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Last time

• Torricelli’s Law

• applications of Bernoulli’s equation



Overview

• heat, thermal equilibrium, and the 0th law

• temperature

• temperature scales



HW Problem #18

A solid sphere of brass (bulk modulus of 14.0 × 1010 N/m2) with a
diameter of 3.00 m is thrown into the ocean. By how much does
the diameter of the sphere decrease as it sinks to a depth of
1.00 km? (ρseawater = 1030 kg/m3)



Introducing Thermodynamics

Now something different. (Chapter 19)

Thermodynamics is the study of temperature, head transfer, phase
changes, together with energy and work.

It focuses on relating the bulk properties and behavior of
substances. These bulk properties are usually easily measured.

Why is this interesting?

• it is a little surprising (philosophically) that it works so well

• it can help us to understand how the universe is evolving

• it is really important for technology
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Heat

Heat is a kind of energy transfer into our out of a system.

In the same way we say that something does work on an object, we
say that heat flows from one object to another.

Technically, an object does not “contain heat”, heat is just energy
being transferred.

The symbol for heat is Q, and units are Joules, J.



Heat

214 Chapter 8 Conservation of Energy

are familiar with work, we can simplify the appearance of equations by letting the 
simple symbol W represent the external work Wext on a system. For internal work, we 
will always use Wint to differentiate it from W.) The other four members of our list 
do not have established symbols, so we will call them TMW (mechanical waves), TMT 
(matter transfer), TET (electrical transmission), and TER (electromagnetic radiation).
 The full expansion of Equation 8.1 is

 DK 1 DU 1 DEint 5 W 1 Q 1 TMW 1 TMT 1 TET 1 TER (8.2)

which is the primary mathematical representation of the energy version of the anal-
ysis model of the nonisolated system. (We will see other versions of the nonisolated 
system model, involving linear momentum and angular momentum, in later chap-
ters.) In most cases, Equation 8.2 reduces to a much simpler one because some of 
the terms are zero for the specific situation. If, for a given system, all terms on the 
right side of the conservation of energy equation are zero, the system is an isolated 
system, which we study in the next section.
 The conservation of energy equation is no more complicated in theory than the 
process of balancing your checking account statement. If your account is the sys-
tem, the change in the account balance for a given month is the sum of all the 
transfers: deposits, withdrawals, fees, interest, and checks written. You may find it 
useful to think of energy as the currency of nature!
 Suppose a force is applied to a nonisolated system and the point of application 
of the force moves through a displacement. Then suppose the only effect on the 
system is to change its speed. In this case, the only transfer mechanism is work (so 
that the right side of Eq. 8.2 reduces to just W) and the only kind of energy in the 
system that changes is the kinetic energy (so that the left side of Eq. 8.2 reduces to 
just DK). Equation 8.2 then becomes

DK 5 W

which is the work–kinetic energy theorem. This theorem is a special case of the 
more general principle of conservation of energy. We shall see several more special 
cases in future chapters.

Q uick Quiz 8.1  By what transfer mechanisms does energy enter and leave (a) your 
television set? (b) Your gasoline-powered lawn mower? (c) Your hand-cranked 
pencil sharpener?

Q uick Quiz 8.2  Consider a block sliding over a horizontal surface with friction. 
Ignore any sound the sliding might make. (i) If the system is the block, this sys-
tem is (a) isolated (b) nonisolated (c) impossible to determine (ii) If the system 
is the surface, describe the system from the same set of choices. (iii) If the system 
is the block and the surface, describe the system from the same set of choices.

Analysis Model   Nonisolated System (Energy)
Imagine you have identified a system to be analyzed 
and have defined a system boundary.  Energy can 
exist in the system in three forms: kinetic, potential, 
and internal. The total of that energy can be changed 
when energy crosses the system boundary by any of six 
transfer methods shown in the diagram here. The total 
change in the energy in the system is equal to the total 
amount of energy that has crossed the system bound-
ary. The mathematical statement of that concept is 
expressed in the conservation of energy equation:

 DEsystem 5 o T (8.1)

Work Heat Mechanical
waves

Matter
transfer

Electrical
transmission

Electromagnetic
radiation

Kinetic energy
Potential energy
Internal energy

System
boundary

The change in the total 
amount of energy in 
the system is equal to 
the total amount of 
energy that crosses the 
boundary of the system.

1Figure from Serway & Jewett, 9th ed., page 214.



