify at very low temperatures, and the proportionality of pressure to
temperature no longer holds.

We use this extrapolated zero-pressure temperature as the basis for a tempera-
ture scale with its zero at this temperature. This is the Kelvin temperature scale,
named for the British physicist Lord Kelvin (1824–1907). The units are the same
size as those on the Celsius scale, but the zero is shifted so that 
and that is,

(17.3)

Figure 17.5b shows both the Celsius and Kelvin scales. A common room temper-
ature, is or about 293 K.

CAUTION Never say “degrees kelvin” In SI nomenclature, “degree” is not used with the
Kelvin scale; the temperature mentioned above is read “293 kelvins,” not “degrees kelvin”
(Fig. 17.6). We capitalize Kelvin when it refers to the temperature scale; however, the unit
of temperature is the kelvin, which is not capitalized (but is nonetheless abbreviated as a
capital K). !

20 + 273.15,1= 68°F2,20°C

TK = TC + 273.15

273.15 K = 0°C;
-273.15°C0 K =

-273.15°C,

100°C,0°C

The extrapolated plots all reach zero pressure
at the same temperature: 2273.15°C.

Dashed lines show the plots
extrapolated to zero
pressure.

Plots of pressure as a function of
temperature for gas thermometers
containing different types and
quantities of gas

200

5004003002001000

1000210022002273.15

p

T (°C)

T (K)

(b) Graphs of pressure versus temperature at constant volume
for three different types and quantities of gas

(a) A constant-volume gas
thermometer

17.5 (a) Using a constant-volume gas thermometer to measure temperature. (b) The
greater the amount of gas in the thermometer, the higher the graph of pressure p versus
temperature T.

Kelvin temperatures are
measured in kelvins ...

... not “degrees” kelvin.

Ice and
water

0.00°C

T ! 273.15 K

T ! 273.15 °K

17.6 Correct and incorrect uses of the
Kelvin scale.

p = p0(1 + ↵pTC) = p0TK

绝对温度 (K, Kelvin) TK = TC + 273.15

1039K：大爆炸后宇宙温度
109K：宇宙He合成
107K：热核聚变温度
104K：太阳表面温度
102K：室温
10K：氢的液化
3K：微波背景辐射
10-3K：稀释致冷
10-8K：核自旋致冷
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The van der Waals Equation
The ideal-gas equation, Eq. (18.3), can be obtained from a simple molecular
model that ignores the volumes of the molecules themselves and the attractive
forces between them (Fig. 18.5a). We’ll examine that model in Section 18.3.
Meanwhile, we mention another equation of state, the van der Waals equation,
that makes approximate corrections for these two omissions (Fig. 18.5b). This
equation was developed by the 19th-century Dutch physicist J. D. van der Waals;
the interaction between atoms that we discussed in Section 14.4 was named the
van der Waals interaction after him. The van der Waals equation is

(18.7)

The constants a and b are empirical constants, different for different gases.
Roughly speaking, b represents the volume of a mole of molecules; the total
volume of the molecules is then nb, and the volume remaining in which the mole-
cules can move is The constant a depends on the attractive intermolecular
forces, which reduce the pressure of the gas for given values of n, V, and T by
pulling the molecules together as they push on the walls of the container. The
decrease in pressure is proportional to the number of molecules per unit volume
in a layer near the wall (which are exerting the pressure on the wall) and is also
proportional to the number per unit volume in the next layer beyond the wall
(which are doing the attracting). Hence the decrease in pressure due to intermole-
cular forces is proportional to 

When is small (that is, when the gas is dilute), the average distance
between molecules is large, the corrections in the van der Waals equation become
insignificant, and Eq. (18.7) reduces to the ideal-gas equation. As an example, for
carbon dioxide gas the constants in the van der Waals equation are

and We found in Example
18.1 that 1 mole of an ideal gas at and 

occupies a volume according to Eq. (18.7), V = 0.0224 m3;1.013 * 105 Pa
p = 1 atm =T = 0°C = 273.15 K

b = 4.27 * 10-5 m3>mol.a = 0.364 J # m3>mol2
1CO22

n>V n2>V 2.

