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A Preface to the Instructor:

The Physics Sourcebook is an ideal supplement to any high school physics course.  It includes 
Advanced Topics frequently omitted in standard texts, Worksheets with intriguing, real-world 
problems that engage the students’ interest, and an exhaustive Appendix of reference information 
with a special section on astronomy.  Of particular value is Appendix N, which includes a fine 
selection of copyright-free graph paper that can be copied and printed as needed.

Use this book for increased depth (Advanced Topics), homework assignments or in-class practice 
sessions (Worksheets), and as a convenient reference source for all the physical and mathematical 
constants and astronomical data (Appendix) your students are likely to need.

Material included covers traditional areas of classical mechanics through electromagnetism, plus 
several topics from astronomy.  The Sourcebook is a valuable resource for independent learners, 
home schoolers, and amateur scientists.

The Sourcebook was last updated in 1995 but most of the content herein is timeless. During the 
production of this electronic version in 2017 some astronomical data was updated in Appendix G. 
This was primarily related to Ceres and Pluto, since by then both had been visited by space probes 
and noteworthy discoveries were made.
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A Preface to the Student:

First of all, bravo to you, dear reader.  Many students skip over all the introductory material and 
never even open the book until told to do so by page number or assignment.  So you’re already 
ahead of the pack just by reading this.  For such commendable effort you deserve some inside tips 
to help you get the most out of the time you spend with this book ...

When assigned an Advanced Topic, read the text before trying the Practice Calculations; relevant 
theory and equations are included therein.  Each Topic is a self-contained lesson.  Answers to the 
Practice Calculations can be found on the same page, so checking your work is easy.

Worksheets in this book contain problems based on real-world data.  This makes the calculations 
about as interesting as they can be, given that they’re “assignments,” and it also allows you to do 
a reality check on your solution before looking at the answer key. Simply ask yourself:

Is my solution physically realistic?

Is your solution a speed greater than that of light?  A planetary mass less than 1 kg?  A negative 
distance?  A time greater than the age of the Universe?  Get in the habit of asking this question 
and you will save points come exam time.  Worksheet answers begin on page W-39

Finally, check out the Appendix.  Look at every page to discover what’s there.  It includes all the 
reference information and data you’re likely to need for most physics calculations, and can save 
you a lot of time searching through other sources online.
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Advanced Topics presents the physics that, for time or text constraints, seldom receives attention 
in introductory courses.  It includes physical theory useful for practical applications, and essential 
for modern scientific literacy.

Each topic is a self-contained physics lesson.  Practice calculations (with answers) are provided. 
All are condensed versions of material that could easily span a chapter, distilled down to the 
essential concepts and equations.

ADVANCED TOPICS ......

Albert Einstein at age 28, around the
time he discovered Special Relativity.
From this theory he deduced the most
universally recognized equation in all
of physics:  E=mc2.

EINSTEIN IMAGE FROM THE LOTTE JACOBI COLLECTION



Advanced Topic 1:  The Acceleration Due to Gravity
Gravity exerts a downward vertical force, commonly known as “weight,” on all material bodies. 
When acting unopposed, this force will produce a continuous downward acceleration of

(1)     ag = 9.8 m/s2 = 32 ft/s2

with the symbol ag designating “acceleration due to gravity.”  Since a falling object on Earth is 
usually opposed by friction from the atmosphere, this acceleration is observed only in small, 
dense objects for which air drag is negligible — a smooth, round, steel ball bearing, for example. 
In a vacuum chamber, of course, even feathers, dust and parachutes would fall at this rate.

The numerical value of ag is typically given to two significant figures, representing its global 
average over the Earth’s surface.  Its actual value at a specific location, however, depends on the 
altitude and latitude at the point of interest.  Figure 1 exaggerates the effects responsible for these 
local variations; both are related to the fact that the Earth is a rotating frame of reference.
Figure 1

EQUATOR
Like most forces, gravity decreases with 
increasing distance from its source.  Since its 
effective source is Earth’s  center of mass, 
any increase in altitude will be accompanied 
by a reduction of both weight and ag.

The effect of latitude is twofold.  First, since 
Earth is an oblate spheroid (its equatorial 
bulge is ≈  28 miles above spherical), there 
is an automatic increase in altitude as one 
moves from pole to equator.  The oblateness 
in the diagram is not shown to scale.
Second, in any rotating frame of reference there will exist a centrifugal force acting outward, 
away from the center of rotation.  Given Earth’s rotation period of 24 hours, it can be calculated 
that this force is about 0.3 pound on a 100 pound object located at the equator.  At the pole, which 
is not moving in a circle, the effect would be zero.

Thus, all three effects cause a reduction in the effective gravity as one moves toward the equator. 
To detect these effects one could measure ag experimentally, but a data precision of at least  three 
significant figures would be required to notice any difference.  Physics, however, provides a 
mathematical model of these effects that allows one to calculate the local value of ag given the 
altitude and latitude.  The formula for this calculation, shown as Equ. 2, was developed by noted 
geodesist and astronomer Friedrich Robert Helmert (1843-1917).

(2)     ag 9.80616 0.025928 2θcos× 0.000069 2θcos2× 3.086
8–× 10 H×–+–=

where θ  =  latitude in units of “degrees” (equator = 0° and pole = 90°)
H  =  altitude in units of “meters” (positive values above sea level)
ag  =  local gravitational acceleration in units of “m/s2”
T - 2



Practice Calculations:     (Compute all answers to 4 significant figures.)
1.  The global minimum ag would be found at the summit of the tallest equatorial mountain.  Mt. 
Kirinyaga in Kenya is the best candidate, with an altitude of 5199 meters and a latitude

     of 0.1623° S.    It is interesting to note that, due to its position on Earth’s equatorial bulge, it
     is actually 1.3 miles farther from Earth’s center than Everest!  Calculate ag at its summit.

answer:  ag = 9.780 m/s2

2.  The global maximum ag would be found at the lower altitude pole.  There’s a solid continent 
under Antarctica, but at the North Pole a submarine could park on the sea floor underneath the 
Arctic ice cap and have an altitude of 3910 meters below sea level.  Calculate ag there.

answer:  ag = 9.832 m/s2

3.  Calculate the global percentage variation in ag , i.e., find the percentage difference between
     the minimum and maximum ag .

answer:  Δag = 0.53%  (the absolute variation from the average is:  ag = 9.8 ± 0.025m/s2)

4.  Calculate ag for your Physics Lab to 5 significant figures.  Your Instructor will provide you 
with the local values for θ and H.

θ  =  __________
H  =  __________

answer:  ag  =  __________
T - 3



Advanced Topic 2:  Mass, Weight, and Density
The three terms in the title are often used interchangeably in casual conversation, but have distinct 
and different meanings in the realm of Physics.  You must understand these differences.

Definitions:

MASS: This is a measure of the amount of matter in a body, and determines that body’s 
inertia (resistance to acceleration).  It is a constant that depends literally on the 
number of nucleons contained within.

WEIGHT: Also known as “the force due to gravity,” this is a downward-directed force felt by 
any mass exposed to a gravitational field.  It is a variable, and depends, in part, on 
the strength of the gravitational field.  It can be any value from zero to infinity.

DENSITY: The ratio of mass to volume is known as density.  It is a measure of how tightly 
mass is packed into a given amount of space.  This quantity can be changed by 
simple compression or expansion, e.g., a loaf of soft bread, when squashed in a 
press, will have the same mass but a much increased density.  Most naturally 
occurring liquids and solids have a characteristic density that is a constant property 
of that substance.  For example, iron has a density of 7900 kg/m3.

A look at the equations that define these quantities should further illuminate their differences.

Equations:

MASS: m = F/a where m  =  mass in “kg”
F  =  net applied force in “N”
a  =  resulting acceleration in “m/s2”

WEIGHT: Fg = mg  where Fg  =  force due to gravity (a.k.a. “weight”) in “N”
m  =  mass in “kg”
g  =  gravitational field intensity in “N/kg” (on Earth 
       this quantity has the value of 9.8 N/kg)

DENSITY: ρ = m/V where ρ  =  density in “kg/m3”  (the Greek letter is “rho”)
m  =  mass in “kg”
V  =  volume in “m3”

The units of measurement used above are the SI (Système International d’Unités), or “metric” 
units.  It should be noted that density is sometimes expressed in units of “g/cm3,” such as in 
Chemistry where “density” is synonymous with “specific gravity.”  The conversion is easy:

g/cm3  ×  1000  =  kg/m3 

Only one other conversion may be needed for calculations in this area.  Weight is often still 
expressed in the obsolete Imperial Units of “pounds.”  The conversion here is:

pounds  ×  4.448  =  newtons
T - 4



Practice Calculations:
1.  The density of air at STP is around 1.25 kg/m3.  Given the average house with dimensions 
shown, calculate the total mass of air contained within.

answer:  m = 1500 kg  (V = 1200 m3)

2.  What is the weight, on Earth, of 1500 kg of mass?  Express your answer in units of “tons.”

answer:  Fg = 14,700 N = 3305 pounds = 1.652 tons

3. Each of the three reactor units at the Palo Verde Nuclear Generating Station requires 50 tons
of uranium fuel for a full year of operation.  How big is a 50 ton cube (not the form in which
it is used) of uranium?  Hint:  first find the mass of 50 tons of uranium in units of “kg.”

answer:  V = 2.43 m3  ⇒   (if shaped as a cube)  L = W = H = 1.34 m

4.  What is the density of the Earth?

answer:  ρ = 5516 kg/m3

3 m

2 m

15 m

20 m
T - 5



Advanced Topic 3:  Friction
The first theories of motion assumed “rest” was the natural state of matter, since all bodies set into 
motion (Quintessence excepted) eventually stopped moving.  Galileo and Newton finally showed 
that this deceleration was due not to any inherent property of matter, but to the action of an out-
side force called friction.

This force is generated by contact between the moving body and whatever it is moving through 
(or on), such as air, water or any rough surface.   Like any force, it can change the motion of a 
body if it acts unopposed by other forces, such as thrust or a continued push or pull.  Since no 
place in the known Universe is totally devoid of matter, truly frictionless motion is impossible. 
Uniform motion can only be attained by balancing friction with an equal and opposite force.

For example,  your car is able to move at constant speed under “cruise control” only by opposing 
the (approximately) 500 pounds of air drag and rolling friction with 500 pounds of driving force 
supplied by traction between its tires and the road.

There are many types of friction, but most can be categorized as either sliding, rolling or viscous.
FN FappliedFf

apparently  “smooth” surface

Ff   =   μ × FN  

Figure 1
Sliding Friction:

Microscopic views of even “smooth” surfaces 
show countless irregularities invisible to the eye. 
When two such surfaces are in contact, these 
bumps and valleys interlock, resisting motion 
between them (Figure 1).  The roughness of any 
surface pair is quantified by μ, the coefficient of 
sliding friction, values of which must be empiri-
cally determined.  The actual friction force 

depends also on how hard the two surfaces are pressed together; when they are horizontal this 
pressing force, know as FN (the normal force), is simply the weight of the upper body.

Sliding friction remains surprisingly constant over a wide range of speeds, but before motion 
begins it will resist (as static friction) with a force equal and opposite to the applied force in 
accordance with Newton’s 3rd Law of Motion.  So the equation in Figure 1 really represents the 
maximum resisting force. When the applied force exceeds this maximum, sliding begins.
MATERIALS μ
sandpaper on sandpaper
aluminum on aluminum
automobile tire on asphalt
iron on iron
glass on glass
rope on wood
waxed skis on dry snow
steel on ice
teflon on teflon
ice on wet ice

2.5
1.9
1.5
1.2
1.0
0.4
0.04
0.03
0.02
0.01
You can now see the purpose of lubricants such 
as motor oils and ski wax; by filling these sur-
face irregularities with lubricant, sliding friction 
can be significantly reduced.

In other cases you want to increase the friction. 
For example, the μ between your athletic shoes 
or automobile tires and the ground is optimized 
by carefully designed patterns of irregularities.

The chart shows the average friction coefficients 
for several common material combinations.
T - 6



R α

Fg

FappliedFR

FR  =  Fg × α / R
Rolling Friction:

When a wheel rolls without slipping on a hori-
zontal surface, the sliding friction is zero.  Even 
on the hardest surfaces, however, the weight at 
the point of contact causes a deformation that 
effectively requires the wheel to continuously 
climb a tiny hill  (Figure 2).  This “hill” is what 
the coefficient of rolling friction, α represents. 
Since a larger wheel requires proportionately 
less climbing, larger wheels experience less roll-
ing friction.  In the opposite extreme, a small 
wheel with radius R = α is effectively trying to 
climb a vertical wall, thus, FR  =  Fg.
Perhaps now you can see why properly inflated tires are so important to the gas mileage you get 
with your car.  Underinflated tires get squashed out, adding their own deformation to α.  Some 
typical values for α are:  steel train wheel on steel track (α  =  0.02 m), bicycle racing tire on 
smooth hard pavement (α  =  0.01 m), and a billiard ball on new felt (α  =  0.0005 m).

Figure 2
Figure 3

v

FD

FD  =  CD  ×  v2
Viscous Friction:

Motion through a liquid or gas is a complex phenome-
non involving pressure differences, turbulence and the 
viscous equivalent of sliding friction (Figure 3).  The 
combination of these effects is commonly known as 
drag.  Unlike other frictions, it is extremely dependent 
on speed, increasing as the square of v.  For a given 
body (size, shape, orientation) its effect is characterized 
by the drag coefficient, CD.  This coefficient can be 
measured directly, but is usually determined by using a 
scale model in a wind tunnel or water tank.
Practice Calculations:

1.  Your 17,800 N Range Rover has 0.5 m radius tires with α  =  0.025 m and μ  = 1.7 on hard-
packed desert dirt.  Its drag coefficient is 3.0 kg/m.  Calculate the

a.  total stopping force with brakes locked  [answer:  Ff = 30,260 N]

b.  force required to push it when out of gas  [answer:  FR = 890 N]

c.  air drag at a speed of 26.8 m/s (60 mph)  [answer:  FD = 2155 N]
T - 7



Advanced Topic 4:  Orbital Mechanics
Three centuries before the dawn of the Space Age, Isaac Newton had conceived of the possibility 
of Earth satellites — bodies with a fast enough horizontal speed to miss the Earth’s surface during 
a vertical freefall.  Indeed, he was the first to realize that our Moon was such a satellite.

His laws of motion and gravitation allowed him to compute the actual speeds required for this 
amazing feat.  It is truly unfortunate that the technology of Newton’s era (the 17th Century) was 
incapable of propelling even small objects to the great speeds required.  Rocket engines based on 
20th Century technology typically hurl tons of payload skyward at speeds of up to 30 km/s!

Of course, such speeds are not possible within the Earth’s atmosphere.  The usual procedure is to 
accelerate gradually to the minimum orbital altitude (about 100 km) where air drag has become 
negligible, attaining the full orbital speed upon reaching this height.  Figure 1 diagrams the five 
possible trajectories for a projectile launched horizontally from this origin point (O).
Figure 1

O
 ∞

∞

1 2
3

4

5  



apogee

perigee

a



R

Trajectories:  (speeds calculated below are for a spacecraft located at point O.
where:

a'g = 9.8 m/s2 × (6.371 × 106 m / R)2

R = distance from O to center of Earth

a = major axis of elliptical orbit 

a'g  is the reduced value of
gravitational acceleration at
the altitude of point O 
1.  Earthbound:            v R a'g⋅<

2.  circular orbit:          v R a'g⋅=

3.  elliptical orbit:     v R2 a'g 2
R
---- 1

a---–⋅ ⋅=

4.  escape trajectory: ve 2 R a'g⋅ ⋅≥

5.  limit trajectory:       v = ∞
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Practice Calculations:
1.  A typical Space Shuttle mission is flown at an altitude of 200 km.  Calculate the acceleration 
due to Earth’s gravity at this height.  Hint:  at an altitude of h, R  =  radius of Earth + h.

answer:  a'g = 9.21 m/s2   (R = 6.571 ×  106 m)

2.  What speed is required for a circular orbit at an altitude of 200 km?

answer:  v = 7.78 × 103  m/s

3.  When spacecraft travel to the Moon they begin their journey from a circular “parking orbit” at 
an altitude of 200 km.  When all systems check out, they reignite the engines and accelerate to 
the higher speed required for an elliptical orbit with the Moon near apogee.  This elliptical 
orbit has a major axis of 3.84 × 108 m.  Calculate the speed required for this orbit.

answer:  v = 1.10 × 104 m/s

4.  What goes up might not come down —  it depends on just how fast it goes up.  Ignoring for the 
moment the effect of air drag, how fast would an object need to be fired from Earth’s surface 
in order that it never come back?

answer:  v = 1.12  × 104 m/s  (over 25,000 mph!)
T - 9



Advanced Topic 5:  Special Relativity and Spacetime Diagrams
Special Relativity:

The equations of Special Relativity, proposed by Albert Einstein in 1905, describe the relations 
between space, time and mass.  Although counter-intuitive to those of us who travel at speeds far 
less than that of light, all these relations have been experimentally verified.  Einstein’s equations 
were deduced from two observations:

1.  The speed of light (c) is constant for all observers regardless of their frame of reference (state
     of motion).  That speed is exactly:  c = 299,792,458 m/s (about 186,000 miles/second).
2.  The Laws of Physics must be the same in all frames of reference.  This means no experiment
     can measure your absolute speed, but only your speed relative to something else.

These two observations led Einstein mathematically to Equ. 2-5, and to some strange conclusions 
about the nature of space, time, and mass.
vr v1 v2+=

L′ L 1 v2

c2
-----–⋅=

t′ t

1 v2

c2
-----–

------------------=

m′ m

1 v2

c2
-----–

------------------=

1.

2.

3.

4.

5.

vr
v1 v2+

1
v1 v2⋅

c2
-------------------+

-----------------------------=

v2 = 0.8cv1 = 0.8c

vr = 0.975c

L' = 0.158L

L' = 0.6L

Figure 1
Equ. 1 is the statement of Galilean Relativity, our common 
notion of how speeds add together.  For example, if two cars 
approach head-on, each with a speed of 60 mph, each driver 
would see the other approaching at 120 mph.  Simple 
enough, but if we try to extend this method to very high 
speeds we encounter serious difficulties.

In Figure 1, two rockets are approaching head on, each with 
a speed of 0.8c relative to some outside frame of reference. 
Using Equ. 1, each would appear to the other to be moving 
at 1.6c!  This violates the laws of special relativity:  no 
material object, energy, or information can ever be 
observed, in any frame of reference, to have a speed greater 
than that of light.  Superluminal (faster-than-light) results 
lead to paradoxes:  if you’re driving your car at the speed of 
light, and turn on your headlights, what happens?

Einstein showed that Equ. 2 is the correct way to add speeds 
and avoid superluminal results.  The observer sees both 
rockets moving at 0.8c relative to him.  Following Equ. 2, 
each rocket sees the other approaching at 0.975c.  At speeds 
we normally experience (for example:  60 mph + 60 mph) 
the equation predicts a resultant of 119.99999989 mph, so 
although it holds true in all cases, we normally don’t notice 
this effect.  You can run the headlight puzzle through this 
equation, and verify that the speed of the headlight beam 
comes out to exactly c (and not 2c).
The cause of this strange effect is the dilation of space and time described by Equ. 3 and 4.  As 
measured from a moving frame of reference, outside space, and all it contains, contracts in the 
direction of motion (note the contracted rockets in Figure 1).  Also, the passage of time outside 
your frame of reference is slowed, relative to an at-rest observer.  Within your frame of reference, 
everything measures normal.  These effects increase exponentially as the speed of light is 
approached, but are minuscule at the speeds we experience in everyday life.
T - 10
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Spacetime Diagrams:

A spacetime diagram is a graphic representation of events occurring somewhere in space and 
somewhen in time.  To keep things simple, only one spacial dimension (rather than all three) is 
shown, with its distance scaled in “light years” (LY).  With the time axis then scaled in units of 
“years” (yr) the path of any light beam  (moving with a speed of 1 LY/yr) plots as a 45° line. 
Spacetime diagrams allow insights into relationships between events that might not be otherwise 
apparent.  Several plotted examples are discussed below.
To illustrate the function of a spacetime diagram, consider these events described in Figure 2:

1.  Let event A represent us, here, now.  Then ...
2.  Event B is also occurring now, but at a different location.
3.  Event C occurred here 2 yrs ago, but is just now affecting us.  The term “affect” is used here to
     mean “joined by a string of events related by cause and effect.”  Thus, every event in our past
     must affect us somehow.  Although any given event may be minuscule, it is the cumulative
     effect of all events in our past that determines the essence of what is “now.”
4.  Event D occurred  2 LY from here 2 yrs ago, and is just now affecting us.
5.  Event E occurred 1 LY from here 2.5 yrs ago; it affected us 1.5 yrs ago.
6.  Event F will occur 2 LY from here 1 yr from now; it will affect us 3 yrs from now.
7.  Event G was the launch of a rocket 1 yr ago from world 2 LY distant.  If that rocket heads
     toward Earth at 1/2 the speed of light, then its arrival 3 yrs from now is event H.
8.  Event I will affect us in our future.  But we (event A) cannot affect it regardless of the fact that
     it has yet to occur.  No agent of cause and effect can propagate with a speed faster than that of
     light.  Events A and I are said to be space-like separated.
9.  Event J will be affected by event A, and in turn will affect our future.  A and J are said to be
     time-like separated.  What this term means is that events A and J are causally connected, that
     is, event A is able to affect event J.

Figure 2
T - 11



Why You Can’t Move Faster than Light:

If you followed the preceding examples, you are now prepared for a discussion of “Star Wars” 
and the impossibility of faster-than-light effects.  Let us assume that instantaneous (faster-than-
light) communication is possible, and see where that leads us.  Event X is the firing of a laser 
beam from the Death Star towards Earth.  A scout ship (S) sees the beam enroute and sends an 
“instantaneous message” to warn us.  Earth responds by firing its laser (Y) at the Death Star.  Both 
are subsequently destroyed.  The problem is not that the Death Star was destroyed by something it 
had destroyed first — this could happen in a simple gun fight using bullets with different speeds. 
The problem is that observer O sees event Y occur one year before event X, and yet X caused Y! 
The necessary logic of cause-and-effect prohibits the observation of an effect before its cause.  To 
observe an effect before observing its cause would be a form of “time travel.”

The point of the preceding analysis was to demonstrate that there must be some finite speed limit 
at which causes propagate their effects.  It’s not so important what that speed is, so long as it is 
finite.  In a universe where no such speed limit exists what would a space-time diagram look like? 
As the slope of the past-present lines (which = speed of light) increases, the “presently unknown” 
would collapse into a line, and no “new” events would ever impinge on our time line.  Time travel 
would become possible, allowing the occurrence of paradoxical situations.  In such a universe the 
very concept of time itself would be difficult to interpret, if not totally meaningless, for all events 
would occur simultaneously.

