
Chapter 1     

Copyright 2009 Marshall Thomsen 

0 

This document is copyrighted 2009 by Marshall Thomsen.  Permission is granted 
for those affiliated with academic institutions, in particular students and instructors, to 
make unaltered printed or electronic copies for their own personal use.  All other rights 
are reserved by the author.  In particular, this document may not be reproduced and then 
resold at a profit without express written permission from the author. 

 
Problem solutions are available to instructors only.  Requests from unverifiable 

sources will be ignored. 

 



Chapter 1     

Copyright 2009 Marshall Thomsen 

1 

Chapter 1: Defining and Describing Systems  
 
Introduction   
 
A book slides across a table, gradually coming to a stop.  You have probably 

studied this or similar situations in introductory physics.  Usually, the analysis is force-
based:  a frictional force operates in a direction opposite to that of the sliding.  This 
unbalanced force causes acceleration in a direction opposite to the sliding, bringing the 
book to a halt.  In short, the book stops due to the frictional force. 

 
An energy approach to analyzing this situation produces an interesting twist.  

Clearly, the book starts out with some kinetic energy, and just as clearly, when the book 
has stopped, all of its kinetic energy has been lost.  The principle of energy conservation 
assures us that this energy has not vanished, but must be somewhere else and/or in some 
other form.  What has happened to it?  We can no longer give the one word simple 
answer, "friction", because friction is a force, not a type of energy.  The kinetic energy 
has been converted into another form, thermal energy.  This energy is in the realm of 
thermodynamics.  As will be seen in subsequent chapters of this textbook, thermal energy 
has characteristics that are fundamentally different from those of the forms of energy 
discussed under the heading of classical mechanics.  A thorough understanding of this 
difference is at the heart of thermodynamics. 

 
What, then, is "thermodynamics"?  In a sense, it is difficult to define at the 

beginning of this book because its definition is based on concepts not yet introduced.  We 
can approach it this way:  Entropy, as shall be seen in subsequent chapters, is a 
quantitative measure of our uncertainty about the microscopic details of a system.  It is 
the association between entropy and thermal energy that gives the latter some of its 
unique characteristics as compared to other forms of energy.  Thermodynamics can be 
viewed as the study of the relationship between energy and entropy and of their mutual 
influence on systems. 

 

Systems  
 
Problems treated in thermodynamics begin with a description of a system under 

study.  The system is generally an object or a collection of objects, where the objects may 
be macroscopic or microscopic and may or may not have mass.  This very broad use of 
the term "object" allows us to apply thermodynamical concepts even to electromagnetic 
radiation (photons) in a cavity. 

 
Systems are defined either by specifying the objects directly or by specifying the 

location of the objects.  For instance, we could say the system is this textbook.  Or, we 
could say the system is the collection of all gas molecules in a room.  Implicit in this 
second description is the notion of the system boundary.  In that example, the walls of 
the room played the role of the boundary.  The boundary need not be a physical object, as 
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long as it is well defined geometrically.  If the door to the room is open, there is nothing 
physically present inside the doorway to define the boundary; nevertheless, the location 
of the boundary is well defined geometrically by extending the plane of the adjacent wall. 

 
The boundary of a system must be closed in the geometric sense, meaning that the 

only way to get from the inside of the boundary to the outside is to cross through some 
part of the boundary.  Suppose we define the surface of a trashcan to be a boundary. That 
boundary would be geometrically open.  It is possible to get from the interior of the 
trashcan to the exterior without crossing through the trashcan itself (assuming there is no 
lid on the can).  Because of this open characteristic, it is not always clear whether objects 
are "in the trashcan" or not.  For instance, if the trashcan is full to the brim and we add a 
piece of trash to the top, have we placed the trash "in the trashcan" or not?  We avoid this 
potential for confusion in thermodynamics by insisting that our boundaries always be 
geometrically closed. 