V - nb.

ap + an2

V 2 b1V - nb2 = nRT

decreases with elevation. At the summit of Mount Everest, where

The assumption of constant temperature isn’t realistic, and g
decreases a little with increasing elevation (see Challenge Problem
18.92). Even so, this example shows why mountaineers need to
carry oxygen on Mount Everest. It also shows why jet airliners,
which typically fly at altitudes of 8000 to 12,000 m, must have
pressurized cabins for passenger comfort and health.

p = 11.013 * 105 Pa2e-1.10 = 0.337 * 105 Pa = 0.33 atm

Mgy

RT
=
128.8 * 10-3 kg>mol219.80 m>s2218863 m218.314 J>mol # K21273 K2 = 1.10

y = 8863 m,

p

y
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0.25p0

O RT/Mg 2RT/Mg 3RT/Mg

p 5 p0e2Mgy/RT

18.4 The variation of atmospheric pressure p with elevation y,
assuming a constant temperature T.

F

F

F

F

F F

Gas molecules are
infinitely small.

They exert forces
on the walls of the
container but not
on each other.

(a) An idealized model of a gas

Gas molecules have
volume, which reduces
the volume in which
they can move.

They exert attractive
forces on each other,
which reduces the
pressure ...

... and they exert forces on the container’s walls.
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The van der Waals Equation
The ideal-gas equation, Eq. (18.3), can be obtained from a simple molecular
model that ignores the volumes of the molecules themselves and the attractive
forces between them (Fig. 18.5a). We’ll examine that model in Section 18.3.
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that makes approximate corrections for these two omissions (Fig. 18.5b). This
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the interaction between atoms that we discussed in Section 14.4 was named the
van der Waals interaction after him. The van der Waals equation is

(18.7)

The constants a and b are empirical constants, different for different gases.
Roughly speaking, b represents the volume of a mole of molecules; the total
volume of the molecules is then nb, and the volume remaining in which the mole-
cules can move is The constant a depends on the attractive intermolecular
forces, which reduce the pressure of the gas for given values of n, V, and T by
pulling the molecules together as they push on the walls of the container. The
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in a layer near the wall (which are exerting the pressure on the wall) and is also
proportional to the number per unit volume in the next layer beyond the wall
(which are doing the attracting). Hence the decrease in pressure due to intermole-
cular forces is proportional to 
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decreases a little with increasing elevation (see Challenge Problem
18.92). Even so, this example shows why mountaineers need to
carry oxygen on Mount Everest. It also shows why jet airliners,
which typically fly at altitudes of 8000 to 12,000 m, must have
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The van der Waals Equation
The ideal-gas equation, Eq. (18.3), can be obtained from a simple molecular
model that ignores the volumes of the molecules themselves and the attractive
forces between them (Fig. 18.5a). We’ll examine that model in Section 18.3.
Meanwhile, we mention another equation of state, the van der Waals equation,
that makes approximate corrections for these two omissions (Fig. 18.5b). This
equation was developed by the 19th-century Dutch physicist J. D. van der Waals;
the interaction between atoms that we discussed in Section 14.4 was named the
van der Waals interaction after him. The van der Waals equation is

(18.7)

The constants a and b are empirical constants, different for different gases.
Roughly speaking, b represents the volume of a mole of molecules; the total
volume of the molecules is then nb, and the volume remaining in which the mole-
cules can move is The constant a depends on the attractive intermolecular
forces, which reduce the pressure of the gas for given values of n, V, and T by
pulling the molecules together as they push on the walls of the container. The
decrease in pressure is proportional to the number of molecules per unit volume
in a layer near the wall (which are exerting the pressure on the wall) and is also
proportional to the number per unit volume in the next layer beyond the wall
(which are doing the attracting). Hence the decrease in pressure due to intermole-
cular forces is proportional to 

When is small (that is, when the gas is dilute), the average distance
between molecules is large, the corrections in the van der Waals equation become
insignificant, and Eq. (18.7) reduces to the ideal-gas equation. As an example, for
carbon dioxide gas the constants in the van der Waals equation are

and We found in Example
18.1 that 1 mole of an ideal gas at and 

occupies a volume according to Eq. (18.7), V = 0.0224 m3;1.013 * 105 Pa
p = 1 atm =T = 0°C = 273.15 K

b = 4.27 * 10-5 m3>mol.a = 0.364 J # m3>mol2
1CO22

n>V n2>V 2.