So how does this “cosmic speed limit” manifest itself?  What would happen if you got a rocket 
with “unlimited” fuel and tried to go faster than the speed of light?  Some very strange things 
indeed ... time, space, and inertia would get increasingly distorted as your speed approached c, 
and you would not be able to accelerate indefinitely.

What actually prevents your rocket from accelerating beyond the speed of light is mass dilation, 
an effect described by Equ. 5.  As you approach the speed of light, the mass (and thus the inertia) 
of your rocket increases exponentially, hence less and less acceleration is provided by any given 
thrust.  This is not to say that your rocket gets physically larger — it just responds to thrust as 
though it had more inertia.
E
moc

2

1
v

2

c2
-----–

------------------=
Energy that would normally go into increasing your speed 
(as classical kinetic energy in the form of Ek = ½mv2, 
where m is your rest mass) goes instead into increasing 
your relativistic mass, in the form of  m = E/c2.  These two 
effects are combined in Equ. 6, which calculates the total 
energy of a moving mass.  The symbol mo used here 
denotes the rest mass.
Mass dilation has been experimentally observed for both protons and electrons accelerated to 
speeds of 0.999999c  in particle accelerators.

A Final Note About Style:

The “official” abbreviation for “light-year” is a lower-case “ly,” and this is how you are likely to 
see it in others texts.  To avoid confusion between the numeral “1” (one), and the lower-case letter 
“l” (L), we prefer to use “LY” for “light year.”

                Equation 6
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1.  One car is headed north at 45 m/s (100 mph), and another is approaching head on with a speed
     of 27 m/s (60 mph).  Galilean relativity predicts each car will see the other approaching with a
     speed of 72 m/s (160 mph).  Calculate their actual relative speed.

     answer:  v = 71.99999999999903 m/s  [relativistic effects negligible]

2.  Two rockets are approaching head on, each with a speed of 0.5c, as measured from a frame of
     reference at rest.  With what speed will each rocket see the other approaching?

     answer:  v = 0.8c  [relativistic effects significant]

3.  The fastest anyone has traveled was during the Apollo Moon missions, when during the 6 day
     (500,000 second) round trip, they averaged a speed of 6250 m/s (14,000 mph).  How much
     time dilation was experienced during that trip?

     answer:  Δt = 0.00011 s
     [Earth-based clock would read 500,000.00011 s compared 500,000 s onboard]

4.  A round trip voyage to Alpha Centauri (α Centauri), the nearest star after our Sun, would cover
     a distance of 8.4 LY (8.0 x 1016 m).  If the ship’s average speed is 0.5c, which is a technically
     achievable goal, how much time dilation would be experienced during the trip?

     answer:  Δt = 2.3 years
     [Earth-based clock would read:  t = d/v = 8.4 LY / 0.5c = 16.8 years for your voyage, while the
     onboard clock would read less by a factor of (16.8 years / 19.4 years = 0.87) or 14.5 years.]

Practice Calculations:     (Use:  c = 3.00 x 108 m/s for these calculation.)





T - 15

The Geometry of Eclipses:

Remarkably, though the Moon is about 400 times smaller than the Sun, it is also about 400 times 
closer.  This astronomical coincidence allows the Moon to almost exactly cover the Sun when the 
two are aligned in the sky.  Figure 2 shows the geometry involved.

The equation for calculating angular diameter, θD,  based on the right triangle shown, is

                                        θD

2
------⎝ ⎠

⎛ ⎞sin D 2⁄
d

--------------= θD⇒ 2 D
2d
------⎝ ⎠

⎛ ⎞sin 1–=

Applying this to the Sun (diameter = 1.391 × 109 m;  distance = 1.496 × 1011 m), θD  =  0.5327°.
Applying this to the Moon (diameter = 3.476 × 106 m;  distance = 3.844 × 108 m), θD  =  0.5181°.
These calculations used the average distances for the Sun and Moon; variations in both allow a 
range of coverage possibilities, from annular (“ring of fire”) eclipses to ones that are very total.

Practice Calculations:

1.  The very total eclipse referred to would occur with the Earth-Sun distance at its maximum of
     1.521 × 1011 m, and the Earth-Moon distance at its minimum of  3.564 × 108 m.  Calculate the
     angular diameters of the Sun and Moon under these conditions.

answer:   Sun θD  =  0.5240°, Moon θD  =  0.5588°

2.  Calculate the average angular diameter of the Earth as seen from the Moon.

answer:  Earth θD  =  1.899° (This is almost 4 times as large as the Moon appears from Earth!)

Figure 2  (NTS)

θD

d
D
2

http://sky-lights.org


Advanced Topic 7:  The Drake Equation and SETI
One of the most profound questions asked by Science is “Are we, here on Earth, the only form of 
life in the Universe?”  Within our own Solar System, the prospects for extraterrestrial life are 
slim, though many hold that life may exist on Mars or Europa (Jupiter’s fourth-largest moon). 
Both these worlds have been visited by spacecraft seeking evidence of biological activity.

Beyond our Solar System the distances are so vast that, if there were life on a planet of some other 
star, current limitations on our technology of space flight preclude any visits in the foreseeable 
future.  Fortunately, a means of detection does exist, at least in the case where that other form of 
life has developed the technology of radio communication.

The most sensitive radio receivers in use today are capable of detecting signals at power levels of 
only a few fW (1 fW =  1 × 10-15 W); this is approximately the power output of a fly crawling up 
a wall at a rate of 1 cm/century!  If an extra-solar life form has advanced to at least the level of 
radio technology mastered by Earth, their stray (or intentional) radio signals would be detectable 
out to a distance of several hundred light years.  The research program known as SETI (Search for 
Extraterrestrial Intelligence) is looking for just such signals.  Although no definite signal has yet 
been heard, this search, begun in earnest around 1960, continues at several institutes today.

What are their chances for success?  The estimates of experts in many fields vary from “zero” to 
“certainty.”  The problem with such estimates is that so many different factors are involved in the 
reasoning.  In 1961, Dr. Frank Drake of UC Santa Cruz, pioneering radio astronomer and father of 
SETI, developed the following equation as a means for defining these factors and calculating the 
probable number of extraterrestrial civilizations capable of interstellar radio communication:

                                 N =  R • fP • nE • fL • fI • fC • L
where,

N = the Number of detectable civilizations within our own galaxy

R = Rate of star formation 

fP = fraction of stars that form Planets

nE = number of planets (per star) that are Earth-like and hospitable to life

fL  = fraction of those planets where Life emerges

fI   = fraction of those planets where Intelligence emerges

fC = fraction of those planets where radio Communication technology is developed

L = average Lifetime of such civilizations

It is difficult to measure the above seven parameters, and some can only be guessed at.  They are 
listed in order of increasing uncertainty.  The last parameter, L, is more a matter of anthropology 
or history than physics.  Observational data is available for the first three parameters, but, even 
among experts in a given field, there is wide disagreement on what numerical values should be 
assigned to the other parameters.

An interesting experiment, known as a Delphic Poll, is to ask a large number of scientists for their 
best numerical estimates of these other parameters.  If the sample polled is sufficiently large, it is 
statistically likely that the average of their estimated values is close to the true value (or so goes 
the logic of Delphic Polls).  This Poll has been done several times.
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Practice Calculations:
1.  In 1990, a Delphic poll of scientists in fields from astronomy to biology, gave these results:
     [Note: Recent exoplanet discoveries have increased fP and nE significantly.]

R = 10 ± 1 stars/yr (within our galaxy) 

fP = 0.5 ± 0.2 current observational data

nE = 1.5 ± 0.5

fL  = 1/100,000,000 (for low estimate)  to 1  (i.e., “all” for high estimate)

fI   = 1/100,000,000 (for low estimate)  to 1  (i.e., “all” for high estimate)

fC = 0.01 (for low estimate)  to  1 (i.e., “all” for high estimate)

L = 75 yr (for low estimate)  to  5,000,000,000 yr (for high estimate)

Calculate the number of contactable civilizations within our galaxy.  Note:  for the first three 
parameters, use the given mean values; for  L, use a normal arithmetic average; for fL, fI,and fC
(which are ratios) use the geometric mean, which is equal to the square root of the product of 
the high and low estimates.

answer:  N = 19  (18.75) contactable civilizations

2. Now, if you accept this value, and if you assume that these 19 civilizations are distributed at 
random throughout the galaxy, and if the galaxy can be approximated as a disc shape with a 
radius of 50,000 LY. and a thickness of 3000 LY. (a reasonable model of its actual shape), and 
if  it contains 200 billion stars (current best count), then how far away is the closest contactable 
civilization?  Hint:  First find the volume of the galaxy in “LY3,” then ponder the diagram.
W W
?

answer:  d = 10,743 LY  (the cube root of “cubic light years per contactable civilization”)

This answer shows why most scientists expect radio contact before physical contact.  Traveling at 
the speed of light, a voyage to our nearest neighbor would take 10,743 years.  Unless some new 
discovery allows the cosmic speed limit to be circumvented, even a radio message, when 
received, would have been sent out 10,743 years ago.  Would the sending civilization still be 
there?  How could we know either way?  What would be the likely contents of such a message?

Is there life elsewhere in the Universe?  This question has an answer.  Whether “yes” or “no” the 
implications are profound, and directly related to our concept of who and why we are.

For more on this fascinating topic, see Is Anybody Out There?  The Scientific Search for Extrater-
restrial Intelligence by Frank Drake and David Sobel, Delacorte Press, 1992.
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Advanced Topic 8:  Elasticity

v1 v2

m1 m2

m1 m2v1' v2' =  ?=  ?

BEFORE:

AFTER:
Elasticity, e, sometimes called “coefficient of restitution” is the measure of a body’s tendency to 
reform itself after a deformation.  Elasticity can range from e = 0 (perfectly inelastic) to e = 1 
(perfectly elastic).  For example, a ball of clay has an elasticity of zero (it stays deformed), but a 
rubber ball has a very high elasticity which gives it the ability to reform and bounce.

Truly perfect elasticity, as Huygens and Leibniz showed, cannot occur in any body itself made up
of smaller parts.  The “official ball” approved for any given sport  has a well-defined elasticity 
outside of which it is not playable.  Values range from e ≅  0.7 for a basketball to e ≅  0.9 for a 
golf ball.  If you drop a ball onto a flat, hard, level surface, then:

(1)   e h'
h
----=      where h = height of drop, and h' = rebound height

When two bodies collide, the extent of their rebound is determined by the product of their individ-
ual elasticities.  Expressed mathematically, that is:

(2)   ecollision e1 e2⋅=

The elasticity of a collision can thus range from a low of e = 0 upwards to e ≅  0.9+, depending on 
exactly which two bodies are doing the colliding.

Conservation of Momentum alone is not sufficient to predict the outcome of a collision, except in 
the special case where e = 0, though momentum will be conserved in all closed-system collisions. 
However, when e is known, along with the masses and initial velocities, one can predict the final 
velocities of both objects.  Let us see how this can be done, assuming for the start that the two 
bodies shown in the diagram collide with perfect elasticity:

(3)   Σp Σp'=      This is the statement of Conservation of Momentum,

(4)   p1 p2+ p'
1 p'

2+=      as applied to a 2-body system,

(5)   m1v1 m2v2+ m1v'1 m2v'2+=      using symbols assigned in the diagram.

Rearranging and factoring Equ. 5 gives us:

(6)   m1 v1 v'1–( ) m2 v'2 v2–( )=      which is true for all collisions.
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Now, since we assumed the collision is perfectly elastic, kinetic energy is also conserved:

(7)   ΣEk ΣE'k=      This is the statement of Conservation of Kinetic Energy,

(8)   1
2
--- m1v

2
1

1
2
--- m2v

2
2+ 1

2
--- m1v'

2
1

1
2
--- m2v'

2
2+=    applied to the same two bodies.

Note that, though Ek is a scalar, we have retained the vector symbols to avoid confusion.  We now 
factor and regroup, as in Equ. 6, to obtain:

(9)   m1 v1
2

v'1
2

–( ) m2 v'2
2

v2
2–( )=      which is true for all perfectly elastic collisions.

As an exercise in algebra and vocabulary, your task now is to supply the intervening steps leading 
to Equ. 10.  Hint:  begin by dividing Equ. 6 by Equ. 9 and see what factors out.

(10 a,b,c ... etc.)

(11)   
v'2 v'1–

v1 v2
–

------------------ 1= This states that the relative velocities of approach and recession, in a
                                   perfectly elastic collision, must be equal (their ratio = 1 = e).  But in

 general, with any value of elasticity:

(12)   
v'2 v'1–

v1 v2
–

------------------ e= an equation from which elasticity can be calculated, given velocities
both before and after the collision.

Conclusion:  Given both pre-collision velocities, masses and elasticities, one can apply Equ. 5 
and Equ. 12 simultaneously, eliminate one of the velocities by substitution and, with a small 
amount of algebra, deduce the final velocities of both objects.
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Advanced Topic 9:  Forms of Energy
Physics is often described as “the study of matter and energy, and all the ways they can interact.”  
Matter is the “stuff” of which the universe is made, and energy is what “makes it go.”  Physics has 
demonstrated that both these quantities are conserved within closed systems, that is, neither can 
be created or destroyed.  But physics has also shown that matter and energy can be interconverted, 
according to the well-known equation E = mc2, where E is the energy (in joules), m is the mass 
(in kilograms) and c is the speed of light (3.00 × 108 m/s).

Energy comes in many forms, most of which are related in the diagram.  Equations are provided 
for all forms except wave energy, which requires different formulae depending on the type of 
wave.  Energy in whatever form can be measured in the metric unit of “joules” (named after 
James Prescott Joule, thermodynamicist), where 1 J = 1 kg·m2/s2.

In a very real sense, it is energy’s tendency to transform itself spontaneously, from one form to 
another, that makes things happen.  Controlling these transformations to our advantage is what 
engineering and technology attempts to do.  We call these attempts “machines.”
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The Global Energy Budget:
All forms of energy available on Earth ultimately flow from just a few sources.  The diagram is a 
schematic  showing how energy moves through the global system.  Values cited are approximate, 
and are given in units of “quints,” where:

1 quint (quintillion joules)  =  1 × 1018 J  ≈   3 × 1011 kW⋅ hr  ≈   1 × 1015 Btu

Amazing fact:  with only 5% of the global population, the United States uses 23% of the global 
energy total (2007).  This contributes to both our high standard of living and pollution levels.
ENERGY FLOW THROUGH THE GLOBAL SYSTEM IN ONE YEAR

total output of Sun  =  1 × 1017 quints

solar energy received by Earth  =  5.4 × 106 quints

solar energy
reflected by
clouds, ice
and water
=  1.8 × 106 quints 

captured by photocells  =  2 quints

used in plant

used in phytoplankton
photosynthesis

photosynthesis
heats and
evaporates
water  =  1.3 × 106 quints

heats land  =  1.6 × 106 quints 

heats atmosphere

=  1 × 106 quints

wind power +
wave power
=  3 quints

geothermal
output of Earth
=  950 quints

=  900 quints

=  475 quints

used to produce
electricity and
space heating
=  3 quints

recaptured by dams as hydroelectric power  =  3.2 quints

nuclear  =  20 quints

fossil fuels*  =  180 quints
* The fossil fuel total includes:   10 quints  =  chemical compounds (plastics, medicines)
  40 quints  =  electrical power
  30 quints  =  transportation
100 quints  =  heating

This is drawn from coal, oil and natural gas, reserves of which are estimated at around 100,000 
quints (estimates vary widely).  At our current rate of use, all fossil fuels will be depleted in 500 
years; allowing for the current increase in this rate they will be gone in 300 years.  On the way to 
depletion, they will become increasingly scarce and thus more expensive.
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Advanced Topic 10:  Nuclear Fission and Power Generation
The nuclei of atoms are held together against tremendous electrostatic repulsion forces from the 
positive charges (protons) contained therein.  What holds them all together is the even stronger 
nuclear force, mediated by particles known as gluons which act between protons and neutrons. 
Note that, although the neutrons do not repel, they do contribute to the overall force that binds
the atomic nucleus together (Figure 1).
144Ba

n

235
U

235
U

236
U

n

n

90Kr

2 MeV  

Ek = 85 MeV

Figure 2

Ek = 85 MeV

Ek = 4 MeV

Ek = 4 MeV

γ

Figure 1

Fe

FeFe

Fe

Fn
In very large atoms such as radium, thorium, uranium, and 
plutonium, protons on opposite sides of the nucleus are 
out of range of each other’s gluons (the nuclear force has a 
very short range) but still strongly repel each other with 
electrostatic forces, which have infinite range.

The reason uranium is listed as the heaviest naturally 
occurring atom on the Periodic Chart is that heavier atoms 
have very unstable nuclei — electric repulsion over-
whelms nuclear attraction and they simply cannot hold 
together.  Although many transuranic elements have been 
artificially made, they promptly fission (explode) releas-
ing this stored potential energy in the kinetic energy of 
their fragments.  This phenomenon, called radioactivity, 
even occurs for some elements lighter than uranium, with 
main difference being how long they can hold together 
before decaying (their half-life).

Half-life:

The half-life of 235U is 7.038 × 108 years.  This means 
that in a given sample of 235U, half the atoms will sponta-
neously decay in that amount of time.  After yet another 
7.038 × 108 years have elapsed, half of those remaining 
atoms will decay (leaving 1/4 the original amount), and so 
on, and so on.  The equation describing this process is

(1.)  N = No × e-λt   where

N = the number of atoms left undecayed
No = the number of atoms you start with
λ = the decay constant (usually in units of “years-1”)
t = elapsed time (usually in units of “years”)

The decay constant for 235U is 9.8485 × 10-10 years-1, so 
to calculate its half-life (the time after which N = ½No), 
we simply solve Equ.1 for t as:

(2.)  T½ = ln(2)/λ   (where T½ is the half-life)

which yields the expected  T½ = 7.038 × 108 years.
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The Nuclear Reaction:

Uranium is the fuel of choice for most reactors.  It is relatively plentiful in Earth’s crust.  But it 
takes 1000 lb of ore to yield a pound of uranium metal.  In this pound, less than 1% is the easily 
fissionable 235U, the remainder being the less useful isotope 238U, along with traces of 234U.

Since 235U is just on the verge of instability, all it takes to trigger fission in this atom is the addi-
tion of a single neutron.  The neutron wedges the nucleons just farther enough apart to allow the 
electric repulsion to win out over the nuclear force (Figure 2).  A uranium atom typically splits 
into two major fragments (barium and krypton, for example), plus 2 or 3 neutrons and some 
gamma rays.  It is these major fragments, themselves often radioactive, that constitute the hazard 
referred to as nuclear waste.

These waste products have a variety of different half-lives ranging from minutes to mega-years, 
so in bulk, they remain radioactive for a very long time.  You can’t just toss this material into a 
regular land fill.  The waste must either be stored onsite at the reactor complex, moved to a secure 
centralrepository, or undergo reprocessing to extract the remaining fissionable fuel.

By convention, energy in nuclear reactions is expressed in units of “MeV” (millions of electron 
volts) rather than the usual “joules.”  The conversion factor is

(3)   1 MeV =  1.6 × 10-13 J

so it may seem at first glance that the energy released by a single fissioned uranium atom is small. 
But when the huge number of atoms involved in a real reaction is considered, the total energy 
release can be enormous.  One kilogram of fissionable uranium contains about the same energy 
as 3000 barrels of crude oil!  The Palo Verde Nuclear Plant west of Phoenix, AZ, one of the larg-
est in the world, produces energy at the prodigious rate of 3.81 × 1012 J/s!

The key to releasing all this energy is concentrating large numbers of fissionable atoms in one 
place, so that the two neutrons typically ejected in a fission can in turn trigger other fissions.  This 
is the process known as a chain reaction.

The reaction shown in Figure 2 can be written as follows:

(4)   235U + n  →  236U  →  144Ba + 90Kr + 2n + γ

Using atomic mass units, where 1 amu = 1.661 × 10-27 kg, we can attempt to balance this reaction. 
Comparing the mass of the original uranium atom and neutron to the total mass of all the fission 
fragments (gamma rays, being photons, have no mass) we get

(5)   235.0439 amu + 1.0087 amu  →  143.9230 amu + 89.9195 amu + 2(1.0087 amu)

which does not balance.  Mass is not conserved; the right side is 0.1927 amu (= 3.1999 × 10-28 kg) 
light.  What has happened here is conversion of mass into energy.  Using Einstein’s equation:

(6)   E = mc2 = (3.1999 × 10-28 kg) × (3.00 × 108 m/s)2 = 2.88 × 10-11 J = 180 MeV

which is exactly the total energy of the fission fragments (check this).  This is the energy released 
from mass during the fission of a single uranium atom.  In more common energy units, this is 
equal to 2.88 × 10-11 J.  That may not seem like much energy, but consider that one reactor fuel 
rod contains some 1025 fissionable atoms of uranium!  And the nuclear reactors used for power 
generation typically contain dozens of fuel rods in their core.



Power Generation:

Figure 3 shows a simple block diagram of a typical nuclear reactor and power generation facility. 
Except for the heat source, it is similar to a gas or coal fired plant.  The fuel rods themselves are 
heated by the impact of high-energy fission fragments.  This heat is absorbed by the primary cool-
ant, usually high pressure water, and passed on through a heat exchanger to the secondary loop 
where it converts liquid water into steam.  The high pressure steam spins a turbine coupled to a 
generator which produces the output electricity.  From there, the steam is condensed by water that 
circulates through a cooling tower or, depending on availability, a river or lake.  It is then returned 
to the heat exchanger and repeats the cycle.
Figure 3
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The rate at which the chain reaction proceeds depends on the control rods, the “throttle” of the 
reactor and probably its most crucial component.  When these control rods are fully lowered 
between the fuel rods, they absorb neutrons and inhibit fission.  Lacking control rods and primary 
coolant, the fuel rods would rapidly become white-hot and a meltdown would ensue.  Safeguards 
are built-in to virtually eliminate the possibility of such an event.  We have learned much from the 
reactor failures at Chernobyl, Ukraine (1986) and Three Mile Island, United States (1979).  New 
designs are robust, and will surely continue to provide a significant fraction of our power.

Note that a meltdown is not the same as a nuclear explosion.  Fuel for reactors is typically 
enriched to where the 235U content is 3-5%, compared to its natural abundance of about 0.7% in 
raw ore.  To create a run-away chain reaction, and release all the energy at once, as in a nuclear 
bomb, one would need uranium fuel containing more than 20% (typically over 90%) 235U.  This 
highly enriched uranium is know as “weapons grade.”