 
We have just been describing geometric closure.  We now introduce the notion of 

thermodynamic closure, which will be the meaning of "closure" in the rest of this book.  
If a lid is secured to the trashcan of the previous example, the boundary is now 
geometrically closed.  We have also, however, ensured that no trash can get in or out of 
the trashcan.  This is the thermodynamic meaning of the notion of a closed system.  If, on 
the other hand our system consisted of all of the people in a theater, the system would 
best be described as open in the thermodynamic sense since people can move in and out 
through the doors.  The distinction between open and closed systems is based on whether 
or not mass can move in and out of the system.  Thus, a system is closed if no mass 
associated with the system can cross the boundary of the system.  Notice that the 
restriction is against any mass flow, not just net mass flow.  For instance, if our system 
consisted of all of the air in a room, and a door to that room were open, that system 
would be open.  Even if the net quantity of air in the room remains constant, there is 
some flow back and forth through the open door so mass is crossing the boundary. 

 
Often times, there are interactions between objects in the system and objects 

outside the system.  We refer to those sources of potential interactions outside the system 
as the surroundings of the system.  In the example of the room with the open door, we 
would certainly want to include the air on the outside of the door in our surroundings 
since that air will likely interact with our system.  Strictly speaking, any other object in 
the universe has the potential for interacting with a specified system.  In practice, 
however, consideration of surroundings is limited to those objects that are reasonably 
likely to interact in a measurable way with the system under study. 

 

Describing a System  
 
Once a system has been defined, it is then useful to be able to describe the system.  

Often, one of the first features specified is the chemical composition.  The vast majority 
of problems dealt with in this text involve systems whose chemical composition does not 
change (otherwise we would cross over into the subject of chemistry).   
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After describing the chemical composition, there are a number of variables to 

quantify other aspects of the system.  Among these are volume, mass, pressure, thermal 
energy, entropy, and temperature.  We will see that most thermodynamic variables can be 
classified as one of two types: extensive or intensive.   To distinguish between the two 
types of variables, consider the following situation.  A uniform system of mass m, 
volume V, and temperature T is divided in half.  Each of the two new sub systems has 
mass m/2, volume V/2, and temperature T.  Mass and volume both scale with system size 
and are thus classified as extensive variables.  Temperature does not scale with system 
size and is thus intensive. 

 

 T
 V
 m

 T
 V/2
 m/2

 T
 V/2
 m/2

 
Figure 1.1 The variables describing a system behave differently when that system is 

divided in half.  Extensive variables are halved; intensive variables are not. 
 
In this text, where possible we will use upper case letters to refer to extensive 

variables and lower case letters to refer to intensive variables.  The careful reader will 
have already discovered two exceptions to this custom∗.  We will use T for temperature 
since t is reserved for time.  We will use m for mass because of its prevalent use in 
classical mechanics. 

 
The thermodynamic state of a system is described by specifying the values of all 

relevant thermodynamic variables.  Which variables are relevant is determined by the 
nature of the system.  For example, the strength of the magnetic field is relevant only if 
the system has magnetic interactions that are comparable in size to other significant 
interactions.  On the other hand, temperature is virtually always a relevant 
thermodynamic variable.  The system undergoes a change of state whenever the value of 
one of the relevant thermodynamic variables changes.  This terminology should not be 
confused with change of phase, an example of which would be an ice cube melting.  
Changes of phase will be discussed later.  

                                                
∗ We are not off to a good start!  After all, only three variables have been introduced so far.  

However, this convention will prove to be extremely useful later on. 
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We will now examine some of the thermodynamic variables in greater detail. 
 
Volume    
 
The definition of the volume of a system depends on how its boundary is defined.  

Consider a closed jar half full of sand.  If we define our system as being all of the sand in 
the jar, we have a closed system.  Is the volume of the system: a) all of the volume in the 
jar; b) the volume in the bottom portion of the jar where we actually see sand; or c) the 
volume actually occupied by the sand granules, not including the small spaces between 
the grains of sand?  In many, but not all cases, (b) is the most logical choice, but how one 
defines the volume of the system may well depend on the question being asked.  If the 
question is how much air is there in the jar in addition to the sand, then defining the 
volume of our sand system through (c) makes more sense.  It is worth noting that often in 
this text we will be studying gases.  Since they typically fill up all the space available to 
them, defining their volume is generally not a problem. 

 
The units of volume can be the product of any three length units.  Most often in 

this text we will use cubic meters (m3), but the reader should also be familiar with the 
liter (1000 l = 1 m3) and the milliliter and cubic centimeter (1 ml = 1 cm3 = 1 cc = 10-3 l).  
We will use V to represent volume algebraically.  