V - nb.

ap + an2

V 2 b1V - nb2 = nRT

decreases with elevation. At the summit of Mount Everest, where

The assumption of constant temperature isn’t realistic, and g
decreases a little with increasing elevation (see Challenge Problem
18.92). Even so, this example shows why mountaineers need to
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1 mole of occupying this volume at this temperature would be at a pressure
532 Pa less than 1 atm, a difference of only 0.5% from the ideal-gas value.

pV-Diagrams
We could in principle represent the p-V-T relationship graphically as a surface in
a three-dimensional space with coordinates p, V, and T. This representation
sometimes helps us grasp the overall behavior of the substance, but ordinary two-
dimensional graphs are usually more convenient. One of the most useful of these
is a set of graphs of pressure as a function of volume, each for a particular
constant temperature. Such a diagram is called a pV-diagram. Each curve, repre-
senting behavior at a specific temperature, is called an isotherm, or a pV-
isotherm.

Figure 18.6 shows pV-isotherms for a constant amount of an ideal gas. Since 
p ! from Eq. (18.3), along an isotherm (constant T) the pressure p is
inversely proportional to the volume V and the isotherms are hyperbolic curves.

Figure 18.7 shows a pV-diagram for a material that does not obey the ideal-
gas equation. At temperatures below the isotherms develop flat regions in
which we can compress the material (that is, reduce the volume V) without
increasing the pressure p. Observation shows that the gas is condensing from the
vapor (gas) to the liquid phase. The flat parts of the isotherms in the shaded area
of Fig. 18.7 represent conditions of liquid-vapor phase equilibrium. As the vol-
ume decreases, more and more material goes from vapor to liquid, but the pres-
sure does not change. (To keep the temperature constant during condensation, we
have to remove the heat of vaporization, discussed in Section 17.6.)

When we compress such a gas at a constant temperature in Fig. 18.7, it is
vapor until point a is reached. Then it begins to liquefy; as the volume decreases
further, more material liquefies, and both the pressure and the temperature remain
constant. At point b, all the material is in the liquid state. After this, any further
compression requires a very rapid rise of pressure, because liquids are in general
much less compressible than gases. At a lower constant temperature similar
behavior occurs, but the condensation begins at lower pressure and greater vol-
ume than at the constant temperature At temperatures greater than no
phase transition occurs as the material is compressed; at the highest temperatures,
such as the curves resemble the ideal-gas curves of Fig. 18.6. We call the
critical temperature for this material. In Section 18.6 we’ll discuss what happens
to the phase of the gas above the critical temperature.

We will use pV-diagrams often in the next two chapters. We will show that the
area under a pV-curve (whether or not it is an isotherm) represents the work done
by the system during a volume change. This work, in turn, is directly related to
heat transfer and changes in the internal energy of the system.
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Test Your Understanding of Section 18.1 Rank the following ideal
gases in order from highest to lowest number of moles: (i) pressure 1 atm, volume
1 L, and temperature 300 K; (ii) pressure 2 atm, volume 1 L, and temperature 300 K;
(iii) pressure 1 atm, volume 2 L, and temperature 300 K; (iv) pressure 1 atm, volume 1 L,
and temperature 600 K; (v) pressure 2 atm, volume 1 L, and temperature 600 K. !

18.2 Molecular Properties of Matter
We have studied several properties of matter in bulk, including elasticity, density,
surface tension, heat capacities, and equations of state. Now we want to look in
more detail at the relationship of bulk behavior to molecular structure. We begin
with a general discussion of the molecular structure of matter. Then in the next two
sections we develop the kinetic-molecular model of an ideal gas, obtaining from
this molecular model the equation of state and an expression for heat capacity.
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18.2 Molecular Properties of Matter
We have studied several properties of matter in bulk, including elasticity, density,
surface tension, heat capacities, and equations of state. Now we want to look in
more detail at the relationship of bulk behavior to molecular structure. We begin
with a general discussion of the molecular structure of matter. Then in the next two
sections we develop the kinetic-molecular model of an ideal gas, obtaining from
this molecular model the equation of state and an expression for heat capacity.
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理想气体状态图 18.6 Phases of Matter 613

jk and the solid region lm than in the vapor region gh. Finally, line nopq repre-
sents isothermal solidification directly from vapor, as in the formation of
snowflakes or frost.