The enrichment process is complex.  Using a variety of mechanical, chemical, and elctromagnetic 
systems, the 235U can be separated from the slightly heavier 238U, and the slightly lighter 234U. 
All these isotopes are essentially identical in their chemical behavior, but the mass difference 
affords the means to distinguish between them.  After the isotopes have been separated, they are 
remixed to provide the 235U enrichment level required.
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1.  Most of the 235U found on Earth was created about 6 billion years ago in a nearby supernova
     that seeded our early solar system with heavy atoms.  What percentage of the original amount
     of this isotope remains today?  The half-life of 235U is 7.038 × 108 years.

     answer:  N/No = 0.0027  ⇒  0.27%

2.  How much energy was released by the atomic bomb dropped on Hiroshima, Japan in 1945?
     This weapon, dubbed “Little Boy,” contained 64 kg of 85% enriched uranium.  Of this 64 kg,
     due to design inefficiencies, only 0.7 kg of 235U actually fissioned.

     answer:  E = 3.24 × 1026 MeV = 5.18 × 1013 J  (0.7 kg = 1.8 x 1024 atoms @ 180 MeV/atom)

3.  Another possible fission reaction for 235U is:   235U + n  →  236U  →  139Te + 94Zr + 3n + γ .
     Balance this equation in amu, and calculate the mass deficit.  The atomic mass of 139Te is
     138.9347 amu, and that of 94Zr is 93.9063 amu.

     answer:  Δm = 0.1855 amu

4.  The critical mass (minimum mass capable of sustaining a chain reaction) for a spherical load
     of weapons grade 235U is about 52 kg.  Calculate the diameter of this sphere.

     answer:  D = 17.4 cm  (the density of uranium is 18.9 g/cm3)

Practice Calculations:



Advanced Topic 11:  Specific Heat
Two bodies with equal masses and temperatures may contain greatly different amounts of heat 
energy, due to differences in the material property known as specific heat, cp.  To fully under-
stand this concept, we must first clarify the meaning of the terms “temperature” and “heat.”  

Temperature:  is a measure of the average kinetic energy of the particles (atoms or molecules) 
that make up any given body.  When measured in “kelvins,” the temperature is proportional to 
this average, that is, Tabs ∝  Ek with the average taken over all constituent particles.  This follows 
from the Kinetic Theory (Advanced Topic 13) which also provides the proportionality constant. 
The kinetic energy referred to here is translational Ek as opposed to rotation or internal vibration, 
all of which are present in a system of rapidly moving, colliding particles.

Heat:  is a measure of the total kinetic energy of the particles (atoms or molecules) that make up a 
given body, that is, H = Σ Ek  with the summation over all constituent particles.

That the two ideas (temperature and heat) are indeed different can be seen by a simple model.
Ek

Ek

Ek

Ek

T = kEk = kEk T = kEk = kEk

H = Σ Ek = Ek H = Σ Ek = 3Ek

Figure 1

A B
Figure 1 shows two “bodies” consisting of rapidly 
moving particles.  Given that all individual particles 
have equal kinetic energies (Ek ), both A and B must 
have equal temperatures (Ek ).  Body B, however, has 
more heat energy ( Σ Ek ) since it contains a greater 
number of particles.

One can mathematically relate the temperature of a 
body to its heat content if a value for its specific heat 
is available.  This material property is known for most 
common substances; some sample values are given in 
the chart.  The specific heat of a given solid or liquid is e
ssentially constant, but is highly variable 
in gases depending on conditions of P, T and ρ.

The equation relating temperature and heat is: C  (cal/g⋅ °C)
SUBSTANCE p

water

3.41*

glycerin
wood (average)

ice

aluminum
rock (average)
concrete

glass
steel
copper
lead

helium
hydrogen

air

1.25*
1.000 ...
0.576
0.55

0.48
0.241*
0.22
0.20
0.16

0.16
0.107
0.093
0.031
(1)   ΔH mcp ΔT=    with m  in “grams”
cp  in “cal/g⋅ °C”
T   in “kelvin” or “°C”

A few notes on the use of Equ. 1 are in order:

The use of “cal/g⋅ °C”  for specific heat is based on our 
definition of the thermodynamic calorie, which is the 
amount of heat needed to change the temperature of 1 g 
of H2O by 1°C.  Some sources give “metricized” values 
in units of “J/kg⋅ °C”.  This is merely a matter of style, as
they can be interconverted with the relation

(2)   (cal/g⋅ °C) × 4184 =  (J/kg⋅ °C)
Note also that, since a celsius degree is the same size as a kelvin, either may be used in Equ. 1 
which is concerned with changes in heat and temperature, e.g., a temperature change of 5 kelvins 
is the same as a change of 5 °C.

*at STP
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1.  Your favorite soda has a specific heat of 1.1 cal/g⋅ °C ; one can contains 360 g of beverage and 
leaves the refrigerator with the refreshing temperature of 5.0 °C.  If you leave it out in the hot 
sunlight for one hour, it will absorb around 2.0 × 104 calories of solar energy (depending on 
the color of the can, of course).  What is its final temperature?

answer:  T' = 56 °C  (ΔT = +51 °C)

2.  What is the total heat energy contained in a cooler-sized block of ice (m = 10 kg and T = 0 
°C)?  Hint:  to what temperature would it need to be cooled in order to extract all the heat? 
Note that such a feat is impossible according to the 3rd Law of Thermodynamics.

answer:  H = 1.3 × 106 calories  (This is about enough heat to melt an aluminum soda can!)

3.  You mix 40 g of H2O at 20 °C with 100 g of glycerin at 120 °C.  What is the temperature of the 
resulting mixture?  This is a tough problem requiring a special analysis, so here’s some help:

Any heat lost by the glycerin must end up in the H2O, that is,  ΔHwater = -ΔHglycerin.
      If we expand this equation into the form of Equ. 1 we obtain

mcpΔT( )water mcpΔT( )glycerin–=

Substituting the quantity (T' - T) for ΔT, and abbreviating subscripts to “w” and “g,” we get

mcp T' T–( )[ ]w mcp T' T–( )[ ]g–=

Since the final temperature (which is what we seek) of both substances will be equal, we can
rearrange, solving for T' we get:

(3)   T'
mcpT( )w mcpT( )g+

mcp( )w mcp( )g+---------------------------------------------------=      which is your working equation for mixtures.  Go.

answer:  T' = 79 °C

Practice Calculations:
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You want to lose some weight?  Here’s the answer:  no gimmicks, no special equipment, foods or
creams, no meetings, nothing to buy — only Physics.  Controlling your weight is simply a matter 
of balancing the energy equation that models the human body:

(1) ΔEP  =  ΔEFOOD - ΔH - ΔW

Most people are, on the average, in energy equilibrium; that is, their weight is essentially constant 
and ΔEP = 0.  In this situation, weight can be lost or gained by changes in EFOOD, H or W.

So if you want to lose weight, here are the seven possible strategies allowed by Equ.1:

1.  set EFOOD  = 0 bad choice (anorexia), food provides the energy for life
2.  cancel +EFOOD with -EFOOD bad choice (bulemia), you need food for more than taste
3.  increase H possible with stimulants but requires medical supervision
4.  subtract EP (=m) extreme solution, surgical fat removal is costly and risky
5.  major decrease in EFOOD not easy, eating is a pleasure, hard to balance a small diet
6.  major increase in W hard work, time-consuming, health clubs are expensive
7.  moderate decrease in EFOOD

     + moderate increase W best overall solution, easiest regimen, good physics

Recent developments in gastric bypass surgery allow the stomach to be physically reduced in 
size, causing you to feel “full” after eating less food.  This is one way to employ strategy #5, but 
like strategy #4, any surgery involves costs and risks better avoided if possible.

Advanced Topic 12:  The Physics Diet

W = 5(F × d)

EFOOD

H = 1500 Cal/day

GLUCOSE

GLYCOGEN

FAT (=m)

PROTEIN

EP

1 pound ≈  4300 Cal
1 kg ≈  4.0 × 107  J

H = AVERAGE BASAL METABOLISM:

This is the amount of heat energy 
produced by processes in the body
just to stay alive, e.g., regeneration

EFOOD  (TYPICAL VALUES):

1 average cookie = 100 Cal
1 can of non-diet soda = 150 Cal
1 slice of cheese pizza = 200 Cal
1 lunch-size bag-o-chips = 250 Cal of cells, heartbeat, neural activity,

respiration, and growth.

Most physical exercise involves a force
applied over some distance.  When the
values of F and d are known, one can

Isometrics uses force between
opposing muscles groups, but

ΔhF
o

is the reaction energy of
glucose, and mR is the mass of
glucose reacted or “burned.”

no motion or distance.  Work is
still done here with ΔE = mRΔhF

o
.

W

can calculate W directly.  The “5” in the
equation is a result of the body’s 20%
efficiency, that is,  5 J of EP are burned
when you do 1 J of W.

Alternatively, one can simply consult a
table of experimentally determined Ws.
For example:

walking your dog a mile = 100 Cal
flying a kite for an hour = 150 Cal
riding a bike for 2 miles = 200 Cal
tossing frisbee for an hour = 250 Cal

1 pound ≈  1800 Cal
1 kg ≈  1.7 × 107  J
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Example:  For your Physics Diet you decide to walk your dog one mile every evening (your dog 
will love you for this), and to skip that bag of chips you usually have with lunch.

ΔEP  =  ΔEFOOD   - ΔH - ΔW  = -250 Cal - 0 Cal - 100 Cal = -350 Cal (in one day)

At this rate you will burn 1 pound of EP (fat) in only 4300/350 = 12.3 days.  In one year you will 
lose ≈  30 pounds.  If you were originally in equilibrium, your diet is now completed.

1.  You decide to switch from your favorite non-diet soda (with 150 Cal/can) to the diet version 
(with only 1 Cal/can); your average consumption rate is 3 cans/day.  You also start riding your 
bike 2 miles every morning.  How much weight will you lose in one year?

answer:  55 lb

2.  Somewhere around age 25-30 your metabolism will decrease due to the normal aging process. 
If it decreases from 1600 Cal/day to 1400 Cal/day, and you take no action in the form of diet or 
exercise, how much weight will you gain each year?

answer:  17 lb  

3.  Your normal routine is to stop by the bar on the way home from work and drink 2 beers with 
your buddies.  Popular brands of “light” beer contain 30% less calories than the more palatable 
versions, but you decide to have the 200 Cal/can “real stuff” instead and work off the differ-
ence lifting your 50 kg barbells (W = mgh).  One lift raises the barbells a height of 2 meters. 
How many lifts are required to “burn off the beer”?  Hint:  1 Cal = 4184 J.

answer:  102.5 lifts will burn the difference of 120 Cal

4.  In preparation for swimsuit season you decide to stop eating entirely, start taking diet pills that 
boost your metabolism to 1800 Cal/day, and also begin a vigorous exercise program of run-
ning 5 miles each morning (700 Cal).  Given your desired weight loss of 20 pounds, how long 
must you maintain this exhausting regimen?

answer:  34 days (neglecting that H goes to zero when you die three days into this program)

Practice Calculations:
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The Kinetic Theory is a model for the behavior of particles in a gas.  Using the laws of Newtonian 
mechanics, and some simple statistics, one can explain the bulk properties of a sample of gas, 
including such parameters as its pressure, temperature and density.  This analysis was first done 
by Daniel Bernoulli (1700-1782), and published in his classic work Hydrodynamica.

The analysis is a classic example of how science uses models of things it cannot directly observe, 
such as the individual particles in a gas, to predict observable, and measurable, phenomena.

Assumptions: 1.  Distances between particles are very large compared to the sizes of the
      particles themselves.  Between collisions, the particles are in free fall.
2.  Collisions between particles, or with the walls of the container, occur
      with perfect elasticity.  Thus, kinetic energy is conserved.
3.  The gas consists of a very large number of identical, monatomic particles
      which carry only translational kinetic energy.
4.  All particles move with random speeds and in random directions, the
     description of which can be accomplished by statistical averaging.

Definitions: v  ≡  average speed of particles
m  ≡  mass of a gas particle
N  ≡  number of particles in gas
V ≡  volume of sample (L×L×L)
ρ  ≡  mass density of gas
n  ≡  number of moles of gas
T  ≡  absolute temperature of gas in “kelvins”
R  ≡  gas constant = 8.31 J/mole⋅ K
NA ≡  Avogadro’s number = 6.02 × 1023 particles/mole
k  ≡  Boltzmann’s constant = 1.38 × 10-23 J/particle⋅ K  (or simply “J/K”)

The Analysis:  Consider a single particle bouncing straight back-and-forth between two walls of
                          the container.  The time between its collisions with a given wall is:

(1)   Δt d
v---

2L
v-------= =

So its frequency of impact with that wall would be:

(2)   f 1
Δt
------ v

2L
-------= =    in units of “collisions/second.”

The impulse to the wall during each impact, which is equal (and opposite) to the particle’s change 
in momentum, is:

(3)   FΔt Δp mv' mv– 2mv  (since v v'– )== = =

Advanced Topic 13:  The Kinetic Theory of Gases

m

v

L

L

L
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Using dimensional analysis we can show that:

the mathematical equivalent of which is:

(4)   2mv v
2L
-------× Δp

Δt
-------= mv2

L
---------- Δp

Δt
-------=⇒     (this is the momentum change/second)

Since Newton’s 2nd Law states that force equals the rate of change of momentum, we have:

(5)   F mv2

L
----------=    which is the average force on the wall due to a single particle’s collisions.

Now, given the actual random motion of particles, we would expect that only a third of them are 
engaged, at any time, in pummeling a given (opposite) pair of walls.  Thus, the total force is:

(6)   F N
3
---- mv2

L
----------× Nmv2

3L
---------------= =

Pressure is defined as the force/area, that is P = F/A, so we can express the pressure as:

(7)   P F
A
----

Nmv2

3L
---------------

L2--------------- Nmv2

3L3
--------------- Nmv2

3V
---------------= = = =      (since V = L3 )

We will attain our goal by using the equation for kinetic energy:

(8)   Ek
1
2
--- mv2 v2 2Ek

m---------=⇒=

so that, by substitution of Equ. 8 into Equ. 7, we finally arrive at:

(9)   P
Nm 2Ek

m---------⎝ ⎠
⎛ ⎞

3V
------------------------- 2NEk

3V
--------------= =

which can be regrouped as:

(10)   PV 2
3
---NEk=        This is Boyle’s Law, which states that, in a gas, PV = constant.

                                                   Note:  This is true only for adiabatic (constant T) processes.

MOMENTUM CHANGE
IMPACT

X IMPACTS
SECOND

= MOMENTUM CHANGE
SECOND



But wait ... there’s more.  The Ideal Gas Law, an empirical relation, states that:

(11)   PV nRT=

If we set Equ. 10 and 11 equal to each other we get:

(12)   2
3
---NEk nRT T 2NEk

3nR
--------------=⇒=

But since Avogadro’s number NA = N/n, and since Boltzmann’s constant k = R/NA:

(13)   T 2Ek

3k
---------=        This is the Kinetic Theory of Heat.

Equ. 13 states that the absolute temperature of a gas depends on the average kinetic energy of its 
particles.  Since Boltzmann’s constant is known, we can calculate this kinetic energy if we also 
know the temperature.  If we know the particle mass, Equ. 8 can find the average particle speed. 
This is a powerful theory, allowing us insights into the microscopic world.  For example, by using 
advanced statistical mathematics, we can show the following ...

Mean Free Path:

The particles collide with each other as well as with the container walls.  This has no bearing on 
the preceding analysis, as these collisions are also perfectly elastic.  The average distance between 
particle-particle collisions is known as the mean free path, λ.  It can be calculated as:

(14)   λ 1
π 2 ρnD2
------------------------=      where D  =  particle diameter in “meters,” and

ρn =  the particle number density in “particles/cubic-meter”

Speed Distribution:

Particles in a gas move with random speeds centered on a value that is a function of the absolute 
temperature.  This distribution is Gaussian, and described by:
N

v

T1

T2
T1 < T2
(15)    f v( ) 4π m
2πkT
--------------⎝ ⎠

⎛ ⎞
3
2
---

v
2
e

Ek–
kT
---------

=

The plot at right shows how particle speeds 
are distributed at two different tempera-
tures, with the number of particles N at a 
given speed v decreasing exponentially as 
v→∞ .  Notice also the broadening of the 
peak at higher temperatures.  Why is that?
T - 32
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1.  Room temperature air is mostly N2 (nitrogen), with a molecular mass of 28 amu.  At a typical 
room temperature of 20 °C, what is the average speed of these particles?  Hint:  first find their 
average kinetic energy using Equ. 13.

answer:  Ek = 6.07 × 10-21J  ⇒  v = 511 m/s  (about 1140 mph)

2.  The pressure in your truck tires is 36 psi (about 2.5 × 105 N/m2).  Their temperature at rest was
     20 °C.  After a long drive on a hot road, their temperature increases to 40 °C.  Calculate their
     pressure under these new conditions.  Assume the tire volume remains constant.  Hint:  use
     Equ. 11 to form a ratio of initial and final states, cancelling the constant terms.

answer:  P = 2.67 × 105 N/m2  (about 38.5 psi)

3.  Imagine 100 people are randomly wandering blindfolded on a football field.  The “diameter”
     of each person is about 1 meter.  The field measures 50 x 100 meters.  What is the mean free
     path between collisions?  Hint:  treat this as a 2-dimensional problem, and first calculate the
     number density of people in units of “people/m2.” 

answer: ρn =  100 people / 5000 m2 = 0.02 people / m2  ⇒  λ = 11.3 m

Practice Calculations:



Advanced Topic 14:  Archimedes’ Principle
When a solid body is submerged in a fluid, it will feel a
net upwards force know as the buoyant force, Fb.  This
force is the result of fluid pressure increasing with depth,
a phenomenon familiar to anyone who has dived below
the surface of a deep body of water.

The diagram shows the force vectors due to pressure
acting on a submerged cubical body.  Note that, though
the horizontal vectors cancel, the force vectors on the
top and bottom surfaces do not.  This imbalance is what
creates the buoyant force.

It is possible to derive an expression for Fb, since the increase in pressure is due to the weight of 
the fluid above.  We will simply state it as a useful formula.  First, in Archimedes’ words:

A body immersed in a fluid will feel a buoyant force equal to the weight of the fluid it displaces.

Mathematically, this is stated as:   Fb  =  ρwV      where   ρw is the weight density of the fluid,
                                                                                             V  is the volume of fluid displaced.

Weight density is the vector counterpart to mass density ρ (a scalar), and can be calculated as the 
product of ρ and g.  Since Fb is directed upward, and g downward, we’ll dispense with the usual 
vector notation.  The chart gives the weight densities (on Earth) for some common fluids.

Interestingly, in a weightless environment this effect is
not present.  For example, a spherical globule of water
will float freely aboard a spacecraft.  If a cork is pushed
into its interior it will stay wherever it is left.  One might
say, since there is no “up” in space, the cork has no idea
which way to “bob.”

The fact that a body experiences a buoyant force does not
automatically mean that it will float.  That result would
depend on how the body’s weight compares to Fb.

if  Fb  <  Fg   then the body will sink
if  Fb  =  Fg   then the body is neutrally buoyant
if  Fb  >  Fg   then the body will float

It is important to realize that, even when a body does not float, the buoyant force is still present. 
You may have noticed this effect when lifting an object out of water; as it breaks the surface and 
loses the buoyant force, it suddenly feels heavier.

When a body is only partly submerged, as with a boat, the buoyant force cannot be calculated as 
above.  Instead, the V in the equation would represent only that part of the volume that is actually 
submerged.  As a boat is first launched it begins to sink, increasing this partial V (and thus Fb) to 
the point where (hopefully) neutral buoyancy is attained.

P

PP

P

FLUID             ρw  (N/m3)      (lb/ft3)

sea water        1.01 × 104       64.0

ethyl alcohol    7.73 × 103       49.3

xenon*               57.3                0.365

methane*           7.04                0.0448

*at  STP

radon*                98.3                0.626

air*                    12.6                0.0802

mercury            1.33 × 105      845

glycerin            1.24 × 104      78.7

petroleum        8.60 × 103       54.8

pure water       9.80 × 103       62.4
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Practice Calculations:
1.  The average adult human body has a volume of 0.075 m3.  Calculate the buoyant force when it 
is completely submerged in a pool containing essentially pure water.

answer:  Fb = 735 N  (165 lb)  See why most people float easily?  In salt water Fb = 170 lb.

2.  How much force would it take to push a basketball (V = 0.015 m3) below the surface of a large 
pool of mercury?

answer:  Fb = 1995 N (448 lb!)

3.  You decide to go for the world record of “people crammed into a bass boat.”   If each person 
has a weight of 150 lb, and the rowboat has the dimensions shown, what is its passenger limit?
Hint:  If the boat were completely submerged (just to the water line) what would Fb equal?

answer:  V = 96 ft3  ⇒  Fb =  5990 lb, so the limit is 39 passengers (bass are fresh water fish).

4.  How large a helium balloon would be required to lift you into the air?  The weight density of 
helium is  0.0111 lb/ft3.  Assume that the balloon fabric has negligible weight, your  weight is 
150 lb, and your volume is 3 ft3.  Hint:  be sure to account for all vertical forces.

    ΣFyou Fg Fb+ -150 lb + 0.24 lb = -149.76 lb =  -ΣFballoon= =

answer:  V =  2167 ft3  (It would have a diameter of 16 ft.)

4 ft

12 ft

2 ft

?
Fb

Fg

Fg

Fb

+

-
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This is where the decibel scale comes in.  Because it is a 
logarithmic scale it can express a very large range of 
numbers in much more compact form, without all the 
zeros or scientific notation.  The chart shows equivalent 
intensity ratings ranging from the threshold of hearing
(defined as 0 db) up to sounds louder than you’d ever 
want to hear.  Ear pain begins at 140 db, immediate 
hearing loss at 150-160 db, and the bursting of internal 
organs at 170 db.

Equ. 2 and 3 allow you to convert between intensity
units of  “W/cm2” and “db.”

(2)   I(W/cm2)  =  (1 × 10-16 W/cm2) ⋅  10
[I(db)/10]

(3)   I(db)  =  10 ⋅  [log I(W/cm2) + 16]

Note that the subscripted units tell you which intensity
to insert, e.g., Equ. 2 converts “db” into “W/cm2.”

Advanced Topic 15:  Sound Intensity and the Decibel Scale

1 cm2

P

source

P

P

P

P

P

SAMPLE SOUND I (W/cm2) I (db)

THRESHOLD (Io) 1 x 10-16 0

NORMAL BREATHING 10-15 10

LEAVES IN A BREEZE 10-14 20

BRISK WIND 10-13 30

TYPICAL LIBRARY 10-12 40

QUIET RESTAURANT 10-11 50

2-PERSON CONVERSATION 10-10 60

HEAVY TRAFFIC 10-9 70

VACUUM CLEANER 10-8 80

NIAGRA FALLS 10-7 90

SUBWAY TRAIN 10-6 100

JACKHAMMER 10-5 110

FORMULA-1 RACE CAR 10-4 120

HANDGUN 10-3 130

MACHINE GUN 10-2 140

CANNON 10-1 150

JET EXHAUST 100 160

ROCKET LAUNCH 101 170

CONCUSSION GRENADE 102 180

An objective method for rating the loudness of a sound is not possible, since loudness is a sensory 
perception, like sweetness or blueness.  People seldom agree on what constitutes a “loud” sound. 
Further, the human ear hears some frequencies with greater sensitivity than others, especially 
those in the range of 300-400 Hz (not surprisingly, the average frequency of the human voice).