 

Mass 
 
The mass of a system has exactly the same meaning in thermodynamics as it does 

in classical mechanics.  It is determined by the number and types of molecules in the 
system and not on how those molecules are arranged (excluding relativistic effects).  We 
will usually use the kilogram (kg) in this textbook as our unit of mass, although 
occasionally the gram (g) will also be used.  It is common that students raised in a 
country where English units predominate do not have an intuitive feel for the size of the 
kilogram.  You can help develop your intuition by picking up a bottle of soda.  Water has 
a mass of about 1 kg for each liter.  Soda is mostly water, and it is commonly available in 
2 l bottle.  If you lift one of those while it is still full, you are lifting about 2 kg (a little 
more, actually, due to the mass of the bottle and the added sugar in the soda).   You can 
also help your intuition along by remembering that 1 kg at sea level weighs about 2.2 lbs.  
As is conventional in most books on classical mechanics, we shall use m as our variable 
representation for mass. 

 
 
Density   
 
Once we have established the volume, V, of a system, and we know its mass, m, 

then we can define the average density, ρave, as 
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€ 

ρave =
m
V

 .    (1.1) 

 
Density is an intensive variable. 

 
We can also define the local density of a small portion of the system as being the 

ratio of the mass of that portion of the system divided by the volume of that portion.  If 
we consider a foam pillow that someone is resting on, it is clear that the local density will 
vary, being greater in regions supporting the most weight (where the pillow is 
compressed).  However, often in this text we will be dealing with systems whose density 
is uniform, i.e., whose local density is everywhere the same.  In these cases we drop the 
"ave" subscript from our definition of density.  We will assume throughout this text that 
the densities of our systems are uniform unless otherwise stated.  Most commonly we 
will express the density in kg/m3. However, when liquid water is involved, it is 
sometimes convenient to use g/cm3 since in those units the density is very nearly equal to 
1. 

 
The density of substances is temperature dependent.∗  Figure 1.2 shows the 

density of water as a function of temperature, under atmospheric pressure. Over most of 
the range shown, the density decreases with increasing temperature.  Not shown is the 
substantial drop that occurs when the transition is made from a liquid to a gas.  The gas 
phase has a density of about a 1000 times smaller than the liquid phase and would thus 
not show up well on this plot.  In general, the gas phase for all substances is much less 
dense than the liquid or solid phase.   
 

There is an unusual feature associated with water in its liquid phase: its density 
increases with temperature right near the freezing point.  Furthermore, the density of the 
solid phase of water is less than that of the liquid phase, accounting for our observation 
that ice floats.  It is these unusual properties of water that cause lakes to freeze from the 
top in cold winter climates.  The top ice layer then protects the lower portion from 
freezing, allowing fish and other aquatic life to over-winter. 

 
 
 
 
 
 
 
 
 
 
 
 

                                                
∗ We have, of course, not yet formally introduced the temperature variable in this book.  However, 

it is assumed that the reader has at least some understanding of this concept if only from weather reports. 
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Density of Water at 1 atm
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Figure 1.2 The density of water at one atmosphere of pressure.  The lower graph shows 

the peak near 4oC in detail. 
 

Specific volume  
 
Density gives us a measure of how much mass there is per unit volume.  

Sometimes, it is useful to think of the inverse question: how much volume is occupied by 
a unit mass?  This quantity is known as the specific volume, v: 
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€ 

v =
V
m

=
1
ρ

 .    (1.2) 

 
We will see that the specific volume shows up as a natural variable when studying fluids, 
particularly gases. 

 
Substance Density  

(g/cm3) 
Specific Volume 

(cm3/g) 
Gold 19.3       0.0518 
Lead 11.3       0.0885 
Copper   8.92       0.112 
Aluminum   2.70       0.370 
Sodium Chloride   2.17       0.461 
Water (liquid)   0.998       1.002 
Ice (0oC)   0.917       1.091 
Air (dry)   0.00120   833 
Helium   0.000169 5920 
 

Table 1.1  The density and specific volume for various substances at room temperature (20oC) 
and pressure (1 atm), except as noted. 