Figure 18.27 shows the much simpler pVT-surface for a substance that obeys
the ideal-gas equation of state under all conditions. The projections of the
constant-temperature curves onto the pV-plane correspond to the curves of 
Fig. 18.6, and the projections of the constant-volume curves onto the pT-plane show
that pressure is directly proportional to absolute temperature.
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18.27 A pVT-surface for an ideal gas.
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certain constant volume; at the right, each
green line corresponds to a certain constant
temperature.

Test Your Understanding of Section 18.6 The average atmospheric pressure
on Mars is Could there be lakes or rivers of liquid water on Mars today?
What about in the past, when the atmospheric pressure is thought to have been substan-
tially greater than today? !

6.0 * 102 Pa.

f(p, V, T ) = 0状态方程：
理想气体： pV = ⌫RT
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N
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R = 8.31 J/(mol·K)

理想气体状态方程： pV = ⌫RT
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大气压强随高度变化
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大气压强随高度变化
p(y)

⇢(y)

压强随高度变化：

密度随高度变化：

dp(y) = �⇢(y)gdy ) dp(y)

dy
= �⇢(y)g

dp(y)

dy
= �Mg

kT
p(y) ) p(y) = p0e

�Mgy/kT

p = nkT =
⇢

M
kT ) ⇢(y) =

M

kT
p(y)

空气分子平均质量

假设空气组分不随高度变化
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理想气体微观模型

平衡态概率假设：
1.分子在容器内空间任一点出现的概率相同
2.分子运动速度按方向分布概率相同（各项同性）
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理想气体的压强公式

Fi

�
S

vi�
t

vi : ni

X

i

ni = n

�F
i

�t = �P
i

= n
i

(v
ix

�t�S)(�2p
ix

)

p =
F

�S
=

X

i,v

ix

>0

F
i

�S
= 2

X

i,v

ix

>0

n
i

p
ix

v
ix

=
X

i

n
i

p
ix

v
ix

= np
x

v
x

=
1

3
np · v

Prepared by Jiang Xiao



理想气体的压强公式
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理想气体的压强公式
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宏观可观测量 微观量的统计平均
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温度的统计意义
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18.3 Kinetic-Molecular Model of an Ideal Gas 603

Example 18.6 Molecular kinetic energy and vrms

(a) What is the average translational kinetic energy of an ideal-gas
molecule at (b) What is the total random translational
kinetic energy of the molecules in 1 mole of this gas? (c) What is
the root-mean-square speed of oxygen molecules at this tempera-
ture?

SOLUTION

IDENTIFY and SET UP: This problem involves the translational
kinetic energy of an ideal gas on a per-molecule and per-mole basis,
as well as the root-mean-square molecular speed . We are given

= 300 K and we use the molecular mass m
for oxygen. We use Eq. (18.16) to determine the average kinetic
energy of a molecule, Eq. (18.14) to find the total molecular kinetic
energy of 1 mole, and Eq. (18.19) to find .

EXECUTE: (a) From Eq. (18.16),

= 6.21 * 10-21 J

1
2 m1v22av = 3

2 kT = 3
2 11.38 * 10-23 J>K21300 K2

vrmsKtr

n = 1 mol;T = 27°C
vrms

27°C?
(b) From Eq. (18.14), the kinetic energy of one mole is

(c) We found the mass per molecule m and molar mass M of
molecular oxygen in Example 18.5. Using Eq. (18.19), we can cal-
culate in two ways:

EVALUATE: The answer in part (a) does not depend on the mass of
the molecule. We can check our result in part (b) by noting that the
translational kinetic energy per mole must be equal to the product of
the average translational kinetic energy per molecule from part
(a) and Avogadro’s number 16.21 * 10-21 J>molecule2 = 3740 J.

1023 molecules2NA: Ktr = 16.022 *

vrms = B3RT
M

= B318.314 J>mol # K21300 K2
32.0 * 10-3 kg>mol

= 484 m>s= 484 m>s = 1740 km>h = 1080 mi>hvrms = B3kT
m

= B311.38 * 10-23 J>K21300 K2
5.31 * 10-26 kg

vrms

Ktr = 3
2 nRT = 3

2 11 mol218.314 J>mol # K21300 K2 = 3740 J

Example 18.7 Calculating rms and average speeds

Five gas molecules chosen at random are found to have speeds of
500, 600, 700, 800, and What is the rms speed? What is
the average speed?