The Zeroth Law of Thermodynamics

Thermodynamic Equilibrium

Two systems are in thermodynamic equilibrium when they would
not exchange energy by heat or EM radiation, even when placed in
thermal contact.

0th Law

If two systems are each in thermodynamic equilibrium with a third
system, then the are in thermodynamic equilibrium with each other.

This means that thermodynamic equilibrium is transitive, a bit like
the equal sign.



Temperature

We can go beyond simply saying that two systems are in
equilibrium.

We can also compare two systems that are not in equilibrium by
analyzing which way heat is transferred when they are brought into
contact.

We create a scale for thermodynamic systems to compare them:
temperature, T .

1Figure: Tom Benson, Glen Research Center, NASA, www.grc.nasa.gov.



Temperature

If two systems, A and B are in thermal equilibrium then their
temperatures are equal,

TA = TB

If system A transfers heat energy to system B, then

TA > TB

(Or, system A is “hotter” than system B.)

If system B transfers heat energy to system A, then

TA < TB



Temperature

It is not possible to rigorously compare the temperature of objects
just by touching them.

Some substances like metal or ceramic tiles at room temperature
may feel cool to the touch, while wool at room temperature does
not feel cool at all.

This is due to the fact that some substances transfer heat more
quickly than others, and our sense of “hotness” or “coolness” has
more to do with the rate at which heat is transferred to or from us
than actual the temperature.



Measuring Temperature

Devices for measuring temperatures are called thermometers.

All such devices work by employing a substance that changes its
properties as it changes temperature.



Measuring Temperature

The most familiar tool for measuring temperature is the mercury
thermometer.

As the bulb warms, the mercury expands into a thin capillary tube.



Temperature and Absolute Zero
Ancient Greek and Egyptian scientists understood that gases
expand when heated.

Galileo Galilei used this idea to make a thermoscope – a
temperature sensing device without a scale.

Air is the expanding gas, drawing water up or down in a tube.



Temperature and Absolute Zero

Air thermometer in use:

1Photos from Washington State LASER org website.



Measuring Temperature

Another way to use a gas to measure temperature is to keep a gas
at constant volume as its pressure changes.

 19.3 The Constant-Volume Gas Thermometer and the Absolute Temperature Scale 571

at constant temperature. One such system is a mixture of water and ice in thermal 
equilibrium at atmospheric pressure. On the Celsius temperature scale, this mix-
ture is defined to have a temperature of zero degrees Celsius, which is written as 
08C; this temperature is called the ice point of water. Another commonly used system 
is a mixture of water and steam in thermal equilibrium at atmospheric pressure; its 
temperature is defined as 1008C, which is the steam point of water. Once the liquid 
levels in the thermometer have been established at these two points, the length of 
the liquid column between the two points is divided into 100 equal segments to cre-
ate the Celsius scale. Therefore, each segment denotes a change in temperature of 
one Celsius degree.
 Thermometers calibrated in this way present problems when extremely accurate 
readings are needed. For instance, the readings given by an alcohol thermometer 
calibrated at the ice and steam points of water might agree with those given by a 
mercury thermometer only at the calibration points. Because mercury and alcohol 
have different thermal expansion properties, when one thermometer reads a tem-
perature of, for example, 508C, the other may indicate a slightly different value. 
The discrepancies between thermometers are especially large when the tempera-
tures to be measured are far from the calibration points.2
 An additional practical problem of any thermometer is the limited range of tem-
peratures over which it can be used. A mercury thermometer, for example, cannot 
be used below the freezing point of mercury, which is 2398C, and an alcohol ther-
mometer is not useful for measuring temperatures above 858C, the boiling point of 
alcohol. To surmount this problem, we need a universal thermometer whose read-
ings are independent of the substance used in it. The gas thermometer, discussed 
in the next section, approaches this requirement.