 

Molar specific volume  
 
We can define the quantity of a substance not only by its mass but also by the 

number of molecules of the substance.  Since this number is typically huge for systems 
we will study, it is useful to count the number of molecules in units of Avogadro's 
constant, NA. The numerical value of Avogadro's constant is 

 
  

€ 

NA = 6.022x1023 mol−1 .   (1.3) 
 

One mole (abbreviated mol) of molecules is defined as NA molecules.  If we have n moles 
of a substance occupying a volume V, the molar specific volume is given by 

 

€ 

v = V
n

 .     (1.4) 

 
The molar specific volume is related to the specific volume through M, the mass 

of one mole of a given substance: 
 

€ 

v = Mv .    (1.5) 
 

For a pure substance, the value of M can be determined from information found in some 
versions of the periodic table of elements and from knowledge of the molecular formula 



Chapter 1     

Copyright 2009 Marshall Thomsen 

8 

for the substance.  For easy reference, values of M for some substances are given in 
Appendix D. 

 
Recall earlier that the concept of extensive variables had been introduced to 

describe variables that scale with the size of the system.  If we take an extensive variable 
such as the volume, V, and divide it by the mass of the system, we produce a 
corresponding intensive variable, v.  Intensive variables formed when we divide an 
extensive variable by mass will always be denoted by changing the upper case variable to 
its lower case counterpart.  If, on the other hand, we form an intensive quantity through 
dividing by the number of moles in the system, we use the lower case variable with an 
over-bar, and we refer to the variable as a molar specific variable. 

 

Pressure  
 
Pressure is, loosely speaking, the ratio between a force and the area across which 

the force is applied.  A more careful definition is required, to account for forces whose 
magnitude and direction may be varying in both position and time.  If we consider an 
infinitessimally small piece of a surface, dA, on which a force,   

€ 

d
 
F , is exerted, then the 

pressure experienced by that surface is given by 
 

€ 

P= dF⊥
dA ,    (1.6) 

 
where 

€ 

dF⊥ is the component of    

€ 

d
! 
F  perpendicular to the surface.  While often forces vary 

in space and time, if the variation is in the form of a small random fluctuation about an 
average value, we generally use the term "pressure" to represent the average value 
associated with these fluctuating forces.   The pressure discussed in this textbook refers to 
the isotropic pressure exerted by a static fluid.  It is a piece of the more complicated stress 
tensor that appears when the dynamics of fluids are studied. 

 
Units of pressure would typically be Newtons per square meter, which is also 

defined as a Pascal (Pa).  Another commonly used unit is the kiloPascal (1 kPa = 1000 
Pa).  Under standard conditions, the pressure at sea level exerted by the earth's 
atmosphere is about 101 kPa.  This quantity is known as 1 atmosphere (1 atm) of 
pressure. 

 
Example 1.1: A simple illustration of the concept of pressure involves 

the pressure one solid object exerts on another.  Suppose an athlete has a mass 
of 65 kg and is wearing smooth soled shoes.  While standing, approximately 100 
cm2 from each sole is in contact with the floor.  What is the pressure 
experienced by the floor under the shoes? 

 
The weight of the athlete is m g = 65 kg X 9.8 m/s2 = 637 N.  Thus we 

know that the athlete's shoes exert a normal force of 637 N down on the floor.  
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This force is exerted across an area of 2 X 100 cm2 (two shoes) = 200 cm2 = 
0.020 m2.   The pressure experienced by the floor is  

 

    

€ 

P = F⊥ A = 637N0.020m2 = 3.2X104Pa = 32kPa  

 
Now suppose the athlete is wearing cleats. The contact area between the 

shoe and the floor is greatly reduced, being equal to the surface area of the tips 
of the cleats.  Estimating this area as 5.0 cm2 total for both shoes, the reduction 
of the area by a factor of 40 in turn increases the pressure experienced by the 
floor by a factor of 40 to 1280 kPa.  Keep in mind, however, that a smaller area 
of the floor is still in contact with the shoe, and only that area experiences this 
extreme pressure.  Nevertheless, the increased pressure is why those who 
maintain gymnasium floors generally do not want athletes wearing cleats on 
them. 

 
We will focus our attention for now on pressure applied to stationary systems.  In 

the previous example, the shoes applied pressure to the floor, but the floor remained 
stationary due to an upward force supplied by the floor supports.  With the floor 
experiencing forces from both sides, it is reasonable to ask, what prevents it from being 
crushed? 

 

 
Figure 1.3 A schematic representation of a two dimensional solid.  The dots represent atoms 
and the springs model the chemical bonds that hold the solid together. 