SOLUTION

IDENTIFY and SET UP: We use the definitions of the root mean
square and the average of a collection of numbers. To find , we
square each speed, find the average (mean) of the squares, and take
the square root of the result. We find as usual.

EXECUTE: The average value of and the resulting for the
five molecules are

= 5.10 * 105 m2>s2

1v22av = 5002 + 6002 + 7002 + 8002 + 9002

5
 m2>s2

vrmsv2

vav

vrms

900 m>s.
The average speed is

EVALUATE: In general and are not the same. Roughly
speaking, gives greater weight to the higher speeds than
does vav.

vrms

vavvrms

vav = 500 + 600 + 700 + 800 + 900
5

 m>s = 700 m>svav

vrms = 21v22av = 714 m>s

Collisions Between Molecules
We have ignored the possibility that two gas molecules might collide. If they are
really points, they never collide. But consider a more realistic model in which the
molecules are rigid spheres with radius r. How often do they collide with other
molecules? How far do they travel, on average, between collisions? We can get
approximate answers from the following rather primitive model.

Consider N spherical molecules with radius r in a volume V. Suppose only one
molecule is moving. When it collides with another molecule, the distance
between centers is 2r. Suppose we draw a cylinder with radius 2r, with its axis
parallel to the velocity of the molecule (Fig. 18.15). The moving molecule col-
lides with any other molecule whose center is inside this cylinder. In a short time
dt a molecule with speed travels a distance during this time it collides with
any molecule that is in the cylindrical volume of radius 2r and length The
volume of the cylinder is There are molecules per unit volume, so
the number dN with centers in this cylinder is

dN = 4pr 2v dt N>V
N>V4pr 2v dt.

v dt.
v dt;v

r

r
r

r
v dt

v
r

2r

18.15 In a time dt a molecule with
radius r will collide with any other mole-
cule within a cylindrical volume of radius
2r and length v dt.
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热力学第零定律的微观图像
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实际气体状体图

You can understand this by thinking about liquid-phase transitions at succes-
sively higher points on the vaporization curve. As we approach the critical point,
the differences in physical properties (such as density and compressibility)
between the liquid and vapor phases become smaller. Exactly at the critical point
they all become zero, and at this point the distinction between liquid and vapor
disappears. The heat of vaporization also grows smaller as we approach the criti-
cal point, and it too becomes zero at the critical point.

For nearly all familiar materials the critical pressures are much greater than
atmospheric pressure, so we don’t observe this behavior in everyday life. For
example, the critical point for water is at 647.4 K and (about 218
atm or 3210 psi). But high-pressure steam boilers in electric generating plants
regularly run at pressures and temperatures well above the critical point.

Many substances can exist in more than one solid phase. A familiar example is
carbon, which exists as noncrystalline soot and crystalline graphite and diamond.
Water is another example; at least eight types of ice, differing in crystal structure
and physical properties, have been observed at very high pressures.

pVT-Surfaces
We remarked in Section 18.1 that the equation of state of any material can be rep-
resented graphically as a surface in a three-dimensional space with coordinates p,
V, and T. Visualizing such a surface can add to our understanding of the behavior
of materials at various temperatures and pressures. Figure 18.26 shows a typical
pVT-surface. The light lines represent pV-isotherms; projecting them onto the
pV-plane gives a diagram similar to Fig. 18.7. The pV-isotherms represent con-
tour lines on the pVT-surface, just as contour lines on a topographic map repre-
sent the elevation (the third dimension) at each point. The projections of the
edges of the surface onto the pT-plane give the pT phase diagram of Fig. 18.24.

Line abcdef in Fig. 18.26 represents constant-pressure heating, with melting
along bc and vaporization along de. Note the volume changes that occur as T
increases along this line. Line ghjklm corresponds to an isothermal (constant tem-
perature) compression, with liquefaction along hj and solidification along kl.
Between these, segments gh and jk represent isothermal compression with
increase in pressure; the pressure increases are much greater in the liquid region

221.2 * 105 Pa
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18.26 A pVT-surface for a substance
that expands on melting. Projections of the
boundaries on the surface onto the pT- and
pV-planes are also shown.