The objective property of sound most closely related
loudness is intensity, I, which can be measured in either
“W/cm2” or “decibels.”  Both of these units represent
a power/area ratio since sound, like all waves, is a
continuous flow of energy.  When a sound wave front
propagates through air it usually expands radially (see
diagram).  In the simplest case, with no reflecting or
absorbing barriers in the way, the energy in the wave-
front is fairly constant.  But as the wave front expands
this energy is spread ever more thinly over a larger and
larger sphere.  It is because of this expansion that the
intensity decreases with distance.  The power (energy/time) in the wavefront remains constant, 
but with its area continuously increasing, the ratio, P/A, decreases.  Equ. 1 defines this ratio:

     where I  =  intensity in “W/cm2” (interconvertible with decibels, db)
P =  power in “W”
A = area in “cm2”  (for a sphere, A = 4πR2)

One can use a calibrated microphone to measure the power of a sound directly; if the detector area 
(the sensitive part of the microphone) is also known, it is a simple matter to calculate the intensity. 
The problem with measuring sound intensity in “W/cm2” is that the range of sounds audible to the 
average human ear spans about 19 powers of 10!  The faintest sound you can hear is more than ten 
quintillion times less intense than the loudest sound you can hear (which you hear only once).

(1)   I
P
A
----=
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1.  An exploding cherry bomb releases most of its energy as sound in a shock wave.  During the 
0.010 second explosion, 0.00050 joule of chemical potential energy “explodes into sound.”

a.  Calculate the power output of the explosion.

answer:  P = 0.050 W

b.  Given the surface area of the cherry bomb, calculate the decibel
          intensity of the “BANG” at a point immediately adjacent to its
          exploding surface (Do not try this at home!).

answer:  I =  5.0 × 10-3 W/cm2 = 137 db

c.  Assume the cherry bomb is detonated in air, and that the sound radiates in a spherical wave
          front.  Calculate the decibel intensity at a distance of 1 km.

answer:  I =  4.0 × 10-13 W/cm2 = 36 db

d.  What is the maximum distance from which the explosion can be heard?  Hint:  this is the
           distance at which the intensity has dropped to 0 db.

answer:  R = 6.3 × 106 cm = 40 miles

2.  Most stereo speakers are incredibly inefficient, typically less than 1%, at converting electrical 
energy from the amplifier into sound energy for your ears (fortunately, the ears make up for 
this with their own incredibly high efficiency).  Calculate the efficiency of a speaker producing 
sound levels of 100 db at a distance of 5.0 m, and powered by a 200 W/channel amp (200 W to 
each speaker).  Assume the sound radiates in a hemispherical wave front, i.e., A = 2πR2.

answer:  P = 1.6 W,  e = 0.78%

Practice Calculations:

5.0 m

AREA = 10 cm2



Advanced Topic 16:  Index of Refraction
When light, or any other wave, passes from one medium
into another its speed, wavelength and direction of motion
will change in accordance with the Law of Refraction:

(1)   v
v'
---- λ

λ'
---- θ isin

θrsin
-------------= =

Figure 1 shows the geometric relations of these quantities.

The Law of Refraction is central to the branch of physics
known as optics, which is concerned with precise control
of the paths of light waves.  This control is central to the
design of such devices as telescopes, eyeglasses, cameras
and sources of illumination.  It is also key to the function
of the eye itself, which is a lens that sometimes needs assistance to form properly focused images. 
This assistance can be provided via lens modification (surgery) or artificial exterior lenses.

In order to achieve the high precision needed for these devices, one must know exactly how the 
speed of light changes as it passes from one substance to another; glass, plastic and ceramics all 
present different resistance to the passage of a light wave, and these differences are characterized 
by a material property called index of refraction, n, which is defined as

(2)   n c v⁄=      where  c = speed of light in a vacuum = 3.00 × 108 m/s.

Note that n is a dimensionless number that will be greater than 1 for all materials; light travels 
more slowly through a transparent substance than it does in a vacuum.  If we append this term to 
Equ. 1 we get an expanded version of the Law of Refraction:

(3)   v
v'
---- λ

λ'
---- θ isin

θrsin
------------- n'

n----= = =

The chart shows the index of refraction for several materials.  In the
case of air, or other gases, the index will vary depending on density
and temperature; this is what causes the “heat shimmer” seen above
hot surfaces, where the images of objects in the background seem to
shift and distort, as well as other common mirages.

Strictly speaking, different colors (λ’s) of light move at slightly different speeds through a given 
material; indices cited are for the average wavelength of visible light:  λ = 5890 Å (yellow).  For 
example, violet light (λ = 3900 Å) moves about 10% more slowly through glass than does red 
light (λ = 7600 Å).  Cheap optics will show rings of color around bright objects due to this effect.

When a beam of light passes into a substance with a lower index
of refraction (θr > θi) the phenomenon known as total internal
reflection will occur.  At the critical incidence angle, θc, where
θr = 90°, the beam will not enter the new medium; it will instead
reflect back inward following the Law of Reflection (Figure 2).

(4)   θc n' n⁄( )sin 1–=

This “beam trapping” is the basis of fiber-optic communications.

Figure 1

θi

θr v'

v

λ

λ'

material                 n

vacuum             1.000 ...
air (@STP)          1.0003
plastic               1.1 - 1.8
pure water        1.33
glass                 1.5 - 2.0
diamond            2.42

Figure 2

source

θi < θc

θi = θc

θi > θc
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Practice Calculations:
1.  You hold a magnifying glass between a wall and a light bulb in a dark room.  An image of the 
bulb can be clearly seen on the wall when the bulb-lens-wall distances are just right (Try this, 
it works!).  The bulb image is located at the focal point of the lens, as shown.  What is the 
index of refraction of the lens material?

answer:  n = 1.5

2.  In a science fiction short story titled “Slowglass,” a rare type of glass mined on Mars has such 
an extremely high index of refraction that looking through a window of this substance allows 
one to “see the past.”  A typical window pane of thickness 0.0040 m will delay the light by one 
month (30 days).  What is the index of refraction of this hypothetical material?

answer:  n = 1.9 × 1017

3.  You suspect the burglar is hiding in your pool, but don’t want to get too close in case he has a 
weapon.  You shine the flashlight beam into the water at an angle of 60°, illuminating the 
scoundrel.  He bolts.  Bang!  You nail him.  What was the angle of refraction?

answer:  41°

4.  Light from a star refracts slightly as it enters Earth’s atmosphere from the vacuum of space; 
thus the apparent position of a star is not its actual position.  This effect is greatest when the 
star is rising or setting, and is zero at the zenith (why?).  Calculate the angular shift, Δθ, of the 
rising star shown in the diagram.

answer:  θr = 88.6°  ⇒  Δθ = 1.4°  (about 3 Moon diameters)

40°
25°

!?

60°

Δθ
T - 39
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The Worksheets provide practice calculations for topics commonly included in an introductory 
physics course. Hints are provided for the more difficult problems, and answers are given at the 
end of this section starting on page W-39. Solutions should be calculated to 3 significant figures 
to allow unambiguous comparison with the answer key.

Most of the problems present realistic scenarios using actual values for given quantities. Because 
of this you can always ask the question “How realistic is my answer?” You should print out 
assigned Worksheets and solve them as you would on exam day. Sufficient space is provided for 
your calculations, and if you include the equation, algebra, and substituted values, those sheets 
will be much more useful for review. 

If it seems a needed piece of data is missing, this is by design. Check the Appendix and you’ll be 
sure to find it. Knowing what you don’t know, and knowing how to find it, is part of the learning 
process in science.

WORKSHEETS ...............

At their maximum acceleration rate 
of 72 m/s2 (8 g) US astronauts in the 

Saturn 5 moon rocket felt a force equal to 
eight times their weight pressing them back 

against the direction of motion.  Had this rate been 
maintained, the journey from Earth to Moon would have 

lasted a mere 55 minutes.  This strategy was precluded by 
both fuel and endurance limitations, so they coasted for most of 

the 384,000 km using the ship’s inertia.  Their voyage took 3 days.

SATURN 5  IMAGE COURTESY OF NASA
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Guidelines for Determining Significant Figures:

1.  Definition:  Significant figures are the meaningful and reasonably certain digits in a number. 
Properly measured digits are always significant, as are mathematical constants (e.g., ½,  π,  e), 
but calculated digits may or may not be — one must apply rules I, II and III to know for sure 
which digits qualify.
2.  Numerical values obtained from outside sources may or may not be significant.  One can trust 
most scientific sources to cite only significant digits.  However, most popular sources have no 
concept of the need for significant figures, and will make statements such as “100 people were in 
attendance” when they really have no idea if it was 101 or 99 (and should cite “1.0 × 102”).
3.  Always remember that calculators do not “know” significant figures.  They will display as 
many as 12 digits for the result of a calculation regardless of their validity.
4.  When you calculate using real experimental data you must express your result to the correct 
number of significant figures.  To do otherwise can falsely reduce or inflate the precision of your 
result and misrepresent how precisely you actually measured.

Rule I:
Results that are calculated by multiplication, division, powers or roots must be rounded (limited)
to the same number of significant figures as the least significant datum used in that calculation.

Example:  If  V =  L×W×H  and L = 12 m, W = 1.52 m, and H = 3.258 m, then

                      V = (12 m)(1.52 m)(3.258 m) = 59.42592 m3 = 59 m3

                                 This is the least significant datum; it contains only 2 significant figures.
Rule II:
Results that are calculated by addition or subtraction must be rounded to the last significant place
shared by all data used in that calculation.

Example:  If  P = X+Y+Z, and X = 12.8 m, Y = 0.85 m, and Z = 2.123 m, then

X 12.8 m     This is the least precise datum; it is measured only to the “tenths”
Y   0.85 m         place, thus, “tenths” is the last significant place.
Z   2.123 m
P = 15.773 m = 15.8 m   (rounded to the last significant place)

Rule III:
Calculated results usually need to be rounded (as were the examples above) to the correct number
of significant figures.  When rounding, follow these procedures:

a.  Never round an intermediate result on a multiple-step calculation; round only the final result.
b.  If the last significant digit is followed by a digit(s) greater than “5”, round up.
c.  If the last significant digit is followed by a digit(s) less than “5”, round down.
d.  If the last significant digit is followed by exactly the digit “5”, flip a coin.  (Note: If you prefer
     more rigor, round up when the last significant digit is even and down when it is odd.)

Special Rule:  Regarding the significance (or not) of a calculated “zero”:

a.  Captive zeros are always significant, e.g., L = 2.04 m contains three significant figures.
b.  Leading zeros are never significant, e.g., L = 0.04 m (with one significant figure) provides no
     more information than L = 4 cm.  It could be just as well expressed as L = 4 × 10-2 m.
c.  Trailing zeros may be significant depending on the data.  The result of 2.5 × 4.0 would be 10 to 
     two significant figures — including the trailing zero.  The result of 2.5 × 4 would be 1 × 101 to
     one significant figure.  Non-significant trailing zeros can be removed using scientific notation
     or a change of units, e.g., 1200 m = 1.2 × 103 m = 1.2 km.

Worksheet 1:  Significant Figures
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1.  Round each of the given values to four significant figures:

a.  25.8843 =  _______________ f.  251,002 =  _______________

b.  0.56037 =  _______________ g.  0.000072582 =  _______________

c.  3.99999 =  _______________ h.  π =  _______________

d.  210.35 =  _______________ i.  40,000 =  _______________

e.  7.8885 =  _______________ j.  100.05 =  _______________

2.  Substitute the given data into its corresponding formula, calculate the result, and round your
     answer to the correct number of significant figures.

Data: Formula:

a. v = 24.8 m/s d = v⋅ t    =  _______________
t = 10 s

b. a = 0.0450 m/s2 d = ½a⋅ t2    =  _______________
t = 0.200 s

c. m = 1 kg E = m⋅ c2    =  _______________
c = 299,792,458 m/s

d. m = 25 kg F = m⋅ a    =  _______________
a = 4 m/s2

e. r = 0.0250 ft V = πr2⋅ h    =  _______________
h = 12.40 ft

f. X = 14.26° Z = X-Y    =  _______________
Y = 3.7°

g. β = 23.5° α = 90°- β    =  _______________

h. A = 1200 kg T = A+B+C    =  _______________
B = 250.5 kg
C = 58.75 kg

i. vo = 58 m/s v = vo + a⋅ t    =  _______________
a = 100 m/s2

t = 4.0 s

j. vo = 5240 m/s d = vo⋅ t + ½a⋅ t2    =  _______________
a = 125 m/s2

t = 42 s
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When a set of data is acquired by repeated measurements of the same quantity, one can calculate
some useful mathematical quantities describing that set.  In practice, such a set should contain at
least 10 measurements.  For a set of “n” data points (x1, x2, x3 ... xn) two of these quantities are:

Average:

  x
Σxi
n--------

x1 x2 x3 ...xn+ + +
n---------------------------------------------= =       where xi means “all the individual x’s”

Standard Deviation: 1.  compute  x
2.  compute differences
3.  square differences

  σ Σ x xi–[ ]2

n 1–-------------------------=      an easy process involving these steps       4.  sum the squares
5.  divide by “n-1”
6.  take square root

Note:  averages must be expressed to the number of significant figures in the summed numerator, 
whereas standard deviations are typically expressed to one or two digits only.

Most people know that the average of a set of data is the single number that best represents the
results of multiple measurements.  The standard deviation gives you additional information about 
that data’s consistency and range; the greater the value of σ, the greater the variation or scattering 
of the data.  Generally, well-designed and executed experiments will produce low-σ data.

For example, the data sets “5,7,10,13,15” and “9,10,10,10,11” both average “10” but the second 
set has a lower standard deviation.  One can also statistically predict that, if more measurements 
are made, each has a 68% chance of being within 1σ of the average, a 95% chance of being within 
2σ of the average, and a 99.7% chance of being within 3σ of the average.  Thus the rule:

Any datum more than 3σ away from the average is probably a blunder and should be remeasured. 
If remeasurement is impossible, then the suspected datum should be eliminated from the data set.
If data is eliminated, then the average (but not the standard deviation) must be recalculated.

Practice Calculation:  Find the average and standard deviation for the following data set and 
indicate which data, if any, should be rejected.

student IQ’s

1 100
2   95
3 102
4 106
5   98
6 110
7 160
8   99
9 102
10 108

Worksheet 2:  Multiple Data Statistics
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Note:  Use 9.8 m/s2 = 32 ft/s2 for the acceleration caused by gravity.

1.  You drop a rock from a scenic overlook at the Grand Canyon, following its fall with binocu-
lars.  After 15 seconds it finally hits bottom.  How deep is the Canyon at that point?

2.  Petronas Towers in Kuala Lumpur, Malaysia is the world’s tallest building at 1476 ft.  How fast 
would a water balloon dropped from its roof be moving as it hits the ground?

3.  Your VW Bus can do “zero to sixty” (mi/hr) in 18 seconds.  What distance is covered during 
this 18 seconds of acceleration?

4.  In the year 2100 the newest attraction at DisneyLand is “Tunnel to the Center of the Earth” 
where, for a major ticket, you can step into a long vertical vacuum tunnel and experience the 
weightlessness of freefall all the way down to Earth’s core.  Return to the surface is via an 
express elevator at a speed of 20 m/s.

a.  How long does the ride (weightless freefall) last?  Express your answer in “minutes”.

b.  How long does the elevator ride last?  Express your answer in “hours”.

5.  This time you throw the rock with a downward speed of 20 m/s into the Canyon.  How far must 
it fall for its speed to be increased to 150 m/s?

Worksheet 3:  Kinematics
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An astronaut has just leapt vertically from the rim of a crater
expecting a gentle descent to the crater floor.  After all, the
Moon’s gravity only produces an acceleration of -1.67 m/s2,
a mere 1/6 of Earth’s.  Her original velocity is +6.00 m/s.

1.  What is her velocity 2 seconds after the jump?

2.  What is her velocity 8 seconds after the jump?

3.  How much time does it take her to reach maximum height during the jump?

4.  What is the maximum height attained during the jump (measured from the crater floor)?

5.  At what time does she reach a height of 105 meters (measured from the crater floor)?

6.  At what location is her velocity -8 m/s?

7.  What is her velocity when she reaches the crater floor?

Worksheet 4:  Vector Kinematics

100 m

•••



Worksheet 5:  Dynamics
1.  How much acceleration is produced by a net force of 100 N acting on a 4 kg rock?

2.  Calculate the vector sum of the forces, and the resultant vector acceleration of the 2 kg mass.

3.  You apply a force of 100 N to a 20 kg crate, but it only accelerates at 3.2 m/s2.  Calculate the 
amount of sliding friction (a force) that must be acting on the crate.

4.  This problem introduces the “dyne”, a smaller metric force unit than the “newton”.  Use these 
smaller units in this calculation.  Note that:

1 N = 1 kg⋅ m/s2     whereas     1 dyne = 1 g⋅ cm/s2.

The 400 gram air track cart is moving at 20 cm/s and feels 4 dyne of air drag (not much).

a.  Calculate its rate of deceleration.

b.  How much time does it take to slow to a stop (assuming the air drag remains constant)?

c.  How far will it coast before coming to a stop?

2 kg

8 N

9 N
3 N

5 N

12 N
W - 7



5.  Your Ferrari skids to a panic stop mere inches from Officer Friendly’s motorcycle.  He notes 
the 100 m long skid marks, checks your owner’s manual to find your vehicle mass of 1500 kg, 
and consults his chart to find the frictional stopping force provided by your new radial tires 
(48,000 N total).  Later he writes you a ticket for speeding.  Can you dispute it?

6.  NASA gives the following data for a typical Shuttle launch:

combined thrust of 3 main engines =  5.01 × 106 N
combined thrust of 2 rocket boosters =  2.58 × 107 N
total launch mass with full payload =  2.06 × 106 kg

a.  Calculate the weight of the Shuttle at launch.

b.  Calculate the net force acting on the Shuttle at launch.

c.  Calculate the Shuttle’s rate of acceleration.

d.  Engines are shut down at an orbital altitude of 240 km.  Calculate the Shuttle’s final speed,
          assuming it maintains its initial rate of acceleration.

e.  Its actual speed in orbit is around 7000 m/s (much higher than your answer).  Why?

7.  The Romulan War Bird is escaping with a speed of 0.001c.  As Starship Commander you know 
these warbirds mass about 2.5 million kg.  You activate the tractor beam, snaring them with a 
magnetic force of 8 GN.  They fire their impulse engines, resisting with a thrust of 500 MN

a.  How many seconds does it take to decelerate the War Bird to a dead stop?

b.  What happens to your ship while the War Bird decelerates?  Hint:  Newton’s 3rd Law.

USANASA
W - 8



Worksheet 6:  Vector Analysis
120°  

100°
F3 5.00 N=

F1 2.00 N=

F2 3.00 N=

60°

Ffriction = 12 lb

USAF   NCC 1701



F3

F1

F2

F1

F4

F2

F3

F4

=  5000 N  (lift)

=  4000 N  (drag)

=  4500 N  (weight)

=  6000 N  (thrust)

0°

270°

180°

90°

CAMP

1.  You are going on a compass hike.  Starting from camp, you walk 2 miles south (180°), 3 miles 
east (90°) and 4 miles north (0°).  How far and what direction is it back to camp?

2.  Calculate the resultant vector force acting on the jet.  Can you tell from your answer whether 
the jet is climbing?  Diving?  Speeding up?  Slowing down?  Explain.

3a.  The 30 lb wagon is being pulled with a force of 24 lb.  Resolve the pulling force into its vertical 
and horizontal components.

  b.  Will the wagon move?  Explain.

4.  Three cockroaches are fighting for possession of a marshmallow.  Calculate the resultant vec-
tor force acting on the marshmallow.  Hint:  set the x-axis to coincide with F3 .
W - 9



5.  You are attempting to “tube” directly across the river to reach your friends on the other side.  In 
still water you can propel your tube at 12 mph.  The river current is 10 mph.  What direction 
would you need to aim your tube (direction of paddling thrust) so that your actual path across 
the river is perpendicular to the bank, and straight toward your friends?

6.  The 100 N ball bearing is poised at the top of a frictionless ramp set at 50.0° to horizontal.

a.  Calculate the component of the bearing’s weight acting in the “down the ramp” direction.

b.  Calculate the bearing’s rate of acceleration down the inclined plane.

7.  An unknown weight is suspended between walls by ropes.  The horizontal rope has a tension 
of 200 N, the diagonal rope has a tension of 400 N.  What is the weight of the unknown?

θ = ?

vc 10 mph=

vp 12 mph=

50.0°

F =
 ?

?

30°
W - 10



Worksheet 7:  Projectile Motion
1.  A projectile is fired horizontally with a speed of 50 m/s from the top of a 15 meter tall building. 
How far from the building will it hit the ground?

2.  The North Rim of the Grand Canyon is 300 meters higher in elevation than the South Rim; the 
distance across is 12,000 meters (measured horizontally).  What speed is required for Super 
Dave, the daring stunt man, to successfully leap the Canyon?  It may be informative to convert 
your answer from “m/s” into “miles/hour”.

3.  The Coast Guard rescue chopper wants to drop provisions to the people in the life raft.  The 
chopper’s speed is 100 m/s and its altitude is 500 meters.

a.  How far from the raft (measured horizontally) should the package be dropped in order for it
     to land in the raft?  You may assume it contains no sharp or heavy objects.

b.  What is the package’s resultant speed when it hits the raft?  You’ll need to combine its
           vertical and horizontal speeds at impact using vector addition (Pythagorean Theorem).

raging torrent



USCG
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4.  The professional “cat burglar” is being hotly pursued by a neighborhood “block watch” team. 
Running at his maximum speed of 12 m/s he launches horizontally for the roof of an adjacent 
building.  Does he make it across?  Interesting related question:  “Can he use his sack in any 
way that would help him make it across?”.

5.  A projectile is launched from the top of a lab desk with a speed of 5.00 m/s at an angle of 60.0° 
to horizontal.  Calculate the expected point of impact measured horizontally from the desk.

6.  You may already know that “orbital motion” is the same as “projectile motion”.  This problem 
will show you why the minimum speed for an orbit around Earth is about 5 mi/s.

a.  How far will an object fall from rest in 1.000 second?  Use 32.15 ft/s2 for the acceleration
     caused by gravity, and express your answer in “ft”.

b.  If you extended a perfectly straight and level horizontal line for a distance of 5.000 miles,
     what would be the distance between its end and the Earth’s curved surface?  The geometry
     you need to solve this problem is in the diagram.  Express your answer in “ft”. 