 
 
For many purposes, one can model a solid as a collection of small masses (atoms) 

connected to each other by stiff springs (which represent chemical bonds).  When a force 
is applied to some of the atoms, the springs start to compress, allowing the solid to resist 
the force.  That is, the chemical bonds help maintain the structure of the solid by resisting 
the attempts of external forces to crush it.  We can view the chemical bonds as being the 
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primary source of the solid's ability to withstand pressure and to exert pressure.  
(Naturally, a full quantum mechanical description is more complicated.)  

 

 
Figure 1.4  A schematic of a gas on a molecular level. 
 
 
Gases behave much differently.  The interactions among the gas molecules play a 

less significant role as compared to solids.  What, then, allows a gas to exert pressure?  
Unlike atoms in a solid, which are relatively confined in their motion, molecules in a gas 
move fairly freely throughout the container occupied by the gas.  At room temperature, 
typical speeds range in the hundreds of meters per second.  When a gas molecule collides 
with the wall of the container that holds the gas, there is a force associated with the 
collision.  Due to the small mass of a molecule, a single collision will not have much 
effect on the container wall.  However, when a large enough collection of molecules is 
present, the effect can be significant. 
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Detailed Look at Gas Pressure  
 
 

Lx

Ly

Lz

 
Figure 1.5  A box containing a gas.  The pressure on the darkly shaded wall is calculated in the 
text. 

 
 
In what follows, we will see the connection between the macroscopic property of 

gas pressure and the microscopic realm of molecular collisions.  Let us start by 
considering a box of dimensions Lx, Ly, and Lz, measured along the Cartesian coordinate 
axes.  Focusing our attention on a single molecule of mass M whose velocity has 
components vx, vy, vz, we ask what happens when it strikes the face perpendicular to the x 
axis.  Assuming a smooth, flat surface, the y and z components are unaffected.  The 
surface exerts only a normal force (in the x direction) and hence cannot change the y or z 
components of the velocity.  Further assuming the collision is elastic and that the face 
does not recoil significantly, the x component just changes sign.  Under these conditions, 
the momentum of the molecule changes by an amount 

 
  

€ 

Δpx = 2Mvx  .  
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x

 
Figure 1.6  In colliding elastically with a rigid wall perpendicular to the x axis, a molecule has 
the x component of its momentum reversed; the other components are unchanged. 

 
 
We can use Newton's Second Law of Motion 
 

  

€ 

 
F = d p 

dt
   

 
to determine a force associated with this collision.  The actual time of interaction 
associated with the collision is very short, resulting in a very large, but brief collision 
force.  Ultimately, however, we wish to know the time average of the force due to 
repeated collisions by this molecule.  Thus we need to determine how often the molecule 
will strike this surface.  Assuming the molecule does nothing other than collide elastically 
with the walls of the container, then the magnitude of vx will not change and we can 
compute the time between collisions as 

 

  

€ 

Δt =
2Lx
vx

 . 

 
That is, the molecule has to make it to the other side of the box and back before it can 
collide again with the surface we are studying. 

 
A time averaged expression for the force associated with collisions between this 

one molecule and the wall is thus 
 

  

€ 

F1x =
Δpx

Δt
=

2Mvx

2Lx
vx

=
Mvx

2

L x
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Figure 1.7  The effect of large numbers of collisions between gas molecules and the wall is to 
produce pressure on the wall. 

 
 
Now let us assume that there are N molecules of identical mass in the container 

and that these molecules do not interact with each other.  The molecular velocities may 
vary, but we can express the total force due to all N independent molecules as 

 

  

! 

Fx =
NM vx

2

L x

 , 

 
where     

€ 

vx
2  represents an average over all of the molecules.  In a real gas, molecules do 

interact with each other.  These interactions are commonly of two forms, attraction and 
hard-core repulsion.  The attractive force is explicitly neglected in this model.  If it 
becomes significant, then the pressure may be significantly affected.  The hard-core 
repulsion gives rise to two effects.  The first is the “excluded volume” effect, meaning 
that no two molecules can occupy the same position in space.  This effect is also 
explicitly neglected in this model.  The other effect is the existence of molecular 
collisions.  These collisions help maintain the random distribution of molecular 
velocities.  A careful reanalysis of this problem with the effect of collisions included will 
not show any change in the results.  Incorporating the effects of inter-molecular attraction 
and excluded volume is done in an approximate way through the van der Waals model, 
discussed in Chapter 4.   

