
PHY1033C Fall 2017
Lecture W4

Measuring Gravitational Acceleration g and Energy Conservation

1. Measuring g

We have already discussed that an object falls at a exactly the same rate regardless of
its mass: constant acceleration of g = 10 m/s2. Let’s make a very smooth slide (no friction
at all) and have two kids slide down the slope. One kid is big and the other small. They all
reach the bottom at the same time. The force that causes the object to slide is the same
force responsible for the free fall as you can imagine. Of course if one make different slopes
of slides, the falling time would be different but on any slope the fall time does not depend
on the mass. Galileo figured this out long time ago.

One can make a very special track with a half circle. Hold a ball on one side of the track
and release it. Then it will follow down the track, pass the lowest point, and continue to
move upward against the gravity to reach the highest point on the other side. If you do
the experiment carefully on an ideal track with absolutely no friction, the ball reaches the
same height as the initial release point (energy conservation). And then it starts to fall back
down through the bottom and reach the starting point. This is one cycle of motion that
will be repeated unless you do something to the system. One can determine the period of
this cyclic motion. If you use a different mass on the same track, there is no reason that
it will behave differently because all objects falls at the same rate regardless of their mass.
You can mimic this motion without using the special tracks by simply attaching a mass on
a string of a certain length (ℓ) and make it swing around a fixed point, a pendulum. It will
make a periodic motion following a circular path, and the period should be independent of
the mass attached.
Then what determines the period of the motion if not the mass? What are the relevant
physical quantities in this case? Of course, gravity. Length of the pendulum? Maybe the
starting point? Galileo derived the relationship between the period (T ) of a pendulum and
relevant physical quantities:

T 2 = 4π2
( ℓ
g

)
,

where π = 3.14. This expression does not say anything about the initial position or deflection
angle. Therefore, the period of pendulum is completely determined by g and the length ℓ
regardless of the mass and the release point. Using this relation, we can measure the
gravitational acceleration easily but surprisingly accurately. Replacing 4π2 with a numerical
value,

g = 39.44
( ℓ

T 2

)
.

Exercise If you want to make a clock based on a pendulum, what would be the proper
length so that one full swing gives 1 second?
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2. Energy

Whether it is a tiny gas molecule in air or a massive planet in space, its motion is fully
described by Newton’s law of motion and gravitation. It seems that the nature of this
universe is fully understood by Newton’s law. However, let’s consider the following cases:

1. A steam engine train runs on a rack. It burns coal loaded on the train to produce
steam and using this steam power to push the piston and through the crank to turn the
wheels. Initially at rest, the train starts to accelerate to reach the optimal speed. There
is no external force acted on the train? How come the train get accelerated without
any external force? What is the connection between burning coals and motion?

2. Imagine you have a powerful microscope to see the motion of individual gas molecules
in a container. There are approximately 1023 molecules–1 mole of gas has 6 × 1023

atoms or molecules in it–zipping through the space. Molecules bump into each other
and scatter to fly away or some of them reflect from the wall of the container. If you
follow individual molecule in a free space (between the collision), it will move with
a constant speed (here we ignore gravity) consistent with Newton’s law of motion.
What would happen to the motion of the molecules if we raise the temperature of
the container? If any changes, what causes the change and how does it change?
Furthermore, to understand the property of the gas do you have to know individual
motion of the molecules? Is it even possible?

A new quantity needs to be introduced to properly address the issues posed above.
Energy is a physical quantity. Unlike force or velocity, energy carries no information about
the direction. It is just a simple quantity (scalar). Energy is not only related to motion
of an object but also electricity and magnetism, heat, chemistry, and many others. You
may also hear a lot about solar energy these days. Whatever it is, it is essentially the
same physical quantity whose SI unit is kg·m2s−2, simply called J (joule). It is not easy to
define what energy is, but you can understand energy as a quantity that can be transferred
to work. Work (W ) can be defined more clearly in physics since there is only one way to
calculate it: multiplication of force by the distance an object moves in the direction of a
force. Work and energy are the different faces of basically the same quantity. Therefore
work has the same unit as energy (J). However, note that the meaning of work in physics
is different from the conventional usage.

• Need both force and distance to have non-zero work.

• Work can be positive or negative: Positive work done by the force if the object
moves in the direction of force. e.g. Pulling an object with a force. Negative work done
by the force if the object moves in the opposite direction to the force. e.g. Frictional force
on a moving object.

• If the object moves in the direction perpendicular to the force, no matter how far it
moves work is zero. For example, if you stand and hold a heavy luggage above your head,
you will sweat in a while but physically no work is done.
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There are many different types of energy: mechanical energy (associated with motion),
thermal energy (associated with heat), chemical energy (associated with chemical reaction),
nuclear energy (associated with nuclear reaction), electromagnetic energy (associated with
electricity and magnetism), and so on. Here we will focus on mechanical energy. Mechanical
energy has two component: kinetic energy and potential energy.

Kinetic Energy: An object in motion carries kinetic energy: Ek = 1
2
mv2. It has no

information about the direction of the motion but only the speed (squared). The kinetic
energy of an object in motion can be readily transferred to work. A flying baseball can
break windows and a falling tree can ruin the roof.

Potential Energy: Even though an object is not in motion, in a certain situation, the
object has a potential to do work. A heavy bowling ball is hanging from the ceiling at 10 m
from the floor. The object is at rest and therefore has zero kinetic energy. But when the
string is cut, the ball will fall down due to gravity and be in motion and consequently gains
kinetic energy. In this case the ball hanging at a height actually has a type of energy that
can be potentially transferred into kinetic energy, and to work eventually. That energy is
called potential energy. The potential energy of an object hanging at a height h above the
floor is given by Ep = mgh. Since this potential energy is associated with gravity, it is
called gravitational potential energy.