10 m
15 m

12 m

h = 1.30 m

5.000 mi

39
59

 m
ix
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Worksheet 8:  Circular Motion
1.  In the heart of the Crab Nebula, the gaseous remains of supernova that occurred in 1054 AD, 
resides an enigmatic object known as a pulsar.  The pulsar is spinning, apparently, emitting a 
burst of radiation once every rotation.  The frequency of this radiation is 30.3 bursts/second.

a.  Calculate the pulsar’s period of rotation.

b.  If the pulsar was the size of an average star, with a radius of around 700 million meters,
           then how fast would matter at its equator be moving (i.e., what is the circular speed)?

c.  Hopefully you noticed that your answer to part b is impossible, since no material object can
           move faster than the speed of light (3.00 × 108 m/s).  Assuming this maximum is its actual
           circular speed, calculate the maximum radius of this pulsar.

d.  Assuming your answer from part c is correct, how much centrifugal force would be acting
           on each kilogram of pulsar matter located at its equator?

e.  Assuming that only gravity is holding this pulsar together, what g-field intensity must exist
           at its surface to counteract the huge centrifugal force attempting to rip it apart?

2.  The Guinness Book of World Records lists the fastest speed attained by any earthbound object 
as 2012 m/s (that’s 4,500 mi/hr!) for a 0.15 m long tapered carbon rod mounted on the ultra-
centrifuge at Birmingham University in England.

a.  Calculate its frequency of revolution in “RPS” (revolutions/second).

b.  Calculate its acceleration in units of “g’s”.

vc

vc
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3.  The rotating stage at Celebrity Theater has a period of 10.0 minutes and a radius of 4.00 m.

a.  Calculate the circular speed at its edge in “m/s”.

b.  Calculate the centrifugal force acting on the 80 kg vocalist standing at its edge.

c.  How much centripetal force is required to hold him in this circular path?  What is it that
           acts to provide this force?

4.  The Space Shuttle is in a circular orbit at an altitude of 250 km.  It has a speed of 7749 m/s and 
masses 80,000 kg.  The copilot is 2.75 m tall.

a.  Calculate its orbital period in “hours”.

b.  How much centripetal force is required to hold it in this circular path.  What is it that acts
            to provide this force?

c.  Calculate the g-field intensity, in “N/kg”, at this altitude.

vc
W - 14
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1.  How long does it take the Sun to set, that is, from the time it first touches the horizon until it 
has completely disappeared?  Assume its diameter is the average 0.50°, and that it is moving 
downward perpendicular to the horizon?  Note: This only happens on an equinox.

2.  Our Moon occasionally passes in front of a star in an event called an occultation.  The longest 
occultation occurs when the star is aligned with the Moon’s center (as shown).  If the Moon is 
at its average angular diameter of 0.50°, then how long will this occultation last?

3.  Saturn has a current angular speed of 15.02°/hour.  Today it is 0.042° west of the star Spica. 
Where will it be tomorrow (24 hours) from now, with respect to Spica?

4.  The Gregorian Calendar is almost, but not exactly, synchronized with the Sun’s movement 
over time.  How much error was accumulated by the year 2000 since its inception in 1582?

Worksheet 9:  Astrometry

ωMOON

ωStar

ωSPICA ωSATURN

0.042°
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1.  You’ve discovered a new inferior planet. Congratulations!  After many observations you have 
determined its apparent period as 0.750 yr, and its greatest elongation as 35.0°.

a.  Calculate its true orbital period.

b.  Calculate its true orbital frequency.

c.  Sketch a diagram showing the positions of Earth, Sun and your new planet at its greatest
          elongation.  Include a labeled triangle, the geometry of which will allow you to calculate
          your planet’s relative orbital radius.

d.  Calculate your planet’s relative orbital radius (in AUs).

e.  As discoverer of this planet you are entitled to select its formal name.  By international
          convention, planet names must be a figure from some culture’s mythology.  What name
          do you select?  Do you have a reason for selecting this particular name?

f.  What is the planet’s true orbital period in (selected name)-years, as opposed to Earth years?

2.  Still striving for your Nobel, you manage to discover a new superior planet.  After many nights 
of observation you determine its apparent period to be 521.6 days.  (Note:  use 4 significant 
figures through all parts of this problem.)

     a.  Calculate its true orbital period in “years”.

Worksheet 10:  A Copernican Analysis



b.  The diagram shows Earth with your planet at opposition.  Given your planet’s orbital period, 
“T”, calculate and plot the position of Earth T years after this opposition; label this new posi-
tion “E2”.  The angle with the Sun at its vertex (∠ E1-S-E2) equals whatever fraction of a 
360° orbit the Earth has completed past point E1 after T years of motion; label this angle “θ1”. 
Note that Earth may have lapped P any number of times; it is the residual fraction of an orbit, 
“θ1”, which is important here.  During time “T”, by definition, P goes around exactly once.

c.  Point E2 is the vertex of angle S-E2-P; label this angle “θe”.  This angle is referred to as the 
elongation angle, the angular distance between the Sun and your planet as seen from Earth. 
On the day Earth reaches E2 you go outside to observe.  The Sun sets at 7:00 pm at which time 
you spot your new planet; the planet sets at10:00 pm.  From this information calculate θe.

d.  The remaining angle in triangle S-E2-P can be labeled “θ2”.  Calculate its value.

e.  Calculate your planet’s relative orbital radius (in units of “AU”).  Use the Law of Sines.

f.  The exact length of an AU was not known in the time of Copernicus, but they had a rough idea 
that it was around 100 million miles.  If the angular diameter of your planet at opposition was 
θD = 0.0052°, then what is its actual diameter in “miles”?  Use the geometry in the diagram, 
and the “1 AU = 100 million miles” approximation, to calculate an answer.

distance
θD

S
PE1
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Note:  The elliptical orbit of Planet X is plotted below at a scale of 1 mm = 1 AU.  You will need a
ruler with millimeter divisions to complete this worksheet.

1.  Use a straight-edge to draw the major
     and minor axes of this orbit.  If properly
     drawn they should perpendicularly bisect
     each other.
2.  Measure the lengths of the semi-major
     and semi-minor axes.  Record them in
     units of “AUs”.

a = __________
b = __________

3.  Calculate the eccentricity of this orbit.

4.  Calculate the distance between the orbit’s foci and plot these points at their respective locations 
on the major axis.  Given that planet X orbits clockwise, and is currently increasing in speed, 
draw the Sun at its correct (focal) location.

5.  Accuracy Check:  use the ruler to directly measure the perihelion and aphelion radii.  Record 
these measurements below.  Now calculate both of the radii.  Measured and calculated values 
should be within 1-2 AUs of each other.

        measured            calculated

Rp = ___________      ____________

Ra = ___________      ____________

6.  Calculate the ratio of perihelion speed to aphelion speed (vp/va).

7.  Calculate the period of Planet X’s orbit in “years”.

8.  Calculate the planet’s average speed over one complete orbit.  Express your answer in “mi/s”.

Worksheet 11:  A Keplerian Analysis

X
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Note:  Except for Problem #1, work all calculations in MKS units.

1.  Earth’s average radius is 3959 miles.  Your weight at
     sea level is 150 pounds.  Use the inverse-square law to
     calculate your (slightly reduced) weight at the top of
     Mt. Everest, 7 miles above sea level.

2.  Earth’s average orbital radius is 1.496 × 1011 m; its orbital period is 3.156 × 107 s.  Calculate
     its centripetal acceleration in orbit.

3.  The acceleration due to gravity on the surface of the Sun is 274.4 m/s2; its average radius is
     6.955 × 108 m.  Use the inverse-square law to calculate the acceleration due to its gravity at
     the distance of Earth’s orbit.

4.  Calculation #2 was kinematics; calculation #3 was dynamics.  What does the near equality of 
     the two answers suggest?

5.  Calculate the gravitational force acting between

 a.  you and the Moon (assume your mass is 80 kg with the Moon directly overhead),

 b.  you and the person seated next to you (assume 80 kg masses, with a separation of 0.5 m).

R

R'

Fg

Fg'

Worksheet 12:  Gravitation
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Worksheet 12:  Gravitation
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6.  You are in a circular orbit around Planet X.  After several orbits you have measured the ship’s 
orbital altitude as 500 km and its orbital period as 2000 s.  The planet’s radius is 8.00 × 106 m.

a.  Calculate the Kepler Constant (T2/R3) for objects
          in orbit around Planet X.

b.  Calculate the mass of Planet X.

c.  Calculate the g-field intensity at the surface of Planet X.

d.  Should you try to land on Planet X?  Why or why not?  Hint:  How much would you weigh?

7.  The most convincing evidence to date for the existence of a black hole is the discovery of a
     rapidly spinning accretion disc in the core of galaxy M87.  With a radius of 5.7 × 1017 m, the
     matter at the outer edge of the disc is moving at the astounding speed of 5.5 × 105 m/s.

a.  Calculate the total mass around which the disc rotates.

b.  The central mass, which is not visible due to surrounding clouds of plasma, is contained
          within a radius of 3.2 × 1012 m.  Calculate the escape velocity at this distance.

?
Fg



8.  Two lead spheres, each with a mass of 1000 kg, are positioned 10 m apart on a level air track.

a.  Calculate the gravitational force acting between the two spheres.

b.  At what rate will they begin accelerating toward each other.

c.  Assuming the acceleration remains constant, how long will it take for the spheres to drift
         together into contact?  Treat them as point masses and ignore their diameters.

9a.  Calculate the g-field intensity at the surface of Phobos, one of Mars’ tiny moons.  Since it is
       an irregularly shaped body, use its average radius in your calculations.

b.  Calculate the period of a surface-level orbit around Phobos.

c.  Calculate the speed required for a surface level orbit around Phobos.  Running at your top
         speed, could you launch yourself into an orbit around this tiny moon?

FgPb Pb
W - 21



W - 22

1.  The 100 kg astronaut is stranded 1000 m from the Shuttle with a non-functional 50 kg MMU 
(manned maneuvering unit).  He only has 10 minutes of air remaining.  Recalling Newton’s 
3rd Law, he heaves the defunct unit at 3.5 m/s in the direction opposite his goal.

a.  With what speed does he begin
         drifting toward the Shuttle?

b.  Does he make it back to the Shuttle before he runs out of air?

2.  All parts of this problem refer to the two carts shown below.  They are about to collide with 
zero elasticity.  Calculate the final speed of the “wreckage” when:

a.  v1 +80 m/s=    and   v2 -10 m/s=

b.  v1 +25 m/s=    and   v2 0=

c.  v1 +30 m/s=    and   v2 +20 m/s=

d.  v1 +40 m/s=    and   v2 -16 m/s=

m1 = 20 kg m2 = 50 kg

+-

Worksheet 13:  Momentum
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3.  The 50,000 kg mobile howitzer is skidding at 0.50 m/s toward the precipice on frictionless ice. 
In one final last-ditch effort to save themselves, the crew fires an 80 kg shell forward with a 
muzzle velocity of 300 m/s.  What is the final speed of the howitzer?

4.  Humanity is gathered in an open field, prepared to jump straight up simultaneously as hard as    
     they can (v = 4.5 m/s). Assume a world population of 5.0 billion with an average mass of 70 kg.

a.  With what speed does the Earth recoil downward?

b.  Humanity returns to the ground, and the ground to
         them, in 0.88 s.  The height of the jump was 1.0 m. 
         How far did the Earth recoil downward?  Hint:  Find
         the average speed of the Earth between initial recoil
         and the maximum downward position.

c.  How large of an open field would it take to contain all of Humanity?  Assume each person
         requires  ½ m ×  ½ m space in which to jump unimpeded.

5.  The 80,000 kg Shuttle is ready to accelerate and change orbits; its current speed is 7500 m/s.  
     Its rear engines are fired for 50 s, providing 20,000 N of forward thrust.

a.  How much impulse is provided by this burst of thrust?

b.  What is its final speed?

i i i i ii i i i i iiii i i i i ii i i i i iii i i i i ii i i i i iii i i ii i i i ii i iii i i i i ii i i i i iii i i ii i i i ii i iii i i i i ii i i i i ii

ready...set...

kapow!

SKREEEEEE ...
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6.  You drop a golf ball from a height of 1.0 m onto a hard, flat surface. It rebounds to a height of
     0.60 m.  Calculate the elasticity of this golf ball.

7.  Two carts collide and rebound as shown.  Calculate the elasticity of this collision.  Hint:  Note
     the directional streamlines and ... be wise, vectorize.

8.  Two carts are about to collide and rebound with an elasticity of 0.50.  Calculate their final
     velocities.  Again ... be wise, vectorize.

v1 10 m/s= v2 5.0 m/s=
m1 =  4.0 kg m2 =  8.0 kg

BEFORE:

AFTER:

m1 m2

m1 m2

v = 14 m/s v = 4.0 m/s

v = 2.0 m/s v = 6.0 m/s



Worksheet 14:  Energy, Work, and Power
Note:  Some of these problems could be solved using kinematics.  Don’t.  Use energy theory.

1.  An 8.00 kg hammer is thrown vertically upward with an initial speed of 2.00 m/s.  Calculate 
the height to which its kinetic energy will carry it (the maximum height).

2.  The 4.00 kg bowling ball is approaching the return ramp with a speed of 3.50 m/s.  What speed 
will it have after it has climbed the ramp?

3.  A 400 kg roller coaster moving at 5.00 m/s is approaching the hill as shown.  What speed will 
it have after climbing back up to the higher level?  Hint:  look for a simplification on this one.

4.  The 2000 kg weather satellite is currently at an altitude of 200,000 m and moving with a speed 
of 6500 m/s.  Mission control wants to boost it into a higher orbit at 300,000 m where its new 
speed will be 6400 m/s.  How much work is required from the thruster to achieve this boost?

     You may assume a constant g-field intensity of 9.0 N/kg over both orbits.

10 m
11 m

0.5 m
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5.  Your 2000 kg Range Rover can accelerate from zero to sixty mph (27 m/s) in a time of 10 s. 
Calculate its power output in watts, then convert that value to “hp”.

6.  After the preceding experiment, you brake your Rover to a stop in a distance of 20 m.  How 
much braking force was being applied to reduce your kinetic energy back to zero?

7.  Regular gasoline contains about 1.0 × 108 joules of chemical potential energy in each gallon. 
If a 100 kg rocket is fueled with a single gallon of gas, and its engine is 100% efficient, then 
how high could it climb?  You may assume a constant g-field of 9.8 N/kg.

8.  The gasoline engine in your rocket is now replaced with a matter-antimatter conversion system 
that converts 100% of the fuel mass into propulsion energy, in accordance with Einstein’s well 
known equation E = mc2.  It is fueled with 1 gram (0.001 kg) of matter-antimatter.  To what 
vertical height will this baby climb?

9.  Calculate the efficiency of a catapult that uses 2000 J of elastic potential energy to accelerate a 
40 kg mass to a speed of 9.0 m/s.
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1.  Given:1 kilowatt-hour (kW⋅ hr) of electrical energy =  3.6 MJ
1 cal = 4.1840 J
1 cal = the amount of heat needed to raise the temperature of 1 gram of H2O by 1°C

a.  Calculate the amount of heat energy needed to raise the temperature of your swimming
           pool from a brisk 5°C to a balmy 25°C.  It contains 8,000 gallons (2.80 × 104 kg) of water.

b.  If you heat your pool electrically, how many kW⋅ hr of electricity would be required?

c.  At the current rate of 10¢/kW⋅ hr, how much would this amount of electricity cost?

2.  The heat engine shown below operates for one minute and does 269 joules of work.

a.  Assuming it operates as an ideal engine, calculate the heat flows H1 and H2.

b.  Calculate the maximum thermodynamic (Carnot) efficiency of this engine.

c.  The actual heat flows are measured to be:  H1 = 1350 J  and  H2 = 1081 J.  Given this data,
          calculate the actual efficiency of the engine.

d.  Calculate the actual power output of this engine.

e.  Calculate the total change in entropy over its one minute of operation.

T1 = 373 K

T2 = 293 K

W = 269 J

H1 = ?

H2 = ?

Worksheet 15:  Thermodynamics



3.  This well-developed biological machine can lift a 100 kg mass
     through a vertical distance of 2.25 m in a time of 0.500 s.

a.  Calculate his power output in watts.

b.  If he continued exercising at this power level for 1 minute, how much of his chemical
          potential energy would be converted into output work?

c.  The efficiency of the body is only 25%; that is, to do 25 J of output work, 100 J of chemical
          potential energy must be “burned” (the other 75 J is converted into heat).  Given this, what
          amount of chemical potential energy would actually be used during the 1 minute workout?

d.  Convert the preceding answer into large (dietary) Calories.

e.  A “one-newtoner with cheese” contains 665 Calories of chemical potential energy.  How
         many of these tasty items would supply the energy used in this workout?  (Note:  in reality,
         very little of the energy in a burger is in the easily “burnable” form of sugars.)

f.  One pound (0.45 kg) of body fat releases 4300 Calories when oxidized as “fuel”.  Assuming
         this athlete’s body is in the “fat burning” mode, what weight loss would occur due to this
         exercise routine?  Would this weight loss be noticed immediately?  Explain.
W - 28
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1a.  A sample of helium gas has the following measured parameters.  Convert them to MKS units.
 particle mass  =  2.00 amu   =  ______________ kg
 particle diameter  =  1.50Å  =  ______________ m
 sample volume  =  400 cm3  =  ______________ m3

 pressure  =  14.7 psi     =  ______________ N/m2

 temperature  =  200 °F     =  ______________ K

b.  Calculate the average kinetic energy of the helium atoms.

c.  Calculate the average speed of the atoms.

d.  Calculate the total number of atoms in the sample.

e.  Calculate the total mass of the sample.

f.  Calculate the mass density of the sample.

g.  Calculate the total (kinetic) energy in the sample.  Note that, according to the Kinetic
          Theory of Heat, this is the same thing as the total heat energy contained in the sample.

h.  If the temperature is increased to 500 K and the volume is compressed to 20 cm3, then what
          would be the new sample pressure?  Hint:  Use the Ideal Gas Law.

Worksheet 16:  Kinetic Theory



2.  Some of the Kinetic Theory’s equations apply to non-gaseous systems.  For example, “mean 
free path” can be calculated for any system of randomly moving bodies.  Saturn’s rings are 
comprised of countless ice particles that jostle randomly as they orbit.  Their average diameter 
is 1 m and there are, perhaps, 100 billion of them.  They are confined to a ring disc extending 
from radius 77,000 km to radius 136,000 km; surprisingly, this ring disc is only 0.15 km thick.

a.  Calculate the volume of the ring disc.  
     Express your answer in “km3”.

b.  Calculate the number density of 1 m particles.  Express your answer in “particles/km3”.

c.  Calculate the mean free path of these meandering snowballs.

d.  If the particles have an average relative speed of 5 m/s, then what is the average time
          between collisions for any given particle?

R1R2h
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Worksheet 17:  Waves
1.  Your favorite radio station is broadcasting from its antenna on South Mountain.  A large metal 
water tank 6436 m from the antenna is acting as a second source by reflecting the radio waves 
(in phase) northward into the Valley.  You are in your car, driving parallel to, and 44.28 km 
from, the source line.  At the primary antinode the signal is strong, but it fades out at the first 
node 11.28 m farther down the road.

a.  Calculate the radio wavelength to 4 significant
          figures.  Express your answer in “m”.

b.  Calculate the frequency of these waves to 3 significant figures.  Express your answer in
          “MHz”, the units in which your radio tuner is probably labeled.  Hint:  vradio waves = c.

2.  The C-string on your cello is 0.8 meters long.  Its fundamental vibration frequency is 262 Hz.

a.  Calculate the speed of the wave in this string.

b.  When plucked sharply, the string will oscillate
          at several of its harmonics simultaneously.
          Calculate the frequency of its 2nd harmonic.

c.  You press down on the string at the 4th position
          and shorten the vibrating section to a length of
          0.635 m.  Calculate its new fundamental frequency.

AN0
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3.  The low E-string on your Fender Stratocaster is badly in need of retuning; it should vibrate at a 
fundamental frequency of exactly 165 Hz.  Its length is 0.762 m and its mass is 0.00487 kg.

a.  Calculate the wavelength of the fundamental vibration.

b.  Calculate the wave speed in a properly tuned E-string.

c.  What tension is required to produce this wave speed?  With its six strings tuned to their
          proper tensions, do you see why the neck of a guitar has to be specially reinforced?

4.  The Space Needle in Seattle has a height of 184 meters.  The speed of a transverse wave in this 
slender metal structure is 120 m/s.  It is claimed to be “earthquake proof”.

a.  Calculate the frequency of its fundamental vibration mode.

b.  Calculate the frequency of its 2nd harmonic.

c.  Most earthquakes emit their major energy in waves of frequency 0.1 to 1 Hz.  Does their
          claim of “earthquake proof” seem valid in light of your calculations?
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1.  An alpha particle is fired at a carbon atom.  It penetrates the electron cloud and continues on 
toward the carbon nucleus, experiencing rapidly increasing electric repulsion all the way.
a.  Calculate the electric repulsion force at a separation of 0.25 Å.

b.  Calculate the alpha’s deceleration rate at this point.  Wow!  Is this legal?

2.  Calculate the resultant force on body A due to the presence of bodies B and C.

3.  Calculate the electric field intensity (in “N/C”) at a distance of 5 meters from a charge of +4 C.

4.  An electric field has been established between two parallel plates separated by a distance of 2 
meters; the E-field intensity is +10 N/C.  Calculate the force felt by the +5 C charged body.

5.  Lightning bolts can deliver up to 1021  electrons in a single bolt lasting 0.2 second.  Calculate
     the amount of current (in “amperes”) flowing in such a megabolt. 

Worksheet 18:  Electrostatics

12
6C+6 4

2He+2

A

B

C

A:  +5 C @ (0,0)
B:  -8 C @ (0, 4m)
C:  +4 C @ (-3m, 0)

-  -  -  -  -  -  -  -  -  -  -  -  -  -  -

+ + + + + + + + + + + + + + + + + + +

2.0 m
+5 C

1.5 m
E =  +10 N/C

KAZZZAKKK!!!
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1.  Two parallel plates separated by 4.00 m are charged to a potential difference of 100 volts.

a.  Calculate theE-field intensity between them.

b.  How much work must be done to move a total
          charge of -4 C from anode (+) to cathode (-)?

c.  If the -4 C charge was then allowed to fall back through theE-field, with how much kinetic
          energy would it strike the anode?