 
The above expression for force can be rewritten with the help of the following: 
 

  

! 

v2 = vx
2 +vy

2 +vz
2 = vx

2 + vy
2 + vz

2 = 3 vx
2  , 
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where in the last step we assume that the molecules do not distinguish between the three 
Cartesian directions.  This gives 

 

  

€ 

Fx =
NM v2

3Lx

 

 
The pressure felt on this side of the box, whose area is Ly X Lz, is thus 

 

  
  

€ 

P=
Fx

A
=

NM v2

3Lx
L yL z

=
NM v2

3V
. 

 
Here the volume V is given by the product of the dimensions of the box.  This model for 
the microscopic origin of gas pressure predicts a straightforward relationship between 
pressure, number density, molecular mass, and mean square speed of the gas molecules.  
We shall see later that the mean square speed in turn has a simple relationship to 
temperature.   The equation can be recast in terms of the total mass, m, of the gas in the 
container.  Since m=NM,  

 

  

€ 

P =
m v2

3V
 .     (1.7) 

 
The "root mean square" of the speed is defined as the square root of the mean (or 

average) of the square of the speed of all of the molecules in the gas: 
 

  

€ 

vrms = v2  .     (1.8) 
 

vrms can be thought of as a typical molecular speed in the gas.  The pressure can then be 
expressed in terms of the rms speed: 

 

    

€ 

P =
mvrms

2

3V
 .     (1.9) 

 
Finally, keep in mind that this result has been derived for a particular model, one 

that shall later be described as the ideal gas model.  If the gas molecules attract each other 
significantly or if the excluded volume becomes significant, then our model must be 
altered.  Nevertheless, it is found that this model describes a wide range of gases with 
sufficient accuracy to be of great use. 
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A Word (or Two) on Significant Figures  
 
In the age of the calculator, it is often tempting to overstate the number of 

significant figures in a calculation.  At the same time, it is also often tempting, out of 
sheer laziness, to drop a significant digit if it is “merely” a trailing zero.  An attempt has 
been made in this textbook to be reasonably consistent, though not dogmatic, about the 
reporting of significant digits.  A few examples will illustrate general guidelines while 
also making clear the extent to which these commonly accepted practices cannot be taken 
as hard and fast rules.  The most commonly used procedure is to count the number of 
significant digits in each of the numbers input into a calculation.  Then the number of 
significant digits in the output data would not exceed the smallest number of significant 
digits in the input data. 

 
Example 1.2:  The mass of an object is measured to be 14.19 g while its 

volume is 5.0 cm3.  Determine its density. 
 
The mass has four significant digits (1,4,1,9) while the volume has two 

(5,0).  The simple application of the general guideline would suggest we 
calculate the density to two significant digits. 

! 

" =
m
V

=
14.19g
5.0cm3 = 2.8380 g

cm3  

The number above is the output of the calculator.  Rounding this off to two 
significant digits, we obtain 2.8 g/cm3. 

 
Now, let’s look at this a bit more closely.  When we write that the mass is 

14.19 g, the implication is that the last digit has some significance.  That is, the 
mass is 

€ 

14.19± 0.005 g  or 

! 

14.19±0.01g  , or maybe even 

€ 

14.19± 0.04 g , but not 

€ 

14.19± 0.3 g .  Similarly, the volume might be 

€ 

5.0± 0.1 cm3  but not 

€ 

5.0± 2 cm3 .  
In a careful analysis of experimental data, these uncertainties would be written 
out explicitly, and their nature would be discussed so that the uncertainty in 
calculated quantities could be appropriately quantified.  Textbook problems 
tend to not to show uncertainties.  Let’s assume that the uncertainties are 

€ 

14.19± 0.01g  and 

€ 

5.0± 0.1cm3.  The maximum density consistent with this 
data is 

! 

" max =
m
V

=
14.19+0.01( )g
5.0# 0.1( )cm3 = 2.8980 g

cm3  

while the minimum is 

! 

" min =
m
V

=
14.19# 0.01( )g
5.0+0.1( )cm3 = 2.7804

g
cm3  

This range is conveniently expressed as 

! 