19.3  The Constant-Volume Gas Thermometer  
and the Absolute Temperature Scale

One version of a gas thermometer is the constant-volume apparatus shown in Fig-
ure 19.3. The physical change exploited in this device is the variation of pressure 
of a fixed volume of gas with temperature. The flask is immersed in an ice-water 
bath, and mercury reservoir B is raised or lowered until the top of the mercury in 
column A is at the zero point on the scale. The height h, the difference between the 
mercury levels in reservoir B and column A, indicates the pressure in the flask at 
08C by means of Equation 14.4, P 5 P0 1 rgh.
 The flask is then immersed in water at the steam point. Reservoir B is read-
justed until the top of the mercury in column A is again at zero on the scale, which 
ensures that the gas’s volume is the same as it was when the flask was in the ice bath 
(hence the designation “constant-volume”). This adjustment of reservoir B gives a 
value for the gas pressure at 1008C. These two pressure and temperature values are 
then plotted as shown in Figure 19.4. The line connecting the two points serves as 
a calibration curve for unknown temperatures. (Other experiments show that a 
linear relationship between pressure and temperature is a very good assumption.) 
To measure the temperature of a substance, the gas flask of Figure 19.3 is placed in 
thermal contact with the substance and the height of reservoir B is adjusted until 
the top of the mercury column in A is at zero on the scale. The height of the mer-
cury column in B indicates the pressure of the gas; knowing the pressure, the tem-
perature of the substance is found using the graph in Figure 19.4.
 Now suppose temperatures of different gases at different initial pressures 
are measured with gas thermometers. Experiments show that the thermometer 
readings are nearly independent of the type of gas used as long as the gas pres-
sure is low and the temperature is well above the point at which the gas liquefies  

2Two thermometers that use the same liquid may also give different readings, due in part to difficulties in construct-
ing uniform-bore glass capillary tubes.

A B

The volume of gas in the flask is 
kept constant by raising or 
lowering reservoir B to keep the 
mercury level in column A 
constant.

h

Scale

0

Mercury
reservoir

Flexible
hose

Bath or
environment
to be measured

P
Gas

Figure 19.3  A constant-volume 
gas thermometer measures the 
pressure of the gas contained in 
the flask immersed in the bath.

1000
T (!C)

P

The two dots represent known 
reference temperatures (the 
ice and steam points of water).

Figure 19.4  A typical graph 
of pressure versus temperature 
taken with a constant-volume gas 
thermometer.

This is a constant-volume gas thermometer.

1Diagram from Serway & Jewett, 9th ed.

l move reservoir B
up or down



Measuring Temperature

In a constant-volume gas thermometer, the pressure, as measured
by the height h, varies linearly with the temperature.

1000
T (!C)

P

1Diagram from Serway & Jewett, 9th ed.



Measuring Temperature
Different gas samples can have different pressures at the same
temperature, and different slopes dP

dT .
572 Chapter 19 Temperature

(Fig. 19.5). The agreement among thermometers using various gases improves as 
the pressure is reduced.
 If we extend the straight lines in Figure 19.5 toward negative temperatures, we 
find a remarkable result: in every case, the pressure is zero when the temperature 
is 2273.158C! This finding suggests some special role that this particular tempera-
ture must play. It is used as the basis for the absolute temperature scale, which sets 
2273.158C as its zero point. This temperature is often referred to as absolute zero. It 
is indicated as a zero because at a lower temperature, the pressure of the gas would 
become negative, which is meaningless. The size of one degree on the absolute tem-
perature scale is chosen to be identical to the size of one degree on the Celsius 
scale. Therefore, the conversion between these temperatures is

 TC 5 T 2 273.15 (19.1)

where TC is the Celsius temperature and T is the absolute temperature.
 Because the ice and steam points are experimentally difficult to duplicate and 
depend on atmospheric pressure, an absolute temperature scale based on two new 
fixed points was adopted in 1954 by the International Committee on Weights and 
Measures. The first point is absolute zero. The second reference temperature for this 
new scale was chosen as the triple point of water, which is the single combination of 
temperature and pressure at which liquid water, gaseous water, and ice (solid water) 
coexist in equilibrium. This triple point occurs at a temperature of 0.018C and a pres-
sure of 4.58 mm of mercury. On the new scale, which uses the unit kelvin, the tem-
perature of water at the triple point was set at 273.16 kelvins, abbreviated 273.16 K.  
This choice was made so that the old absolute temperature scale based on the ice 
and steam points would agree closely with the new scale based on the triple point. 
This new absolute temperature scale (also called the Kelvin scale) employs the SI 
unit of absolute temperature, the kelvin, which is defined to be 1/273.16 of the dif-
ference between absolute zero and the temperature of the triple point of water.
 Figure 19.6 gives the absolute temperature for various physical processes and 
structures. The temperature of absolute zero (0 K) cannot be achieved, although 
laboratory experiments have come very close, reaching temperatures of less than 
one nanokelvin.