2.  The electron beam in a typical CRT (cathode ray tube), such as those in your TV and computer 
monitor, is accelerated through a potential of 1000 volts over a distance of 0.25 m.  Electrons 
strike the screen’s phosphors with enough energy to make them glow, hence the picture.

a.  Calculate theE-field  intensity between the
          electron gun and the screen.

b.  Calculate the kinetic energy of an electron that
          has accelerated from the gun to the screen.

c.  Calculate the speed with which the electrons hit the screen.  Express your result in “m/s”.

Worksheet 19:  Direct Current Electricity

----- -

+  +  +  +  +  +  +  +  +  +  +  +  +

e-

-  -  -  -  -  -  -  -  -  -  -  -  

+
 +

 +
 +

 +
 +

 +
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 +
 +

 +
 +

 +
 

E

4.00 m
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3.  Your 12 volt automobile battery is connected to your 200 W
      off-road spotlight, which you’ve forgotten to turn off.

a.  Calculate the current flow through the circuit.

b.  What is the resistance of the spotlight bulb?

c.  Your battery is a heavy-duty 120 “amp-hour” model, meaning it can deliver 120 amperes
          for 1 hour, 1 ampere for 120 hours,  or any other equivalent combination.  This amp-hour
           rating, useful for comparing batteries, can be made more meaningful if expressed in energy
          units.  Convert your battery’s rating into both “kilowatt-hours” and “joules”.

d.  So how long until your battery goes dead?

4.  Your 100 W headlights didn’t seem to be working right, so you “rewired them” (see diagram). 
Now they both work, but seem to be dimmer than usual.  You checked them with your meter 
and find they both have the correct resistance of 1.44 Ω, so you decide to do some analysis.
a.  What is the total resistance of the circuit?

b.  Calculate the current flow through the circuit.

c.  Calculate the voltage drop through headlight A.

d.  Calculate the power used (and output) by headlight A.  See the problem?

DIE-EASY

+ -
 12 V  120 A⋅ hr

DIE-EASY

+ -
 12 V  120 A⋅ hr
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5.  Your headlight problem was caused by rewiring them into a series circuit.  You’ve discovered 
that just because a bulb is labeled “100 W” doesn’t mean it will use 100 W ... unless it gets the 
full voltage for which it was designed.  Shaking your head, you re-rewire in a parallel circuit.
a.  What is the total resistance of this circuit.

b.  Calculate the current flow through the circuit.

c.  Calculate the current flow through either headlight.

d.  Calculate the voltage drop through that headlight.

e.  Calculate the power used (and output) by that headlight.  Aha!

6.  You want your remote mountain cabin to have enough stored solar power to run the following 
appliances for one weekend (figure 20 hours of use):  200 W stereo, three 60 W bulbs, 10 W 
blender (you’ll be making lots of Margaritas), 280 W refrigerator and a 50 W ceiling fan.  On 
your roof are six 40 W photovoltaic panels.
a.  What is your total power demand, assuming everything is on simultaneously?

b.  What is the total energy (in “kW⋅ hr”) required for one weekend?

c.  How many 12 V, 120 amp-hour storage batteries will you need?

d.  How long will it take to recharge, assuming 6 hours of sunlight
          each day?  Will the system be ready by next weekend?

DIE-EASY

+ -
 12 V  120 A⋅ hr

... ?
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E



W - 37

1.  The wire carrying 5.0 amperes of current is subjected to a B-field over 2.0 m of its length.
     It feels a magnetic force of 20 N.  Calculate the B-field intensity.

2.  An alpha particle (Q = +3.20 × 10-16 C) is fired at a speed of 5000 m/s into a 50 tesla B-field.

a.  Calculate the magnetic force felt by the alpha.

b.  What is the direction of this force?

c.  Given the mass of the alpha, at what rate will it accelerate in response to this force?

3.  The cyclotron, a device for trapping and studying subatomic particles, uses a B-field that is 
always perpendicular to the particle’s motion to hold it in a circular path.  The diagram shows 
the field geometry required in such a device.  Note that, as the particle moves in a circle, the 
magnetic force is always directed toward the center of that circle – a centripetal force.

     Calculate the circular radius for a proton moving at 500 m/s in a 1.50 x 10-6 tesla B-field.

Worksheet 20:  Electromagnetism

B
v

F

B

v

B

I

2.0 m
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4. Calculate the net force (electric + magnetic) acting on the electron fired at 1000 m/s into the 
region containing both a 200 tesla B-field and a 5 N/C E -field.  Be sure to take account of the 
force directions so you’ll know whether to add or subtract them.  Do you see why such a 
device is called a velocity selector?  What would happen if the particle moved at any other 
speed?  What would happen if the particle had some other charge?

5.  The transformer you plug into the wall to charge your portable stereo has 5000 loops of wire in 
its primary coil and 500 loops in its secondary.  When operating, the input is 0.025 amperes of 
AC current at a potential of 120 volts.

a.  Calculate the voltage in the secondary.

b.  Calculate the current in the secondary.

c.  How does the power input compare to the power output?

6.  Electromagnetic waves all move with the same speed in a vacuum (299,792,458 m/s).  But in a 
wire they move considerably slower – about 70% of that value.  If your home computer calls 
the National Bureau of Standards atomic clock in Boulder, CO (1000 km distant) to set its own 
clock, by how much will it be off due to line delay?

-  -  -  -  -  -  -  -  -  -  -  -  -  -  -

+ + + + + + + + + + + + + + + + + + +

B

E

v

e-

?120 vac
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Worksheet 1:

1a.  25.88
  b.  0.5604
  c.  4.000
  d.  210.4
  e.  7.889
  f.  2.510 x 105 
  g.  7.258 x 10-5

  h.  3.142 
  i.  4.000 x 104

  j.  100.1
2a.  d = 2.5 x 102 m
  b.  d = 9.00 x 10-4 m
  c.  E = 9 x 1016 kg�m2/s2 
  d.  F = 1 x 102 kg� m/s2

  e.  V = 0.0243 ft3

  f.  Z = 10.6°
  g.  � = 66.5°
  h.  T = 1509 kg
  i.  v = 4.6 x 102 m/s
  j.  d = 3.3 x 105 m

Worksheet 2:

x = 108
� = 19  (18.8)

Worksheet 3:

1.  1103 m  or  3600 ft
2.  307 ft/s  or  210 mi/hr
3.  0.15 mi  or  792 ft
4a. 19 minutes
  b. 88.5 hours
5.  1128 m

Worksheet 4:

1.  +2.66 m/s
2.  -7.36 m/s
3.  3.59 s
4.  +111 m
5.  3.59s ± 2.63s  �  0.96s, 6.22s
6.  -8.38 m below rim
7.  -19.2 m/s
Worksheet 5:

1.   25 m/s2

2.   1.5 m/s2 upward
3.   -36N
4a.  -0.01 cm/s2

  b.  2000 s
  c.  20,000 cm
5.   80 m/s  or  180 mi/hr,  no dispute possible
6a.  -2.02 x 107 N

  b.  +1.06 x 107 N
  c.  +5.16 m/s2

  d.  1573 m/s
  e.  Acceleration increases due to:  decreasing mass
      (burned and exhausted fuel), less air drag at high
      altitude, and weaker gravity at high altitude.
7a.  100 s
  b.  Your ship would feel an equal and opposite 8 GN
       force, accelerating it toward the warbird.

Worksheet 6:

1.  d = 3.6 miles at heading 90° � 34° + 180°  = 236°
2.  �F = 2062 N @ 14°  above forward horizontal
     The jet must be traveling in the forward direction,
     but it could be either diving at a decreasing rate,
     or climbing at an increasing rate.
3a.  Fvertical =  21 lb
       Fhorizontal = 12 lb
  b.  No (horizontally) since Ffriction > Fhorizontal
       Yes (vertically) since Fvertical > ½Fg (why ½?)

4.  �F = 3.38 N @ 29.4°  CCW from roach 3
5.  56.4°  upstream from straight across
6a.  76.6 N
  b.  7.51 m/s2

7.  Fg = 346 N

Worksheet 7:

1.  87.5 m
2.  1534 m/s  or  3431 mi/hr
3a.  1010 m
  b.  141 m/s
4.  No.  By the time he has dropped 3 meters he has
     only gone 9.4 meters horizontally.
5.  t = 1.12 s  and  d = 2.80 m
6a.  16.08 ft
  b.  16.67 ft  (0.003157 miles)

Worksheet 8:

1a.  0.0330 s  or  33.0 ms
  b.  1.33 x 1011 m/s  (v > c !?)
  c.  1.58 x 106 m
  d.  5.69 x 1010 N
  e.  5.69 x 1010 N/kg
2a.  2135 rps  (Hz)
  b.  2.70 x 107 m/s2  =  2.75 x 106 g's !
3a.  0.042 m/s
  b.  0.035 N
  c.  0.035 N; friction between his shoes and the stage
4a.  1.49 hr
  b.  7.26 x 105 N; the pull of Earth's gravity
  c.  9.07 N/kg

Answers to Worksheet Problems:
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Worksheet 9:
1.  0.033 hr  or  2 minutes
2.  0.926 hr  or  55.6 minutes
3.  0.438°   east of Spica
4.  0.1254 days  or  1.083 x 104 s

Worksheet 10:
1a.  0.429 yr
  b.  2.33 orbits/yr
  c.

  d.  0.574 AU
  e.  many possible choices
  f.  It takes 1 of its years (by definition) for one orbit.
2a.  3.336 yr
  b.

  c.  45°
  d.  14°
  e.  2.9 AU
  f.  1.7 x 104 miles

Worksheet 11:
1.    

2.  a = 48 AU
     b = 25 AU
3.  0.85
4.  82 AU (see above diagram for positions)
5a.  Rp = 7 AU
  b.  Ra = 89 AU
6.  12.7:1
7.  333 yr
8.  P = 240 AU  ⇒  vAVE = 0.72 AU/yr  =  2.1 mi/s

Worksheet 12:
1.  149.5 lb
2.  5.93 x 10-3 m/s2

3.  5.93 x 10-3 m/s2

4.  The equality of the values suggests that the Sun’s
     gravity causes Earth's centripetal acceleration.
5a.  2.7 x 10-3 N (R = distance to Moon - Earth radius)
  b.  1.7 x 10-6 N
6a.  6.51 x 10-15 s2/m3

  b.  9.09 x 1025 kg
  c.  94.7 N/kg
  d.  probably not; the surface gravity of nearly 10 g’s
       would make a 100 lb person weigh half a ton!
7a.  2.6 x 1039 kg  (1.3 billion suns!)
  b.  3.3 x 108 m/s!  (if ve > c then it is a black hole)
8a.  6.67 x 10-7 N
  b.  6.67 x 10-10 m/s2

  c.  1.22 x 105 s  or  34 hr
9a.  0.00464 N/kg  (only 1/2000 of Earth gravity!)
  b.  9.98 x 103 s  or  2.8 hr
  c.  7.37 m/s; yes, easily, since a good runner can
       sprint with a speed of 10 m/s over a 100 m dash.

Worksheet 13:
1a.  1.75 m/s
  b.  yes!  Δt = 9.5 minutes
2a.  +15.7 m/s
  b.  +7.14 m/s
  c.  +22.9 m/s
  d.  0 m/s
3.  0.020 m/s forward  (crash!)
4a.  2.6 x 10-13 m/s downward
  b.  5.8 x 10-14 m  (about 20 proton diameters)
  c.  35 km  ×  35 km
5a.  1.0 x 106 N⋅ s forward
  b.  7512.5 m/s
6.  0.774
7.  0.80
8. v'1 +5 m/s=    v'2 +7.5 m/s=
Worksheet 14:
1.  0.204 m
2.  1.57 m/s
3.  2.24 m/s
4.  5.1 x 108 J
5.  7.29 x 104 W  or  97.7 hp
6.  3.65 x 104 N
7.  1.0 x 105 m  or  62 mi
8.  9 x 1010 m  or  56 million miles
9.  0.81  or  81%

E

1 AU

R
θe

P

P
E1

E2

S
121°

X

f1

f2
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Worksheet 15:

1a.  5.6 x 108 cal
  b.  651 kW� hr
  c.  $65.10
2a.  H1 = 1254 J
      H2 = 985 J
  b.  0.214  or  21.4%
  c.  0.199  or  19.9%
  d.  4.48 W
  e.  +0.070 J/K
3a.  4410 W  or  6 hp
  b.  2.65 x 105 J
  c.  1.06 x 106 J
  d.  253 C
  e.  0.38 burgers
  f.  0.059 lb  or  1 oz   No.  Any immediate weight
      loss after exercise is due to fluids perspired or
      exhaled.  Body fat is broken down into H2O, CO2,
     and other compounds that are eliminated later.
Worksheet 16:

1a.  m = 6.68 x 10-27 kg
      D = 1.5 x 10-10 m
      V = 4.00 x 10-4 m3

      P = 1.01 x 105 N/m2

      T = 366.5 K
  b.  7.59 x 10-21 J
  c.  1.51 x 103 m/s
  d.  8.06 x 1021 atoms
  e.  5.39 x 10-5 kg
  f.  0.135 kg/m3

  g.  61.2 J
  h.  2.78 x 106 N/m2

2a.  5.9 x 109 km3

  b.  17 particles/km3

  c.  132 km
  d.  2.6 x 104 seconds  or  7.4 hours

Worksheet 17:
1a.  3.279 m
  b.  91.5 MHz
2a.  419.2 m/s
  b.  524 Hz
  c.  330 Hz
3a.  1.52 m
  b.  251 m/s
  c.  403 N  (Yes, with about 90 pounds per string!)
4a.  0.163 Hz
  b.  0.489 Hz
  c.  No; it will vibrate with f1 and f2 in that range.
       (Fortunately there are structural remedies.)

Worksheet 18:

1a.  2.2 x 10-6 N
  b.  3.4 x 1020 m/s2  (Yes, this is not v > c. It’s an “a”)
2.  3.9 x 1010 N @ 35.1°  above +x axis
3.  1.4 x 109 N/C
4.  50 N upward anywhere in region between plates
5.  800 amps

Worksheet 19:
1a.  25 N/C
  b.  400 J
  c.  400 J
2a.  4000 N/C
  b.  3.2 x 10-16 J
  c.  2.6 x 107 m/s  (0.08c!)
3a.  16.7 amps
  b.  0.72 �
  c.  1440 W� hr  =  1.44 kW� hr  =  5.18 x 106 J
  d.  7.2 hr  (but only if it’s got a full charge)
4a.  2.88 �
  b.  4.17 amps
  c.  6.0 volts
  d.  25 W
5a.  0.72 �
  b.  16.7 amps
  c.  8.3 amps
  d.  12 volts
  e.  100 W
6a.  720 W
  b.  14.4 kW� hr
  c.  10  (but only if they’re fully charged)
  d.  60 hours  or  10 sunny days  (No.  But then, you
       don’t want to party every weekend, do you?)

Worksheet 20:
1.  2 T  (tesla)
2a.  8.0 x 10-14 N
  b.  upward
  c.  1.2 x 1013 m/s2

3.  3.46 m
4.  The net force is zero.  At any other speed the
     magnetic force would be different out of balance
     with the electric force.  The charge is irrelevant
     since QE = F = QvB (the Qs cancel).
5a.  12 volts
  b.  0.25 amps
  c.  4 W on both sides
6.  4.8 ms
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Table 1:  Pure Numbers

� = 3.1415927...
e = 2.7182818...

 = 1.4142136...
i = 
googol = 10100

googolplex = 10googol

2
-1

Table 4:  Greek Alphabet

LETTER NAME

A � alpha
B � beta
� � gamma
� � delta
E 	 epsilon
Z 
 zeta
H � eta
� 
 theta
I � iota
K � kappa
� � lambda
M µ mu
N � nu
� � xi
� � omicron
� � pi
P � rho
� � sigma
T � tau
Y � upsilon
� � phi
� � chi

 ! psi
" # omega

Table 3:  Metric Prefixes

FACTOR           PREFIX        SYMBOL       DENOMINATION*

 × 1024 yotta Y septillion
 × 1021 zetta Z sextillion
 × 1018 exa E quintillion
 × 1015 peta P quadrillion
 × 1012 tera T trillion
 × 109 giga G billion
 × 106 mega M million
 × 103 kilo k thousand
 × 102 hecto h hundred
 × 101 deka da ten

 × 10-1 deci d
 × 10-2 centi c
 × 10-3 milli m
 × 10-6 micro µ
 × 10-9 nano n
 × 10-12 pico p
 × 10-15 femto f
 × 10-18 atto a
 × 10-21 zepto z
 × 10-24 yocto y

* This is in the American denomination system.  In many
   European countries the term for 109 is milliard, and for
   1012 is billion.  Thereafter, the sequence of denomination
   names is the same, but they increase by multiples of 106

   instead of 103, e.g., billion = 1012, trillion = 1018 etc.
   To designate the in-between powers, e.g., 1015, the term
   one-thousand-billion would be used.

Appendix A:  Mathematical Constants, Symbols, and Formulas

Table 2:  Angular Measures

plane angles:
1 revolution  =  4 grads  =  2� radians  =  360 degrees
1° (degree)  =  60'  (minutes)  =  3600''  (seconds)
solid angles:
1 sphere  =  4� steradians  =  129,600/�  degrees2
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Table 5:  Geometric Formulas  (P  ≡  perimeter,  A  ≡  area,  V  ≡  volume)
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element symbol Z A (amu) �.(g/cm3) element symbol Z A (amu) �.(g/cm3)

actinium Ac 89 227* 10.1 mercury Hg 80 201 13.5 
aluminum Al 13 27.0 2.70 molybdenum Mo 42 95.9 10.2
americium Am 95 243* 11.7 neodymium Nd 60 144 6.90 (a)
antimony Sb 51 122 6.69 neon Ne 10 20.2 0.000900
argon Ar 18 39.9 0.00178 neptunium Np 93 237* 19.2 (a)  
arsenic As 33 74.9 3.85 (a) nickel Ni 28 58.7 8.90
astatine At 85 210* ? niobium Nb 41 92.9 8.57
barium Ba 56 137 3.5 nitrogen N 7 14.0 0.00125
berkelium Bk 97 247* ? nobelium No 102 253* ?
beryllium Be 4 9.01 1.85 osmium Os 76 190 22.6
bismuth Bi 83 209 9.75 oxygen O 8 16.0 0.00143
boron B 5 10.8 2.34 (c) palladium Pd 46 106 12.0
bromine Br 35 79.9 3.12 phosphorus P 15 31.0 2.26 (a)
cadmium Cd 48 112 8.65 platinum Pt 78 195 21.5
calcium Ca 20 40.1 1.55 plutonium Pu 94 242* 17.9 (a)
californium Cf 98 249* ? polonium Po 84 210* 9.32 ?
carbon C 6 12.0 3.51 (c) potassium K 19 39.1 0.862
cerium Ce 58 140 7.45 (a) praseodymium Pr 59 141 6.71 (a)
cesium Cs 55 133 1.87 promethium Pm 61 145* ?
chlorine Cl 17 35.5 0.00321 protactinium Pa 91 231* 15.4
chromium Cr 24 52.0 7.19 (a) radium Ra 88 226* 5
cobalt Co 27 58.9 8.9 radon Rn 86 222* 0.00973
copper Cu 29 63.5 8.96 rhenium Re 75 186 21.0
curium Cm 96 248* 7 ? rhodium Rh 45 103 12.4
dysprosium Dy 66 163 8.54 rubidium Rb 37 85.5 1.53
einsteinium Es 99 254* ? ruthenium Ru 44 101 12.4
erbium Er 68 167 9.05 samarium Sm 62 150 7.47 (a)
europium Eu 63 152 5.26 scandium Sc 21 45.0 2.99
fermium Fm 100 253* ? selenium Se 34 79.0 4.54 (a)
fluorine F 9 19.0 0.00170 silicon Si 14 28.1 2.33
francium Fr 87 223* ? silver Ag 47 108 10.5
gadolinium Gd 64 157 7.85 (a) sodium Na 11 23.0 0.971
gallium Ga 31 69.7 5.91 strontium Sr 38 87.6 2.54
germanium Ge 32 72.6 5.32 sulfur S 16 32.1 2.01 (a)
gold Au 79 197 19.3 tantalum Ta 73 181 16.6
hafnium Hf 72 178 13.3 technetium Tc 43 99* 11.5
helium He 2 4.00 0.000177 tellurium Te 52 128 6.24
holmium Ho 67 165 8.80 terbium Tb 65 159 8.27
hydrogen H 1 1.01 0.0000899 thallium Tl 81 204 11.9
indium In 49 115 7.31 thorium Th 90 232 11.7
iodine I 53 127 4.93 thulium Tm 69 169 9.33
iridium Ir 77 192 22.4 tin Sn 50 119 6.53 (a)
iron Fe 26 55.8 7.87 titanium Ti 22 47.9 4.54
krypton Kr 36 83.8 0.00373 tungsten W 74 184 19.3
lanthanum La 57 139 6.08 (a) uranium U 92 238 18.9
lawrencium Lw 103 259* ? vanadium V 23 50.9 6.11
lead Pb 82 207 11.4 xenon Xe 54 131 0.00589
lithium Li 3 6.94 0.534 ytterbium Yb 70 173 6.76 (a)
lutetium Lu 71 175 9.87 yttrium Y 39 88.9 4.45
magnesium Mg 12 24.3 1.74 zinc Zn 30 65.4 7.13
manganese Mn 25 54.9 7.33 (a) zirconium Zr 40 91.2 6.53
mendelevium Md 101 256* ?

Appendix B:  Data for the Elements

* = most stable isotope  |  ? = amounts not measurable  |  (c) = crystalline  |  (a) = allotropic average
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Table 1:  The Base Units of SI

The Système International d’Unités (SI), commonly known as “the metric system”, is based on 
the definitions of seven fundamental, independent physical quantities.  The International Confer-
ence on Weights and Measures has established definitions for the measurement of these quantities 
in terms of their base units, so called because all other units of measurement can be derived as 
some mathematical combination of these seven.  For example, speed can be expressed as the ratio 
of length to time, (spacial) volume can be expressed as length raised to the third power, and force 
can be expressed as mass times length divided by time squared (kg-m/s2).

QUANTITY BASE UNIT DEFINITION

length meter (m) distance travelled by a beam of light in a vacuum in a time
of 1/299,792,458th of a second (the speed of light is thus
defined as exactly 299,792,458 m/s)

mass kilogram (kg) mass of the International Standard Kilogram, a platinum-
iridium (inert) alloy cylinder, kept under lock and key at
the Bureau of Standards in Sevres, France.

time second (s) 9,192,631,770 vibrations of the unperturbed hyperfine
transition 4,0 0 3,0 of the ground state 2S½ in 133Cs� 

electric current ampere (A) amount of current that, when flowing in two parallel wires
1 m apart in a vacuum, will generate a magnetic force of
2 × 10-7.1 for each meter of wire length

amount of matter mole (mol) amount of any substance that contains the same number
of elementary entities (atoms, molecules, ions, etc.) as
there are atoms in 0.012 kg of pure 12C

luminous intensity candela (cd) brightness of a source emitting monochromatic radiation
at f = 540 THz with a power of 1/683rd watt per steradian

thermodynamic kelvin (K) one kelvin is 1/273.16th of the absolute temperature of the
temperature triple point (solid-liquid-gas equilibrium) of pure H2O

Table 2:  The Fundamental Particles

PARTICLE            SYMBOL            MASS (kg)                      DIAMETER* (m)             CHARGE (e.c.)

proton p+ 1.67262 × 10-27 $  10-15 +1
neutron n or no 1.67493 × 10-27 $  10-15   0
electron e- 9.10939 × 10-31 2.8 × 10-12  -1

*  Even though the word “particle” is used to describe these entities, attempts to measure their
    sizes are thwarted by both the Uncertainty Principle.  Matter is “fuzzy” at this level; values
    given are approximations.  The stated electron diameter is its classical “Compton radius”.