2.84±0.06 g
cm3 .  Here we find that 

there is a little, though not much, information in the third significant digit (4).  
It is thus reasonable to write the result as either 2.8 or 2.84.  However, based on 
the given uncertainty, there is no justification for writing the answer 2.838. 
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The previous example suggests we modify our general guideline to read, the 

number of significant digits in the output data should not exceed the smallest number of 
significant digits in the input data by more than one digit.  In many cases, this is an 
adequate approach.  However, when additions and subtractions are involved, sometimes 
the situation is a little murkier. 

 
Example 1.3: Object A has a mass of 15.7 g.  Object B has a mass of 15. 

6g.  What is the difference between the masses of these two objects? 
 
A blind application of our general guideline would argue that the input 

data has 3 significant digits so the output data should also have three 
significant digits.  Thus the mass difference would be 0.100 g (remember that 
leading zeroes do not count towards significant digits but trailing zeroes do).  
However, clearly we do not know the original masses to the nearest milligram, 
so there is no way we would know the mass difference to the nearest milligram.  
The problem here is that two of the three significant digits were cancelled in the 
subtraction process.  So when subtracting data, be careful not to overstate the 
number of significant digits. 
 

Example 1.4  The density of liquid water at 40oC is 992.2 cm3/g and at 
50oC is 988.0 cm3/g.  Estimate the density at 45oC. 

 
If we approximate the density as a linear function of temperature over 

this small temperature interval, then the density at 45oC would just be the 
average of the two other densities: 

! 

"
45o C

#
"

40o C
+"

50o C

2
=

992.2
g

cm3 +988.0
g

cm3

2
= 990.1

g
cm3  

A naïve application of our general guideline would dictate that since we 
only know the temperature to two significant figures, we should round the 
density to two significant figures: 990 g/cm3=9.9x102 g/cm3.  However, 
assuming that density as a function of temperature is decreasing in this 
temperature interval, we know with certainty that at 45oC it is between 988.0 
g/cm3 and 992.2 g/cm3, which is substantially more information than implied by 
9.9x102 g/cm3.  What we are really doing in this calculation is noting that over 
this temperature range, the density varies by 4.2 g/cm3 and that the midpoint of 
this variation is 2.1 g/cm3.  This number we know to one or two significant 
digits, based on our knowledge of the temperature.  Thus we can write either 

€ 

ρ ≈ 988.0+ 2.1( ) g
cm3 = 990.1 g

cm3  

or 

! 

" # 988+2( ) g
cm3 = 990 g

cm3 = 9.90$102 g
cm3  

That is, we have either three or four significant digits in the answer because the 
first two digits (upon rounding) don’t change during the calculation.  In fact, 
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the experimental value of the density is 990.2 g/cm3, suggesting keeping four 
significant digits in our answer was reasonable. 
  



Chapter 1     

Copyright 2009 Marshall Thomsen 

18 

Chapter 1 Problems  
 

1.   1.0 mole of air has a mass of about 29 g.  Using the data in Table 1.1, estimate the 
average volume per molecule in air at room temperature and pressure.  If the volume 
were a cube, what would the length of one side of the cube be? 

 
2.   1.0 mole of water has a mass of about 18 g.  Use this information as well as the 

density of ice (see Table 1.1) to estimate the average volume occupied by a water 
molecule in ice. If the volume were a cube, what would the length of one side of the 
cube be? 

 
3.  By approximating your weight and volume, estimate the density of the human body.  

Does your result make sense when compared to the density of water? 
 

4.   A lead brick has dimensions 5.5 cm x 8.5 cm x 20.0 cm.  Calculate the pressure this 
brick exerts on the floor if it is placed on the floor lying on 
a. its smallest side 
b. its largest side. 

 
5.  The speeds of 10 gas molecules are measured and recorded in the table below.  From 

this information, calculate <v> and vrms.  
 

Molecule 1 2 3 4 5 6 7 8 9 10 
Speed (m/s) 172 83 154 211 180 169 72 142 99 189 

 
 

6.   CO2 gas is confined to a leak-proof container of a fixed volume such that its density is 
2.0 kg/m3.  Plot the rms speed of the gas molecules as a function of pressure, for 
pressures ranging from 50 kPa to 200 kPa.  What is the rms speed at one atmosphere 
of pressure? 

 
7.  Air at sea level and normal atmospheric conditions has a density of about 1.2 kg/m3.  

Taking the pressure to be 101 kPa, calculate vrms for air molecules. 
 