The Celsius, Fahrenheit, and Kelvin Temperature Scales3

Equation 19.1 shows that the Celsius temperature TC is shifted from the absolute 
(Kelvin) temperature T by 273.158. Because the size of one degree is the same on 
the two scales, a temperature difference of 58C is equal to a temperature difference 
of 5 K. The two scales differ only in the choice of the zero point. Therefore, the 
ice-point temperature on the Kelvin scale, 273.15 K, corresponds to 0.008C, and the 
Kelvin-scale steam point, 373.15 K, is equivalent to 100.008C.
 A common temperature scale in everyday use in the United States is the Fahren-
heit scale. This scale sets the temperature of the ice point at 328F and the tempera-
ture of the steam point at 2128F. The relationship between the Celsius and Fahrenheit 
temperature scales is

 TF 5 9
5TC 1 328F (19.2)

We can use Equations 19.1 and 19.2 to find a relationship between changes in tem-
perature on the Celsius, Kelvin, and Fahrenheit scales:

 DTC 5 DT 5 5
9 DTF (19.3)

 Of these three temperature scales, only the Kelvin scale is based on a true zero 
value of temperature. The Celsius and Fahrenheit scales are based on an arbitrary 
zero associated with one particular substance, water, on one particular planet, the 

Trial 2

Trial 3

Trial 1
P

200
T (!C)

1000"100"200

For all three trials, the pressure 
extrapolates to zero at the 
temperature "273.15!C.

Figure 19.5  Pressure versus 
temperature for experimental tri-
als in which gases have different 
pressures in a constant-volume gas 
thermometer.

Pitfall Prevention 19.1
A Matter of Degree Notations for 
temperatures in the Kelvin scale do 
not use the degree sign. The unit 
for a Kelvin temperature is simply 
“kelvins” and not “degrees Kelvin.”

3Named after Anders Celsius (1701–1744), Daniel Gabriel Fahrenheit (1686–1736), and William Thomson, Lord Kel-
vin (1824–1907), respectively.
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Figure 19.6  Absolute tempera-
tures at which various physical 
processes occur.

All have the same x-intercept, however.



Temperature and Absolute Zero

Robert Boyle (1655) speculated there might be a minimum
possible temperature.

Guillaume Amontons (1702) made improvements to the air
thermometer.

He noticed that his thermometer would not be able to register
temperatures below the value where the air was compressed to
(effectively) zero volume.

He proposed this as a zero-point of temperature scales.



Temperature Scales

There are a few different scales in common use:

• Fahrenheit, F

• Celsius, C

• Kelvin, K



Temperature: Degrees

In all of those temperature scales the unit of temperature is the
degree.

Celsius and Kelvin degrees are the same size. (A temperature rise
of 1 degree C, is the same as a temperature rise of 1 degree K.)

However, Fahrenheit degrees are smaller. There are 1.8
degrees-F-scale in 1 degree-C-scale.



Temperature: Degrees

and T a Kelvin temperature, then

TC ! T " 273.15°. (18-7)

In expressing temperatures on the Celsius scale, the degree symbol is commonly
used. Thus, we write 20.00°C for a Celsius reading but 293.15 K for a Kelvin
reading.

The Fahrenheit scale, used in the United States, employs a smaller degree than
the Celsius scale and a different zero of temperature. You can easily verify both
these differences by examining an ordinary room thermometer on which both scales
are marked.The relation between the Celsius and Fahrenheit scales is

(18-8)

where TF is Fahrenheit temperature. Converting between these two scales can be
done easily by remembering a few corresponding points, such as the freezing and
boiling points of water (Table 18-1). Figure 18-7 compares the Kelvin, Celsius,
and Fahrenheit scales.

We use the letters C and F to distinguish measurements and degrees on the
two scales.Thus,

0°C ! 32°F

means that 0° on the Celsius scale measures the same temperature as 32° on the
Fahrenheit scale, whereas

5 C° ! 9 F°

means that a temperature difference of 5 Celsius degrees (note the degree sym-
bol appears after C) is equivalent to a temperature difference of 9 Fahrenheit
degrees.

TF ! 9
5TC # 32$,

480 CHAPTE R 18 TE M PE RATU R E, H EAT, AN D TH E F I RST LAW OF TH E R MODYNAM ICS

HALLIDAY REVISED

Fig. 18-7 The Kelvin, Celsius, and
Fahrenheit temperature scales compared.