Exercise A 20 kg object moving with a speed of 10 m/s has kinetic energy
Ek = 1

2
(20)102 = 1000 J. A 10 kg object hanging 10 m above the ground has po-

tential energy Ep = (10)(10)(10) = 1000 J. They have exactly the same amount of energy
but in a different type.

Power is the amount of energy produced or consumed in one second. The unit is J/s
simply called W (watt). You hear this word frequently. For example, a 60 W light bulb
will consume 60 J of electrical energy every second. But a small fraction of the energy is in
the useful form (visible light). An incandescent light bulb converts only about 5% of the
consumed energy into visible light. In comparison, an LED light bulb has about 5 times
higher efficiency. In other words to get the same brightness, an LED bulb uses one-fifth of
energy. One nuclear reactor in a nuclear power plant generates about 1 GW (gigawatt, 109)
power. You also find power ratings in cars. The engine in a racing car can generate about
800 horsepower. Horsepower is not a scientific unit for power which obviously was derived
from the power that one horse can generate. One horsepower is equivalent to about 745 W.

3. Energy Conservation

There is an extremely important concept in physics: a certain physical quantity does not
change in time as a physical system evolves under specific condition: momentum conser-
vation, charge conservation, particle number conservation, and energy conservation. You
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should learned one of the kind from your textbook, momentum conservation. Here is the
second conservation law, Energy Conservation. Assume that there is no frictional force
(we will deal with this in a moment). Under this condition, the total mechanical energy
(potential + kinetic) does not change during the motion of an object:

ET = Ek + Ep.

Suppose there is a 1 kg ball held at 10 m above the ground. What kind of energy this
ball possess? Now you can easily answer that this ball has only gravitational potential
energy of 100 J since it is at rest (recall Ep = mgh). Now imagine that the ball is released
and fall gaining speed due to acceleration caused by gravity. Consider the moment when
the ball is at 9 m above the ground. We know that the ball is falling at a certain speed
(v) at this moment and the potential energy at this point is 900 J. At this moment, the
ball has both potential and kinetic energy. Ignoring any air resistance, the total mechanical
energy should be exactly the same as the initial position at rest.

Ei = Ep = 1000,

Ef = Ek + Ep = Ek + 900 = 1000.

Q1 In the above example, what is the speed of the ball when it it hit the ground? You can
solve this problem in two ways: (1) Newton’s equation of motion (2nd law) and (2) Energy
conservation. Use energy conservation.
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It is relatively easy to find out the final speed using energy conservation. Here I will
solve the same problem using Newton’s law.

So far we limited the concept of energy conservation in a mechanical system. Let us
open up the scope. If a physical system involves other elements such as chemical, electrical,
thermal, and nuclear element, the energy conservation has to include all possible energy.
The total energy including all relevant energy should remain the same. Let’s add one by
one to make the physical system more realistic but complicated.

1. Consider a 1 kg block moving with a constant speed 2 m/s on a smooth section of
the table (meaning no friction. The block enters a section of the table with a rough
surface. In this section a frictional force of 0.2 N appears in the opposing direction.

2. Let us go back to the case 1 of section 1. How do we understand the steam engine?
Fossil fuel has chemical energy which can be released and turned into heat (thermal
energy) when it burns. The situation is similar for nuclear propelled egine in a sub-
marine. Nuclear energy is converted into thermal energy in this case. Thermal energy
is used to produce steam. Steam produces pressure in the engine to turn the crank to
put the locomotive in motion (mechanical kinetic energy). In this process the initial
chemical (nuclear) energy (Echem) is eventually converted into kinetic energy. At each
stage of converting one type of energy into another, a part of the initial energy (Ei)
is lost mostly into heat (through friction or simple loss into air or machinery). If you
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add all the energy loss EL, then energy conservation forces the following relation:

Ei = EL + Ek.

Here, we can define how efficient an engine is using the efficiency, e = Ek

Echem
× 100 in

percentage. More generally, it is the percentage ratio of (final useful energy produced
Ek) to (initial energy Ei).

3. Now the case 2 in section 1. A gas in a container can be described by its pressure,
volume, and temperature. The question posed here was what happen to the speed
of each gas molecule zipping through the empty space between collisions if the tem-
perature of gas is raised? How do we understand the change if any? Although each
molecule will move at a different speed, you can average all the speeds of molecules
and then talk about average kinetic energy of a molecule: 1

2
mv2a. Here m is the mass

of a single gas molecule and a is added to indicate the speed is the average speed.
Physicists found that this average kinetic energy is directly related to the temperature
of the gas. To relate temperature with energy, we need another fundamental constant
to turn temperature into energy, Boltzmann constant kB = 1.38−23 J/K. If you ex-
press temperature in kelvin scale and multiply t by kB, it will become energy in J. For
example, 273 K is equivalent to 273× kB ≈ 3.8× 10−21 J. Here is how it work. Gas is
at temperature T . This environment impart thermal energy kBT to each gas molecule
to generate kinetic energy: 1

2
mv2a = 1

2
kBT . Now you can answer the question!

Exercise Room temperature is about 300 K. Air is mostly nitrogen molecule whose mass
is 5× 10−26 kg. On average how fast the nitrogen molecules move around?

Q2 Temperature of liquid nitrogen is 77 K. If you cool helium gas to liquid nitrogen
temperature, what would be the average speed of helium atom? The mass of helium atom
is 6.6× 10−27 kg.

The equivalence of temperature and energy leads to an interesting consequence. Molecules
will cease to move (v = 0) when they are at T = 0. This is called absolute zero, a special
temperature in physics where all molecules ceases to move!
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