8.  Under the conditions described in problem 7, what would the molar specific volume 

of air be? 
 
9.  A reasonable estimate for the thickness of a well-sharpened knife blade is 0.05mm.  

Suppose you are using a knife and you exert a modest 5N force that is distributed 
over a 2cm length of the blade in contact with the fruit you are slicing.  Estimate the 
pressure exerted by the knife on the fruit. 

 

10. Show that equation (1.9) can be rewritten as 
  

! 

Pv = 1
3

Mvrms
2  . 
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11. A pot contains 2.00 l of water at 10oC.  It is covered (to minimize evaporative losses) 
and heated to 100oC, while still in the liquid phase.  Using the data from the graph in 
Figure 1.2, estimate the new volume occupied by the water. 

 
12. A mole of gold atoms has a mass of 196.97 g, a mole of lead atoms, 207.19 g, and a 

mole of copper atoms, 63.56 g.  Using the information in Table 1.1, determine the 
number of atoms per cubic nanometer for these three substances at room temperature 
and pressure. 

 
13.  Consider the following gas density data at 15oC and 101 kPa, obtained from Material 

Safety Data Sheets:  
Substance Molar Mass (g) Density (kg/m3) 
Air 28.95 1.202 
Argon 39.948 1.67 
Carbon dioxide  44.01 1.87 
Ethane 30.069 1.282 
Nitrous Oxide 44.013 1.872 
Sulfur Hexafluoride 146.05 6.27 
 
a. Calculate the molar specific volume (in m3/mole) for each of these gases.   
b. Based on your results to (a), estimate the density of R134a (molar mass 102.03 g) 
at 15oC and 101 kPa.  How accurate do you expect this number to be?  Is it good to 
within 0.1 kg/m3?  0.01 kg/m3?  Explain. 

 
14. A 1.0 m x 1.0 m x 1.0 m box contains 1.7 kg of nitrogen gas with vrms=510 m/s.  

Estimate the number of collisions per second one face of this box experiences.  
 

15. An ultrahigh vacuum chamber can achieve a pressure of 10-9 torr (760 torr=1 atm).  
a.  If the chamber has radius 12 cm and length 30 cm, and the rms speed of gas 
molecules in the chamber is 490 m/s, calculate the total mass of gas in the chamber. 
b. Calculate the specific volume of the gas under these circumstances. 

 
16. Using the definition of pressure (equation 1.6) and making reasonable estimates for 

relevant quantities associated with a passenger vehicle, estimate the pressure exerted 
by the tires of a parked car on the road.  

 
17. Given that x is a random variable that can take on two values, x=a with probability p 

and x=b with probability (1-p), show that 

! 

xrms " x .  Under what conditions will the 
equality hold?  

 
18. Titanium dioxide (TiO2) nanoparticles are used in some sunscreens.  Take a spherical 

typical particle of diameter about 4nm.  Assume its density to be the same as the bulk 
value (about 4 g/cm3).  
a. Estimate the mass of the nanoparticle. 



Chapter 1     

Copyright 2009 Marshall Thomsen 

20 

b. Estimate the number of molecules in the nanoparticle.  Note that the mass of one 
mole of titanium atoms is 47.9 g. 

 
19. The atoms in solid polonium crystals form a simple cubic structure.  Polonium is the 

only element to form this structure.  In a simple cubic material, each atom is located 
at the corner of a cube.  Equivalently, the atoms are spaced on a uniform, three-
dimensional grid.  The distance between nearest neighbor polonium atoms is about 
0.337 nm.  A mole of polonium atoms has a mass of 209 g.  From this information, 
calculate the density of polonium.  

 
20. Suppose a door in an office building has a surface area of 2.1 m2.  Due to the 

ventilation system in the building, the air pressure inside is a little less than the air 
pressure outside.  The result is that an additional 100 N force must be applied to the 
door to open it in the presence of this pressure differential.  Taking the air pressure 
outside to be 101,000 Pa, calculate the air pressure inside the building. Assume that 
the pressure can be measured to the nearest Pascal.  

 
 
 
 
12/9/02, with some revisions as per B&T 3/26/03; 7/7/04; 2/8/05; 6/10/05; 

11/4/05; problems added 9/6/07; additional revisions 5/20/08, 12/11/08 
 