Triple
point of

water

Absolute
zero

273.16 K 0.01°C 32.02°F

0 K –273.15°C –459.67°F

CHECKPOINT 1

The figure here shows three linear temperature scales with the freezing and boiling
points of water indicated. (a) Rank the degrees on these scales by size, greatest first. (b)
Rank the following temperatures, highest first: 50°X, 50°W, and 50°Y.

70°X

–20°X

120°W

30°W

90°Y

0°Y

Boiling point

Freezing point

Table 18-1

Some Corresponding Temperatures

Temperature °C °F

Boiling point of watera 100 212
Normal body temperature 37.0 98.6
Accepted comfort level 20 68
Freezing point of watera 0 32
Zero of Fahrenheit scale ! "18 0
Scales coincide "40 "40

aStrictly, the boiling point of water on the Celsius scale is 99.975°C,
and the freezing point is 0.00°C.Thus, there is slightly less than 100 C°
between those two points.

halliday_c18_476-506v2.qxd  22-10-2009  12:02  Page 480

1Figure from Halliday, Resnick, and Walker, 9th ed.



Fahrenheit
On the Fahrenheit scale, originally,

• 0 degrees corresponds to the coldest salt water can be before
freezing

• 100 degrees is human body temperature

This is a very arbitrary choice reference points. Worse yet,
different people have different body temperatures and there are
many kinds of salt water.

Now, the Fahrenheit scale is defined so that:

• 32 degrees corresponds to the freezing point of water

• 212 degrees is the boiling point of water at atmospheric
pressure

These reference points are easier to reproducibly measure, but now
they correspond to degree numbers that are arbitrary.

Example: room temperature in Fahrenheit is about 70◦F
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Celsius

On the Celsius scale,

• 0 degrees corresponds to the freezing point of water

• 100 degrees is boiling point of water

Since there are 100 degrees between water’s freezing and boiling
points, this is called a centigrade scale.

Example: room temperature in Celsius is about 21◦C



Kelvin
The SI unit for temperature is the Kelvin K.

The associated Kelvin scale is appealing for scientists because 0 on
the Kelvin scale (written 0 K) is the coldest possible temperature.

The triple point of water (all three phases can coexist in
equilibrium) was defined to be 273.16 K.

Now the Kelvin is defined so that the Boltzmann constant is
exactly:

kB = 1.380649 × 10?23 J/K

On the Kelvin scale, at standard atmospheric pressure:

• water freezes at 273.15 K

• water boils at 373.15 K.

Room temperature is about 294 K.



Kelvin Scales Examples, Log Scale
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Equation 19.1 shows that the Celsius temperature TC is shifted from the absolute 
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the two scales, a temperature difference of 58C is equal to a temperature difference 
of 5 K. The two scales differ only in the choice of the zero point. Therefore, the 
ice-point temperature on the Kelvin scale, 273.15 K, corresponds to 0.008C, and the 
Kelvin-scale steam point, 373.15 K, is equivalent to 100.008C.
 A common temperature scale in everyday use in the United States is the Fahren-
heit scale. This scale sets the temperature of the ice point at 328F and the tempera-
ture of the steam point at 2128F. The relationship between the Celsius and Fahrenheit 
temperature scales is
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We can use Equations 19.1 and 19.2 to find a relationship between changes in tem-
perature on the Celsius, Kelvin, and Fahrenheit scales:

 DTC 5 DT 5 5
9 DTF (19.3)

 Of these three temperature scales, only the Kelvin scale is based on a true zero 
value of temperature. The Celsius and Fahrenheit scales are based on an arbitrary 
zero associated with one particular substance, water, on one particular planet, the 
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1Figure from Serway & Jewett, 9th ed.



Conversions

Celsius to Kelvin:
[◦C] + 273.15 = [K]

Kelvin to Celsius:
[K] − 273.15 = [◦C]

Fahrenheit to Celsius:
([◦F] − 32) ÷ 1.8 = [◦C]

Celsius to Fahrenheit:
([◦C] × 1.8) + 32 = [◦F]
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Fahrenheit to Celsius:
([◦F] − 32) ÷ 1.8 = [◦C]

Celsius to Fahrenheit:
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Summary

• heat, thermal equilibrium, and the 0th law

• temperature

• temperature scales

Quiz today, anytime until 10:50pm.

Test Wednesday.