Appendix C:  Fundamental Physical Quantities
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Table 1:  Natural Constants  (all values given to current known precision)

speed of light c =  299,792,458 m/s  [exact]
elementary charge 1 e.c. =  1.602177 × 10-19 C (coulomb)
Avogadro’s number NA =  6.022137 × 1023.particles/mole
Planck’s constant h =  6.626075 × 10-34.J- s
electron charge/mass ratio -e/me =  1.7588196 × 1011.C/kg
proton charge/mass ratio e/mp =  9.578831 × 107.C/kg
Bohr radius (of hydrogen atom) ao =  5.2917725 × 10-11.m
universal gas constant R =  8.31451 J/mole- K
Boltzmann constant k =  1.38066 × 10-23.J/K
universal gravitational constant G =  6.6726 × 10-11.N-m2/kg2

Coulomb’s constant k =  8.98742 × 109.N-m2/C2

speed of sound @ STP v =  3.314 × 102 m/s
mechanical equivalent of heat 1 cal =  4.1840 J
mass-energy density of matter 1 amu =  1.492422 × 10-10 J
absolute zero 0 K =  -273.16 °C

Table 2:  Defined Quantities

1 calendar year (yr) =  365.25 days (Gregorian)
1 solar year (yr) =  365.24219878 days  =  3.1556925975 × 107 s
1 day =  86,400 s
1 g (standard “gee”) =  9.80665 m/s2 (acceleration)  =  9.80665 N/kg (g-field intensity)
1 fermi (fm) =  1 × 10-15 m
1 angstrom (Å) =  1 × 10-10 m
1 micron (µ) =  1 × 10-6 m
1 astronomical unit (AU) =  1.49597892 × 1011 m  =  9.29601301 × 107 mi
1 light-year (LY) =  9.461 × 1015 m  =  6.324 × 104 AU  =  5.879 × 1012 mi
1 parsec (pc) =  3.262 LY  =  2.063 × 105 AU  =  3.086 × 1016 m
1 electron volt (eV) =  1.60210 × 10-19 J
1 amu (atomic mass unit) =  1.660543 × 10-27 kg
1 kiloton (of TNT) =  4.2 × 1012 J
1 atmosphere (atm) =  1.01325 × 105 N/m2 (pascal)  =  14.7 psi  =  760 torr (mm Hg)

Table 3:  Some Convenient Metric Identities

1 m3  =  1000 liters (l)  =  1 × 106.cm3  =  1 × 109.mm3

1 liter  =  1000 cm3

1 cc  =  1 cm3

1 cm3 of pure H2O at a temperature of 4 °C has a mass of exactly 1 gram
1 newton (N)  =  100,000 dyne  (1 dyne  =  1 g- cm/s2;  thus, newton is to dyne, as ton is to ounce.)
1 joule (J)  =  1 × 107.erg  (1 erg  =  1 dyne- cm  =  1 g- cm2/s2)
1 bar = 1 × 105 N/m2  (= 0.986923 atmospheres)

Appendix D:  Natural and Defined Physical Constants



Appendix E:  Unit Conversion Factors
Values provided in these tables  will allow you to effortlessly convert between units of measure 
for most commonly encountered data.  This conversion process involves only a few simple math-
ematical operations.  Some examples are provided below:

Example 1:  Convert a height of 6.000 ft into units of “meters”.

Example 2:  Convert a speed of 65.0 mi/hr into units of “km/day”.

Example 3:  Convert an area of 1.000 mi2 into units of “m2”.

Any conversion you need to do will be some combination of these example procedures.  The key 
is to find, in the following tables, two equal quantities that include the units you want to cancel 
and the units you want to remain.  For convenience, tables are formatted as strings of equalities.

Table 1:  English Units  →  English Units

1 mi  =  1760 yd  =  5280 ft  =  63,360 in

1 mi2  =  640 acres  =  3,097,600 yd2  =  27,878,400 ft2

1 acre  =  4840 yd2  =  43,560 ft2

1 mi3  =  5.452 × 109 yd3  =  1.472 × 1011 ft3

1 ft3  =  7.481 gal*  =  1728 in3

1 acre⋅ ft*  =  1613.333 yd3  =  43,560 ft3  =  325,782.36 gal*

1 gal*  =  4 qt*  =  8 pt*

1 bbl*  =  31.5 gal*

1 ton  =  2000 lb  =  32,000 oz

1 knot (nautical mile/hour)  =  1.151 mi/hr

1 mi/hr (mph)  =  1 mi/min  =  88 ft/min  =  17.6 in/s

(* liquid measure)

6.000 ft  × ( 1 m
3.281 ft ) 3.281

6.000= m = 1.829 m

note how two equal quantities have been set up as the
conversion ratio in order to cancel the units you don’t
want and leave only the desired units

65.0 mi 1 km
0.6214 mi 0.6214

65.0 × 24= km = 2510 km/day

note how two conversion ratios were needed
to change both given units into those desired

hr ×× 24 hr
1 day( ) ( ) day

1.000 mi2  × 6214 m
1 mi( )2

= (6214 m)2

(1 mi)2 = 3.861 × 107 m2

1 mi2 = 3.861 × 107 m2

note how the conversion ratio (both numbers and units)
had to be squared in order to cancel the undesired units

English Abbreviations:

inch  =  in
foot  =  ft
yard  =  yd
mile  =  mi
minute  =  min
hour  =  hr
year  =  yr
pint  =  pt
quart  =  qt
gallon  =  gal
ounce  =  oz
pound  =  lb
slug  =  sl
hertz  =  Hz
mole  =  mol
barrel  =  bbl
horsepower  =  hp
British Thermal Unit  =  Btu
thermodynamic calorie  =  cal
dietary (kilo-) calorie  =  Cal
A - 6
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Length:
1 km  =  0.6214 mi  =  1093.6 yd  =  3280.8 ft  =  39,369.6 in
1 m  =  1.0936 yd  =  3.2808 ft  =  39.3696 in
1 cm  =  0.393696 in  2   3/8 in
Mass:
1 kg  =  0.0685 slug  (which has a weight in Earth’s gravity  =  2.2046 lb)
1 metric ton (t)  =  1000 kg
Area:
1 km2  =  0.3861 mi2  =  1.196 × 106.yd2  =  1.076 × 107.ft2

1 m2  =  1.196 yd2  =  10.76 ft2

1 cm2  =  0.1550 in2 
Volume:  (* liquid measure)
1 km3  =  0.2399 mi3  =  1.308 × 109.yd3  =  3.531 × 1010.ft3  =  6.013 × 1013.in3

1 m3  =  1.308 yd3  =  35.31 ft3  =  61,022 in3  =  8.386 bbl*  =  264.2 gal*
1 liter (l)  =  0.2642 gal*  =  1.05672 qt*  =  2.113 pt*  =  61.03 in3

1 cm3  =  0.06103 in3

Density:
1 kg/m3  =  0.001 g/cm3  =  1.9399 × 10-3 slug/ft3

1 kg/m3  (in normal Earth gravity)  =  1.2845 × 10-2 lb/ft3  =  1.3873 oz/in3

Speed:
1 km/hr  =  0.6214 mi/hr  =  0.9114 ft/s  =  10.94 in/s
1 m/s  =  2.237 mi/hr  =  3.281 ft/s  =  39.37 in/s
Acceleration:
1 m/s2  =  0.102 g’s  =  3.281 ft/s2  =  2455 mi/hr2

Force:
1 N  =  0.2248 lb  =  3.597 oz
Pressure:
1 N/m2  =  1.451 × 10-4. lb/in2 (psi)  =  2.089 × 10-2. lb/ft2  =  0.1880 lb/yd2

Energy or Work:
1 J (or 1 N-m)  =  0.7376 ft- lb  =  0.2390 cal  =  9.485 × 10-4.Btu  =  2.778 × 10-4.W-hr
Power:
1 W (or 1 J/s)  =  1.341 × 10-3.hp  =  9.485 × 10-4.Btu/s
Temperature:
°K  =  °C + 273.16  =      (°F - 32) + 273.16  =  °R/1.8   [Rankine is to Fahrenheit as Kelvin is to Celsius]

Table 2:  Metric  0  English

5
9
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Listed here are the most common derived units of SI, the international system of measurements.
The last column displays the dimensions of each quantity; this is the mathematical combination
of fundamental quantities referred to in Appendix C.  When you have derived a new equation, or
combined existing ones, it is wise to check for dimensional consistency.  An equation that is not
dimensionally consistent is in error.  Here’s an example of such a dimensional analysis:

Let us say that you have combined the equations for kinetic energy (Ek) and momentum (p) to
find the mass of a particle.  Let us also say you have made an algebra error in the process ...

The Fundamental Quantities are listed first, followed by derived quantities in alphabetical order. 
Several supplementary quantities (not officially SI) are also included.  Where no special name for
the units exists, “NSN” is entered.  The symbol “3” means the dimensions are equivalent and
differ only by a constant of proportionality which may be ignored in dimensional analysis.

QUANTITY SYMBOL UNITS ABBREVIATION DIMENSIONS

length d, h, r meter m m
mass m kilogram kg kg
time t, T second s s
electric current I ampere A A
amount of matter N mole mole mole
luminous intensity I candela cd cd
temperature T kelvin K K

acceleration a NSN --- m/s2

angle (plane) 
, �, �... radians or degrees rad or deg or ° rad 3 deg
angle (solid) # steradian or sq-degrees sr or deg2 sr 3  deg2

angular acceleration � NSN --- rad/s2 = s-2

angular momentum L NSN --- kg-m2/s
angular speed # NSN --- rad/s = s-1

area A NSN --- m2

capacitance C farad F C/V = C- s2/kg-m2

charge Q coulomb C C = A- s

density (mass-) � or �m NSN --- kg/m3

density (weight-) �w NSN --- N/m3 = kg/m2- s2

density (number-) �N NSN --- particles/m3 = m-3

electric field intensity E NSN --- N/C = V/m = kg- m/C- s2

energy E joule J kg-m2/s2

entropy S NSN --- J/K = kg-m2/s2-K

Appendix F:  The Derived Units of SI

Ek  =  mv2

2

p  =  mv
4 v  =  2E2

k
p =  (kg-m2/s2)2

kg-m/s =  kg2- m4- s
kg-m- s4 =  kg-m3

s3 5..ms.

Error!  This should be just “Ek ”

Dimensions have been substituted in place
of symbols (pure numbers can be ignored).

and here put into a simple fraction.

After cancelling terms, the result is clearly
not what we’d expect for the dimensions
of “speed”.  The error has been caught!  
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QUANTITY SYMBOL UNITS ABBREVIATION DIMENSIONS

force F newton N kg-m/s2

frequency f, � hertz Hz s-1

gravitational field intensity g NSN --- N/kg = m/s2

heat (energy) H, Eh calorie cal cal 3 J = kg-m2/s2

illuminance E lux lx cd- sr/m2

impulse F�t NSN --- N- s = kg-m/s
inductance L henry H Wb/A = "- s = kg-m2/C2

luminous flux � lumen lm cd- sr

magnetic field intensity B tesla T N- s/C- m = kg/s- C
magnetic flux � weber Wb kg- m2/A- s2

momentum p NSN --- kg- m/s

period T NSN --- s
power P watt W J/s = kg- m2/s3

pressure P pascal Pa Pa 3 N/m2 = kg/m- s2

radioactivity A becquerel Bq decays/s = s-1

resistance R ohm " " = V/A = kg- m2/s- C2

rotational inertia I NSN --- kg/m

sound intensity I decibel db db 3 W/cm2 3 kg/s3

specific heat cp NSN --- cal/g- °C 3  J/kg-K
speed v NSN --- m/s

torque � NSN --- N- m  (6) = kg-m2/s2

voltage V, EMF volt V V = J/C = kg-m2/C- s2

volume V NSN --- m3

wavelength � NSN --- m
work W NSN --- N- m = kg-m2/s2
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Appendix G:  Astronomical Data

Table 1: Physical Characteristics of the Planets

  PLANET SYMBOL
EQUATORIAL RADIUS MASS ROTATION 

PERIOD

AXIAL
TILT

 (degrees)× 106 m  = 1 × 1024 kg  = 1

  Mercury       2.439       0.3824        3.303      0.05528  58.65 days      7.0

  Venus       6.051       0.9488        4.869      0.8150  242.9 days (R)  177.4

  Earth       6.378       1.000...        5.9742      1.000...  23H  56 M  04S    23.45

  Mars       3.397       0.5326        0.6416      0.1074  1.026 days    25.2

  Ceres       0.473       0.0742        0.00094      0.0002  0.3781 days      4.0

  Jupiter     71.49    11.21  1899  317.8  0.4135 days      3.08

  Saturn     60.27      9.450   568.6    95.18  0.4440 days    26.73

  Uranus     25.56      4.008     86.86    14.54  0.7183 days (R)    97.92

  Neptune     24.76      3.882   102.5    17.15  0.6713 days    28.8

  Pluto       1.190      0.187       0.01303      0.00218  6.38723 days  122.53

1

Table 1 Notes:
Radius values cited are equatorial averages, useful for most gravimetric calculations.  Values are measured at the
average solid surface of terrestrial planets, and the 1 bar pressure level for gaseous planets.
Rotation Periods are sidereal values, measured with respect to the stars.  Synodic periods are measured with respect 
to the Sun.  Differences are due to the planets’ revolution around their orbital paths as they rotate.  R 4 retrograde.
Oblateness is the fractional measure of a planet’s equatorial bulge.  Earth’s polar radius is 6335 km and its equatorial 
radius is 6378 km, a difference of 43 km (about 28 miles); its average spherical radius = 6371 km.
Albedo is a measure of reflectivity.  If a planet reflected 100% of the sun’s illumination it would have an albedo of 
exactly 1.00.  Oceans, clouds and ice all contribute to high albedos.
Visual Magnitude is the apparent brightness of a planet (or star).  In the case of planets, it depends on both distance 
and albedo (stars shine by their own light).  The dimmest objects visible to the unaided eye have a magnitude of about  
+6.  A difference of 2.5 magnitudes equates to a factor of 10 in brightness (lower magnitudes are brighter).

Table 1: Physical Characteristics of the Planets  (continued)

 PLANET OBLATENESS
DENSITY   
(g/cm3)

SURFACE 
GRAVITY     

(N/kg)

ESCAPE 
VELOCITY 

(km/s)
ALBEDO MAX  VISUAL 

MAGNITUDE
 NUMBER OF 
SATELLITES

 Mercury       $  0     5.43       3.62       4.2       0.6       -1.9 0

 Venus       $  0     5.25       8.62     10.3       0.76       -4.4 0

 Earth      0.00335     5.518       9.81     11.2       0.39      ------- 1

 Mars      0.00521     3.94       3.69       5.01       0.15       -2.8 2

 Ceres      0.08     2.161       0.28       0.51       0.09      +4.9 0

 Jupiter      0.0649     1.33     24.9     59.7       0.51       -2.5 16+4 rings

 Saturn      0.0980     0.688     10.5     35.6       0.50       -0.4 20+7 rings

 Uranus      0.0229     1.27       8.62     21.0       0.66      +5.6 15+10 rings

 Neptune      0.0171     1.64     11.2     23.6       0.62      +7.9 8+4 rings

 Pluto      0.108     1.860       0.620       1.212       0.55    +14.9 5
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Table 2:  Orbital Characteristics of the Planets

 PLANET
 SIDEREAL

PERIOD
(years)

SYNODIC
 PERIOD
(years)

SEMI-MAJOR AXIS ORBITAL 
INCLINATION 

(degrees)

ORBITAL 
ECCENTRICITY 

(no units)

AVERAGE 
SPEED   
(km/s)(AU) (m)

 Mercury     0.24085   0.31727    0.3871  5.791 × 1010     7.004     0.20563    47.8

 Venus     0.61521   1.5987    0.7226  1.081 × 1011     3.394     0.00679    35.0

 Earth     1.000039    --------    1.000...  1.496 × 1011     0.000...     0.01673    29.8

 Mars     1.88089   2.1354    1.523  2.278 × 1011     1.850     0.09337    24.2

 Ceres     4.604   1.278    2.7675  4.140 × 1011     10.593     0.075823    17.91

 Jupiter   11.86223   1.0921    5.203  7.783 × 1011     1.305     0.04844    13.1

 Saturn   29.4577   1.0352    9.552  1.429 × 1012     2.490     0.05568      9.64

 Uranus   84.013   1.0121  19.22  2.875 × 1012     0.773     0.04721      6.81

 Neptune 164.793   1.0061  30.11  4.504 × 1012     1.774     0.00858      5.43

 Pluto 248.00   1.0041  39.48  5.906 × 1012   17.16     0.2488      4.67

Table 3:  Parameters of the Sun-Earth-Moon System

Table 3 Notes:
Orbital Data for the Sun describe its motion around the center of mass of the Milky Way Galaxy.
Orbital Period for the Earth, 1 solar year = 365.24219878 mean solar days (e.g., Vernal Equinox to Vernal Equinox)
Orbital Period for the Moon, 1 “moonth” = 27.32166 days (sidereal) = 29.53059 days (synodic)

PARAMETER UNITS SUN EARTH MOON

MASS kg     1.9891 × 1030   5.9742 × 1024    7.35 × 1022

AVERAGE RADIUS m     6.955 × 108   6.371 × 106    1.738 × 106

SURFACE GRAVITY N/kg     274.4   9.807    1.67
ESCAPE VELOCITY km/s     618   11.2    2.37
ORBITAL RADIUS: PERIAPSIS m     2.6 × 1020   1.471 × 1011    3.6326 × 108

APOAPSIS m     2.8 × 1020   1.521 × 1011    4.0555 × 108

AVERAGE m     2.7 × 1020   1.496 × 1011    3.84403 × 108

ORBITAL ECCENTRICITY ---     0. 05   0.01673    0.055
ORBITAL PERIOD (IN UNITS OF CONVENIENCE)     230 Myr   1.000... solar yr    1 moonth
AVERAGE ORBITAL SPEED km/s     ≈  232   29.8    1.01

Table 2 Notes:
Sidereal Period is measured in tropical years, where one tropical year is the time for one Earth orbit with respect to 
the Vernal Equinox.  The difference is due to Earth’s precession, which lengthens its sidereal year by 1,230.7 s.
Synodic Period is measured (also in tropical years) with respect to the Earth frame-of reference.  This would be the 
time between successive oppositions (for a superior planet) or solar conjunctions (for an inferior planet).
Semi-major Axis is the average orbital radius as measured from the center of the Sun to the center of the planet.



Table 4:  Major Satellites of the Planets  (listed in order from largest to smallest)

Planet Satellite Discoverer Diameter (km) Mass (kg) Orbital Radius (m) Orbital Period (days)

Earth   Luna Grog (5000 BC) 3476 7.35  × 1022 3.84 × 108 27.3

Mars   Phobos
  Deimos

Hall (1877)
Hall (1877)

28 x 22 x 20
15 x 12 x 11

9.52 × 1015

1.98 × 1015
9.38 × 106

2.35 × 107
0.319
1.262

Jupiter   Ganymede
  Callisto
  Io
  Europa
  Amalthea
  Himalia
  Thebe
  Elara
  Pasiphae
  Metis  
  Carme
  Sinope
  Lysithia
  Ananke
  Adrastea
  Leda

Galileo (1610)
Galileo (1610)
Galileo (1610)
Galileo (1610)
Barnard (1892)
Perrine (1904)
V1-Synnott (1979)
Perrine (1904)
Melotte (1908)
V1-Synnott (1979)
Nicholson (1938)
Nicholson (1914)
Nicholson (1938)
Nicholson (1951)
V1-Jewitt (1979)
Kowal (1974)

5262
4800
3630
3138

270 x 166 x 150
186

110 x 90
76
50
40
40
36
36
30

24 x 20 x 14
16

1.49 × 1023

1.08  × 1023

8.932  × 1022

4.87  × 1022

7.17  × 1018

9.56  × 1018

7.77  × 1017

7.77  × 1017

1.91  × 1017

9.56  × 1016

9.56  × 1016

7.77  × 1016

7.77  × 1016

3.82  × 1016

1.91  × 1016

5.68  × 1015

1.070  × 109

1.883  × 109

4.22  × 108

6.61  × 108

1.813  × 108

1.148  × 1010

2.22  × 108

1.1737  × 1010

2.35  × 1010

1.2796  × 108

2.26  × 1010

2.37  × 1010

1.172  × 1010

2.12  × 1010

1.2898  × 108

1.1094  × 1010

7.155
16.69
1.769
3.551
0.4987
251.3
0.675
259.8

735 (R)
0.2957
692 (R)
758 (R)
259.2

631 (R)
0.2992
238.7

Saturn   Titan
  Rhea
  Iapetus
  Dione
  Tethys
  Enceladus
  Hyperion
  Mimas
  Phoebe
  Janus (C)
  Epimetheus (C)
  Prometheus (F)
  Pandora (F)
  Atlas (A)
  Helene (D)
  Telesto (L)
  Calypso (L)
  Pan

Huygens (1655)
Cassini (1672)
Cassini (1671)
Cassini (1684)
Cassini (1684)
Herschel (1789)
Bond (1848)
Herschel (1789)
Pickering (1898)
Dollfus (1966)
V1-Walker (1980)
V1-Collins (1980)
V1-Collins (1980) 
V1-Terrile (1980)
V1-Laques (1980)
V1-Reitsema (1980)
V1-Pascu (1980)
V1-Showalter (1990)

5150
1530
1460
1120
1060
520

410 x 260 x 220
392
220

220 x 200 x 160
140 x 120 x 100
140 x 100 x 80
110 x 90 x 80

40 x 20
36 x 32 x 30
34 x 28 x 26
34 x 22 x 22

20

1.35  × 1023

2.49  × 1021

1.88  × 1021

1.05  × 1021

7.55  × 1020

8.40  × 1019

1.77  × 1019

3.80  × 1019

4.00  × 1018

2.01  × 1018

5.60  × 1017

2.70  × 1017

2.20  × 1017

?
?
?
?
?