Solid-Liquid

f

Gas

Critical
point

Liquid

Solid

p

V

e

LiquidvaporSolid-Vapor

i

Solid
Liquid

So
lid

-L
iq

ui
d

Solid-Vapor

Vapor

Gas

q
m
l k

a

b

p

c
d

h

o

T1

T2
T3

Tc
T4

p

T

f

ga

Critical
point

m

O

O

TEMPERA T
URE

VOLUME

P
R
E
S
S
U
R
E j

Li
qu

dSolid

Critical
point

g

n

Vapor

LiquidvaporTriple line

i

PhET: States of Matter

f(p, V, T ) = 0状态方程：
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The van der Waals Equation
The ideal-gas equation, Eq. (18.3), can be obtained from a simple molecular
model that ignores the volumes of the molecules themselves and the attractive
forces between them (Fig. 18.5a). We’ll examine that model in Section 18.3.
Meanwhile, we mention another equation of state, the van der Waals equation,
that makes approximate corrections for these two omissions (Fig. 18.5b). This
equation was developed by the 19th-century Dutch physicist J. D. van der Waals;
the interaction between atoms that we discussed in Section 14.4 was named the
van der Waals interaction after him. The van der Waals equation is

(18.7)

The constants a and b are empirical constants, different for different gases.
Roughly speaking, b represents the volume of a mole of molecules; the total
volume of the molecules is then nb, and the volume remaining in which the mole-
cules can move is The constant a depends on the attractive intermolecular
forces, which reduce the pressure of the gas for given values of n, V, and T by
pulling the molecules together as they push on the walls of the container. The
decrease in pressure is proportional to the number of molecules per unit volume
in a layer near the wall (which are exerting the pressure on the wall) and is also
proportional to the number per unit volume in the next layer beyond the wall
(which are doing the attracting). Hence the decrease in pressure due to intermole-
cular forces is proportional to 

When is small (that is, when the gas is dilute), the average distance
between molecules is large, the corrections in the van der Waals equation become
insignificant, and Eq. (18.7) reduces to the ideal-gas equation. As an example, for
carbon dioxide gas the constants in the van der Waals equation are

and We found in Example
18.1 that 1 mole of an ideal gas at and 

occupies a volume according to Eq. (18.7), V = 0.0224 m3;1.013 * 105 Pa
p = 1 atm =T = 0°C = 273.15 K

b = 4.27 * 10-5 m3>mol.a = 0.364 J # m3>mol2
1CO22

n>V n2>V 2.

V - nb.

ap + an2

V 2 b1V - nb2 = nRT

decreases with elevation. At the summit of Mount Everest, where

The assumption of constant temperature isn’t realistic, and g
decreases a little with increasing elevation (see Challenge Problem
18.92). Even so, this example shows why mountaineers need to
carry oxygen on Mount Everest. It also shows why jet airliners,
which typically fly at altitudes of 8000 to 12,000 m, must have
pressurized cabins for passenger comfort and health.

p = 11.013 * 105 Pa2e-1.10 = 0.337 * 105 Pa = 0.33 atm

Mgy

RT
=
128.8 * 10-3 kg>mol219.80 m>s2218863 m218.314 J>mol # K21273 K2 = 1.10

y = 8863 m,

p

y

p0

0.75p0

0.50p0

0.25p0

O RT/Mg 2RT/Mg 3RT/Mg

p 5 p0e2Mgy/RT

18.4 The variation of atmospheric pressure p with elevation y,
assuming a constant temperature T.
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F F

Gas molecules are
infinitely small.

They exert forces
on the walls of the
container but not
on each other.

(a) An idealized model of a gas

Gas molecules have
volume, which reduces
the volume in which
they can move.

They exert attractive
forces on each other,
which reduces the
pressure ...

... and they exert forces on the container’s walls.

(b) A more realistic model of a gas 18.5 A gas as modeled by (a) the
ideal-gas equation and (b) the van der
Waals equation.

理
想
气
体

实
际
气
体

理想气体状态方程：

pV = ⌫RT

范德瓦尔斯方程：
✓
p+

⌫2a

V 2

◆
(V � ⌫b) = ⌫RT

p =
⌫RT

V � ⌫b
� ⌫2a

V 2p (V � ⌫b) = ⌫RT

考虑分子大小：
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