1.22186  × 109

5.2704  × 108

3.56083  × 109

3.7742  × 108

2.9466  × 108

2.3802  × 108

1.481  × 109

1.8552  × 108

1.2952  × 1010

1.51422  × 108

1.51472  × 108

1.39353  × 108

1.4170  × 108

1.3767 × 108

3.7740  × 108

2.9466  × 108

2.9466  × 108

1.34 × 108

15.945
4.518
79.331
2.737
1.888
1.370
21.277
0.942

540.45 (R)
0.694
0.695
0.613
0.629
0.602
2.739
1.888
1.888
1.48
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Table 4:  Major Satellites of the Planets (continued)

Table 4 Notes:
(R) This indicates that the satellite orbits the planet in a retrograde manner, that is, in the opposite direction that the planet itself rotates.
(C) These two satellites (of Saturn) are co-orbital; every 4 years they execute a gravitational “loop-the-loop” with each other and exchange orbits.
(F) These satellites are the shepherd moons for Saturn’s F-ring.  Their gravitational effect both shapes and constrains this ring.
(D) This satellite, once named “Dione B”, is essentially co-orbital with its former namesake.  It may in fact be a satellite of a satellite, slowly orbiting Dione.
(L) These satellites are co-orbital with Tethys, and are locked at the gravitationally stable Lagrangian points 60° ahead of and behind it in its orbit.
(A) This satellite is a shepherd moon for Saturn’s A-ring.
(E) These satellites are shepherd moons for Uranus’ E-ring.
(V1) These satellites were first imaged by the Voyager 1 space probe.  Listed individuals “discovered” their satellites during image processing and analysis.
(P) Hydra and Nix were discovered by the PCST (Pluto Companion Search Team) using the HST, Kerberos and Styx by the New Horizons space probe.

Planet Satellite Discoverer Diameter (km) Mass (kg) Orbital Radius (m) Orbital Period (days)

Uranus   Titania
  Oberon
  Umbriel
  Ariel
  Miranda
  Puck
  Portia
  Rosalind
  Belinda
  Juliet
  Cressida
  Desdemona
  Bianca
  Ophelia (E)
  Cordelia (E)

Herschel (1787)
Herschel (1787)
Lassell (1851)
Lassell (1851)
Kuiper (1948)
Voyager 2 (1985)
Voyager 2 (1986)
Voyager 2 (1986)
Voyager 2 (1986)
Voyager 2 (1986)
Voyager 2 (1986)
Voyager 2 (1986)
Voyager 2 (1986)
Voyager 2 (1986)
Voyager 2 (1986)

1580
1524
1172
1158
472

170 x 160
108
84
66
62
54
54
42
30
26

3.49 × 1021

3.03 × 1021

1.27 × 1021

1.27 × 1021

6.30 × 1019

?
?
?
?
?
?
?
?
?
?

4.3591 × 108

5.8352 × 108

2.65969 × 108

1.9102 × 108

1.2939 × 108

8.5892 × 107

6.609 × 107

6.440 × 107

7.53 × 107

6.180 × 107

6.990 × 107

6.27 × 107

5.92 × 107

5.38 × 107

4.98 × 107

8.7056
13.463
4.1444
2.5201
1.4132
0.7618
0.5132
0.5583
0.622
0.4931
0.4625
0.475
0.433
0.372
0.330

Neptune   Triton
  Proteus
  Nereid
  Larissa
  Despina
  Galatea
  Thalassa
  Naiad

Lassell (1846)
Voyager 2 (1989)
Kuiper (1949)
Voyager 2 (1989)
Voyager 2 (1989)
Voyager 2 (1989)
Voyager 2 (1989)
Voyager 2 (1989)

2705
418
340
208
180
158
80
54

2.14 × 1022

?
1.5 × 1015

?
?
?
?
?

3.5476 × 108

1.176 × 108

5.50909 × 109

7.355 × 107

5.25 × 107

6.2 × 107

5.0 × 107

4.8 × 107

5.877 (R)
1.13

359.881
0.5546
0.34
0.43
0.31
0.29

Pluto (P)   Charon
  Hydra
  Nix
  Kerberos
  Styx

Christy (1978)
PCST (2005)
PCST (2005)
New Horizons (2011)
New Horizons (2012)

1207
90
70
25
20

1.47 × 1021

     5 × 1016

     5 × 1016

?
?

1.9591 × 107

6.4698 × 107

4.8671 × 107

5.7729 × 107

4.2393 × 107

6.39
38.20
24.85
32.17
20.16
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The location of an object in space is an exercise in 3-dimensional geometry.  It can be approached
from either a geocentric or heliocentric frame of reference.  There are two different geocentric
systems in use:  the horizon, or alt-azimuth system, and the equatorial system.

The geocentric systems are used by most Earth-bound observers for the purpose of navigation or
astronomy.  They simply tell you where to look in the sky to find a given object.

The heliocentric system is more useful for astrophysics and orbital dynamics, and can provide an
actual kinematic model of an object’s motion through space.

In all three systems the position of an object is specified by two angles measured from reference
points defined differently in each.  It is possible to convert an object’s coordinates from one frame
of reference to another, but this is a complicated mathematical operation best left to any of several
commercially available computer software packages.

A fourth frame of reference not covered here is the galactic system, used by astrophysicists and
cosmologists to describe the location of objects outside of our home galaxy, the Milky Way.

Appendix H:  Astronomical Coordinate Systems

Figure 1:  The Horizon System

E = 90°W = 270°

S = 180°

N (θa = 0°)

zenith point directly overhead (θe = +90°) 

θa
θe θe = 0°

local horizon

reference direction:  true north
reference plane:  local horizon

θe = elevation angle (-90° to +90°)
θa = azimuth angle (0° to 360°) 

Figure 2:  The Equatorial System

reference direction:  Vernal Equinox*

reference plane:  Earth’s equatorial plane

α = right ascension, or R.A. (0 to 24 hr)
δ = declination (-90° to +90°)

* The Vernal Equinox is a point in the constellation Pisces
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Two separate examples are included in Figure 3.  First, the position of the star is shown specified
by the two angles β and λ, its celestial longitude and latitude, respectively.

Also shown is the orbit of planet X, which can be specified by its six orbital elements as defined
by Kepler in his Harmony of the World.  Knowledge of these six elements allows one to predict 
exactly the position of the planet at any point in time, a lengthy calculation that, again, is best left
as an exercise for computers.  Orbital elements are fairly stable over time for major objects like 
planets, but can change rapidly for asteroids, comets, man-made satellites and other minor bodies
more easily influenced by gravitational perturbations.  These six elements are:

a =  semi-major axis of elliptical orbit (one half the long axis of the ellipse)
e =  eccentricity of the orbit (a measure of how non-circular the orbit is)
i =  orbital inclination (0°  to  90°), the acute angle of intersection of the orbit with the ecliptic
t =  time of perihelion passage (time at which planet is located at its perihelion point)
ω =  argument of the perihelion (0°  to  360°), measured in the plane of the orbit, from the
          ascending node, in the direction of motion, to the perihelion
Ω =  longitude of the ascending node (0°  to  360°), measured in the ecliptic plane, from the
          Vernal Equinox, to the east, to the ascending node

Figure 3:  The Heliocentric System

reference direction:  Vernal Equinox
reference plane:  ecliptic (plane of Earth’s orbit)

β = celestial longitude (0° to 360°) measured to east from 0°
λ = celestial latitude (-90° to +90°) measured from ecliptic

λ

to vernal equinox (β = 0°)
Sun

β

X

plane of planet X orbit

ecliptic (plane of Earth’s orbit)

λ = 0°aphelion

perihelion

Ωω

i

descending node

2a

ascending node

north celestial pole (λ = +90°)

south celestial pole (λ = -90°)
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FORMAL NAME:  Terra

ALIASES:       , Earth, The World, Home, Gaia,
Third Stone from the Sun

AGE  =  1.5 × 1017 s

MASS  =  5.9742 × 1024 kg

RADIUS  =  6371 km (average)

OBLATENESS  =  0.00335

VOLUME  =  1.083 × 1012 km3

DENSITY  =  5515 kg/m3

SURFACE AREA  = 1.463 × 108 km2  (land)
3.636 × 108 km2  (water)
5.099 × 108 km2  (total)

OCEANS:  solid and liquid H2O, predominantly saline with trace metals and organic compounds

SURFACE GRAVITY  =  9.80665 N/kg

MAGNETIC FIELD  =  5.7 × 10-5 weber/m2 @ sea level, latitude 45° (20° offset dipole)

ESCAPE VELOCITY  =  11.2 km/s

ROTATIONAL PERIOD  =  86,400 s

ROTATIONAL SPEED  =  465 m/s @ equator

ROTATIONAL AXIS  =  galaxywise with θ = 23.45°

ORBITAL RADIUS  = 1.471 × 1011 m  (perihelion)
1.521 × 1011 m  (aphelion)
1.496 × 1011 m  (average)

ORBITAL SPEED  =  29.8 km/s

ORBITAL PERIOD  =  3.1557 × 107 s

ORBITAL ECCENTRICITY  =  0.01673

STAR:  one (Sol) type G2, yellow / 2% metals content / surface T = 6000 K

SYSTEM:  3rd of 10 planets

MOONS:  one (Luna) @ orbital radius 3.84 × 108 m, mass 7.35 × 1022 kg

ATMOSPHERE:  78% N2 / 21% O2 / 1% Ar (99% of atmosphere below 80 km)

AIR PRESSURE  =  1.01325 × 105 N/m2 @ sea level

AIR DENSITY  =  1.293 kg/m3 @ sea level

TEMPERATURE  =  average 295 K (day) 273 K (night)

LIFE FORMS:  8.7 million known species, 5 with intelligence, 3 sentient

TECHNOLOGY:  Level E1 reached by 2 species, level E4 reached by 1 species

COMMENTS:  mostly harmless

Appendix I:  Encyclopedia Galactica Entry 42,726,333
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Lacking a true random number generator, this can be useful for seeding Monte Carlo simulations. 
To select a set of N random numbers manually, decide ahead of time on a direction (e.g., up, right,
diagonally down & left) and then choose starting position by randomly pointing your finger.  If you 
hit an edge just reflect or wrap your path.
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00  34  22  11  31  78  11  06  80  49  71  40  68  42  43  89  46  61  51  94  73  87  84  92  15  73  12  77  77
64  28  78  49  47  09  71  85  14  05  10  04  64  56  87  19  17  27  07  85  66  75  08  75  41  36  85  87  10
43  48  65  95  61  11  53  17  50  95  74  73  61  58  23  21  40  63  06  12  78  48  81  23  66  44  38  38  89
03  03  35  37  57  64  13  50  00  16  34  74  97  49  93  54  15  39  12  51  85  82  67  75  77  37  24  53  17
15  17  18  14  70  39  21  20  28  64  74  10  42  91  06  95  67  15  65  47  56  26  16  67  98  21  95  59  58
58  64  43  60  19  03  84  88  11  24  52  10  84  10  06  33  76  79  01  77  82  70  19  77  54  64  26  09  17
17  61  45  16  28  36  25  85  23  76  61  43  75  68  64  15  38  56  93  80  16  35  35  32  48  98  03  88  22
79  68  96  19  48  02  90  72  14  64  55  54  56  93  24  00  85  42  00  35  22  24  95  48  10  93  07  77  47
41  15  20  39  28  96  80  86  33  68  24  91  29  70  76  92  86  47  27  17  97  76  79  72  30  09  03  43  04
47  35  35  91  29  86  22  42  58  77  39  40  43  13  83  74  71  66  47  44  00  86  81  83  86  48  71  13  16

In the 11th century AD the fate of a disputed island between Sweden and Norway was to be decided 
by the roll of dice.  The King of Sweden rolled a pair of sixes.  Things looked pretty grim for King 
Olaf Haraldsson of Norway, but on his roll one die came up  “6” and the other split in two with the 
pieces showing both a “6” and a “1”.  This highly improbable event was taken as a sign of divine 
favor, granting him the island and, some say, ultimately leading to his canonization as a saint.

In 1983 AD, during a heated game of backgammon, the author needed to roll total of “1” (also 
highly improbable) to score a devastating hit on his opponent.  On his throw, one die came up “1” 
and the other settled into a tiny dimple on the leather surface, balancing exactly on a corner – a “0”? 
No divine favor was presumed in this case, and the author was made to roll again.  Forthcoming 
sainthood is equally improbable.  A photo of this unlikely event has been appropriately archived.

Appendix J:  986 Random 2-Digit Numbers



A - 18

A formal lab report is a document designed to communicate all essential aspects of an experiment. 
Its general style should be slanted to “the informed reader”, e.g., your instructor, other scientists 
or the proverbial “educated masses”.  As such, the author may presume a common vocabulary and 
dispense with definitions of most technical terms.  The language used should be formal, without 
contractions and clichés, and it should never be written in a “first person” style.

The report should include the following sections, with headings, each started on a new page:

1.  Title Page: List, on one line each, the title, your name, and any other necessary
identification (class, course, lab, etc.).  Center this information 1/4
to 1/3 of the way down from the top of the page.

2.  Objective(s): Explain what you were trying to accomplish and, briefly, what you
did to attain that goal.  One or two paragraphs should suffice.

3.  Theory: This should be one of the longest sections of your report.  Include:
a.  discussion of the physical laws relevant to your experiment
b.  definitions of any special symbols or terms
c.  derivation or citation of the working equation(s) required
d.  statement of your assumptions and/or idealizations

4.  Apparatus: Describe the equipment used in the experiment, explaining the
functions of major components, crucial details of preparation, 
and instructions for operation that might not be obvious.

5.  Procedure: State the procedures used in the experiment; a step-by-step list is
acceptable.  Be sure to note when and how data was obtained.

6.  Results: Include, in this order:
a.  data presented in an appropriate form (text, list, chart, graph)
b.  calculations needed to achieve objective(s)
c.  final statement of empirical results

7.  Analysis: Include a discussion of probable sources of inaccuracies.  You may
also include a calculation of the experimental error, uncertainties,
correlations and standard deviations, depending on the data type.

8.  Conclusion: Discuss the extent to which your objective was met, and how the
experiment might be improved.  Restate your final result, along
with any reservations or confidences in that result.

9.  Appendix: This is an optional section that could include raw data, charts or
graphs too large for the body, supplementary diagrams, peripheral
theory, lists of symbols and definitions, and a list of references.

Some Final Points About Style:

1.  Double-space all text. Use an equation editor for special symbols and formulae.
2.  Number each page at the bottom. Start with Objective as page #1.
3.  Charts, graphs, and diagrams should be numbered and/or captioned.
4.  Relevant diagrams can enhance the clarity of a report.  Use a graphics app, colors, and labels.
5.  Correct spelling, punctuation, and grammar are essential for effective communication.

Appendix K:  Formal Lab Report Format and Style
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Appendix L:  Ultimate Flowchart for Solving Physics Problems

START
READ THE IS IT A

LIST ALL GIVEN QUANTITIES INCLUDING THE
SYMBOL, VALUE & UNITS OF MEASUREMENT

DETERMINE WHAT YOU ARE BEING
ASKED TO FIND (THE “UNKNOWN”)
AND ADD IT TO YOUR LIST  e.g., t = ?

DOES YOUR
LIST HAVE CONSISTENT

UNITS ON ALL QUANTITIES?
e.g., ft/s, ft, s

CAN YOU
FIND AN EQUATION

RELATING SOME OR ALL OF
THE QUANTITIES TO THE

UNKNOWN?

IS THE
EQUATION VALID FOR
GIVEN CONDITIONS?

e.g., vo 5 0

COMPUTATION SEQUENCE:
1.  write the valid equation
2.  solve it for the unknown variable
3.  insert numeric values including units
4.  reduce to decimal form with simplest units
5.  round answer eliminating insignificant digits

BE WISE ... VECTORIZE
1.  if no diagram, sketch the scenario

YES

YES

YES

NO

NO

ARE THE
SIGN, MAGNITUDE & UNITS

OF YOUR ANSWER
SENSIBLE?

YOUR SOLUTION IS CORRECT

YES

ERROR!  YOU HAVE OVERLOOKED
SOMETHING.  GO BACK TO START,
DO NOT PASS READ THE PROBLEM,
DO NOT COLLECT $200.

NO

DID YOU
MISS AN IMPLIED OR

ASSUMED QUANTITY?
e.g., ag

CAN YOU
CALCULATE ANOTHER

RELEVANT QUANTITY FROM
WHAT IS GIVEN?

NO

NO

NO

2.  superimpose a coordinate system
3.  designate an origin
4.  choose a sign convention (+ / -)
5.  vectorize all values

PROBLEM
VECTOR

PROBLEM?

CONVERT VALUES
TO DESIRED UNITS

YES

YES

NO

YES

ADD THE NEW
QUANTITY TO

YOUR LIST

e.g., d = 3 ft, v = 20 mi/hr, F= 5.8 N, m = 0.33 kg

6.  highlight your final result, e.g., underline it

Solving physics problems is a lot like solving “story problems” in algebra.  With an organized and
logical plan of attack one can unearth the solution with the least amount of effort.  You may have
already discovered that this is a powerful strategy for solving just about any type of problem.
The method flowcharted below is a model of the author’s own (physics) problem solving strategy.
You need not memorize it – after you’ve used a few times the process will be internalized.
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Data that is graphed can provide insights into trends and rates of change that are not as easily seen
in a simple chart.  It also allows for the construction of tangents, which permits the calculation of
instantaneous rates of change in nonlinear data.
Graphs are used in many disciplines to display and communicate information, and although there
are many different graphing styles they all share certain essential features.  The features essential
to scientific graphs are shown, with annotation, on the graph below.

Appendix M:  Graphing Techniques and Format

                      t (days) 1 2 3 4 5 6 7

h (cm)    PINE
               OAK

1.5 3.0 8.0 15.5 23.5 28.5 32.0
3.0 6.5 8.0 12.0 13.5 17.0 20.0

30
28
26
24
22
20
18
16
14
12
10
8
6
4
2
0

h (cm)

0 1 2 3 4 5 6 7
t (days)

HEIGHT OF SEEDLINGS DURING FIRST WEEKAB
C

D

E

H

I

K
J

G

A: Include a concise, descriptive title at the top naming both of the measured quantities.
B: Designate the horizontal and vertical axes with darker, thicker or double lines.
C: Choose a numbering scale for both axes such that the plotted data fills the available space.
D: Label both axes with the quantities they measure; either symbols or words are acceptable.
E: Note, in parentheses, the units of measurement being used.
F: Include a complete data chart adjacent to, or on an unused portion of, the graph.
G: Always plot the independent (controlled) quantity on the horizontal axis.
H: Plot the data points as small dots, precisely interpolated, and coded with geometric shapes to

improve visibility and separate multiple data sets on the same graph.
 I: Draw a thin and continuous line or curve that best approximates the general trend of the data.

If the trend appears linear, use a straight-edge; if it appears nonlinear, use a french curve or
free-hand drawing.  Do not go dot-to-dot – change in nature is almost always smooth.

J: Do not extrapolate your plot beyond the measured data.
K: Use a straight-edge when constructing tangents.  Draw it so that the line just barely touches

the curve at the point of interest (t = 5.5 days in this example).

F
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Logarithmic Graphs:
When data spans more than one power of ten it can sometimes be presented more clearly using
logarithmic graph paper.  In addition, semi-log paper will transform an exponential function into
a linear plot; the slope of which can be related to the exponent and rate of growth.
Note that the vertical axis has no zero point; it starts at whatever power of ten encompasses the
lowest datum.  The index numbers along the right edge mark the main divisions on this axis.

The general exponential function has the form:  , where:

 a   = Y-intercept = value of Y @ X = 0
 TD = doubling time of dependent variable = ln(2)/b = 0.6391/b

Y aebX=

b   = slope = 1 e( )log�[ ] Y2 Y1�( )log X2 X1–( )�[ ]- 2.303 Y2 Y1�( )log X2 X1–( )�[ ]-=

1

2

3

4

5

6
7
8
9
1

1

2

3

4

5

6
7
8
9

POPULATION OF EARTH (1500 AD to LAST CENSUS)

NUMBER
OF

1 x 108

1 x 109

1 x 1010

1500 1600 1700 1800 1900 2000
year

POPULATION DATA

YEAR       COUNT
                 (billions)
1500           0.320
1550           0.375
1600           0.435
1650           0.510
1700           0.625
1750           0.710
1800           0.910
1850           1.13
1900           1.60
1950           2.51
1975           4.10
1990           5.32

PEOPLE
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Instructions for use:

Included here are 14 of the most commonly required types of graph paper. Individual pages are 
unnumbered for uncluttered screen capture or immediate printing. They are provided copyrigh t- 
free. You may make as many copies as needed for private use. The 3 cycle log-log style will cost 
you $1 a sheet or more at the typical college bookstore. Don't get ripped off.
Note:  Most copy machines reduce or enlarge slightly, even when set at 100%.  This can cause  a 
problem if exact scaling is required, for example, with blueprints or plans where X divisions 
must measure exactly Y inches.  Some copiers allow you to adjust the copy size in increments of ± 
1%. Experiment with this and you should get the scale close enough.

PAGE GRAPH TYPE SCALE RANGE  (Y vs. X)

A-23 cartesian 2 divisions / cm  =  5 mm / division 46 div. x 32 div.
A-24 cartesian 4 divisions / cm  =  2.5 mm / division 58 div. x 40 div.
A-25 cartesian 5 divisions / cm  =  2 mm / division 115 div. x 80 div.
A-26 cartesian 6 divisions / inch  =  0.167 inch / division 54 div. x 38 div.
A-27 cartesian 8 divisions / inch  =  0.125 inch / division 73 div. x 50 div.
A-28 cartesian 10 divisions / inch  =  0.1 inch / division 91 div. x 63 div.
A-29 cartesian           $ 12 divisions/inch with 10-division grouping 115 div. x 80 div.

A-30 polar 1 division / degree  ×  30 divisions (standard format)
A-31 polar 1 division / degree  ×  30 divisions (trigonometric format)

A-32 semi-log 1 cycle  ×  50 divisions
A-33 semi-log 2 cycle  ×  50 divisions
A-34 semi-log 3 cycle  ×  50 divisions

A-35 log-log 1 cycle  ×  1 cycle
A-36 log-log 2 cycle  ×  2 cycle
A-37 log-log 3 cycle  ×  3 cycle

Style Considerations for Graphs Included in Technical Reports:

When a graph is included as part of a lab report or other technical paper, the ideal method woul d 
be to create it using software that allows it to be imported by your word processor.

Lacking those means, the next best choice would be to print or construct the graph manually an d 
include it as a separate, numbered page, or as a part of the appendix.  When a full page graph is 
created using the long dimension of the page for the horizontal axis (i.e., in landscape orientation ) 
it should be attached with its bottom edge on the right side of the report.

Appendix N:  Graph Paper Master Copies
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