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Candles Under Jars

Many a jar has been placed over many a lit candle in classrooms
across the country, an homage to Joseph Priestley, who alerted
the world to the existence of oxygen over two hundred years
ago. After the candle goes out, students are told that it used up
the oxygen in the jar, as though oxygen were a type of food the
candle ate until there was none left.
While the flame’s death certainly indicates a linkage between
fire and oxygen, the accompanying narrative is rather off. Indeed, if flames really consumed oxygen as aggressively as such
experiments suggest, house fires would be a great deal more
deadly and lighting kindling in a fireplace would be “playing
with fire” in multiple senses. Roasting marshmallows would be
a dangerous dance with asphyxiation.

If fires consumed oxygen as quickly as common interpretations of
candle-in-jar experiments suggest, roasting marshmallows would be a
dangerous pastime.
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Combustion requires air relatively rich in oxygen. The candle
does not come close to using up all the oxygen in the jar. Candles
will not burn once air has lost about 30% of its oxygen, and in
most cases the flame dies well before then. So, the food-forcandle metaphor is a poor one. The air still has most of its
oxygen when the fire goes out.
Two issues make these concerns more than mere nitpicks:
• Educational materials often suggest a more sophisticated
version of this experiment as a way to “prove” that air is
about 21 % oxygen. In reality, said experiment proves no
such thing and is utterly misleading.
• Correcting the explanation to say “the candle goes out
when the oxygen content of the air is no longer high enough
to support combustion” only promotes the discussion to
half-truth status. It overlooks the critical role the products
of combustion play in the scenario.

A Misinterpreted Experiment
A common version of the candle-in-jar demonstration involves
placing the jar upside-down in a dish of water, its lip submerged
but elevated above the bottom.
Because the rim is held
above the bottom of the
dish, water is free to flow
into the jar. After lighting
the candle and replacing the jar, the water level in the jar climbs
as water enters. It continues to rise after the flame goes out. In
a typical classroom setup, the water rises 15–20% of the way up
the jar. This percentage (15–20%) is tantalizingly close to the
the proportion of air composed of oxygen.
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Rubber plugs act like stilts, holding the jar aloft to allow water to flow
into the chamber formed by the inverted jar.

At this point the presenter says the candle burned up all
the oxygen in the jar, and the water rose to occupy the vacated
space. Allowing for experimental error, the presenter claims this
demonstration proves that air is 21% oxygen because the water
rose to compensate for the oxygen used up in combustion. The
presenter may assert, “As the oxygen was removed by the flame,
there was less pressure in the chamber; essentially a partial
vacuum formed. The water rose just enough to fill the space left
behind by the oxygen consumed by the fire.”
There are three problems with this explanation, the first of
which we have already mentioned.

Problem 1: Not all the oxygen is consumed
An easy way to show that candles only consume a fraction
of the oxygen inside the jar is to run the experiment with two
candles at the same time, one short and one tall. You will find
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that the taller candle goes out before the shorter one. Since the
shorter candle continues to burn after the taller one dies, we
cannot blame the latter’s fate on the absence of oxygen. (Later,
I’ll explain why the taller candle goes out first.)
A more provocative alternative that some have used is to
place a tall, lit candle and a live mouse under a jar. The mouse
should still be running around after the candle burns out. I do
not officially recommend this because I don’t want murine blood
on my hands should something go wrong.

Problem 2: Some of the consumed oxygen is replaced
Even if the candle did consume all the oxygen, the conclusion
would be inappropriate because the amount of oxygen consumed
by the flame is not equal to the decrease in the amount of gas
inside the jar.
All chemical reactions have products. Combustion produces
carbon dioxide and water vapor. Most of the water vapor will
condense—you will likely see water drops form on the inner
wall of the jar. Some of the carbon dioxide will dissolve into
the water, causing bubbles similar to soda fizz, but most of the
carbon dioxide will persist as gas inside the jar.
Since the loss of oxygen is
partially offset by the gain of
The volume of water that
carbon dioxide and water vapor,
rose does not equal the
the volume of water that rose to
amount of oxygen used up
replace the lost air is not equal
by the flame.
to the volume of oxygen that the
fire consumed. Even if all the
oxygen (21% of the air) were consumed, we would not expect a
21% decrease in the total amount of gas in the container.

Problem 3: This demonstration is full of hot air
Charles’ law says that air, like any gas, expands when heated
and contracts when cooled. This is the third major oversight in
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the demonstration’s standard interpretation. The candle heats
the air around it, so the air captured by the jar when the experiment begins is hotter than the air under the jar after the flame
has gone out. As the air cools, it contracts, drawing the water upward. Much of this cooling occurs while the candle is still burning, for the hot air offloads heat to the cooler glass. Since lower
lower temperatures mean lower
You can undent a ping-pong
pressure, one could alternaball by heating it. Hot air
tively say that the air in the
exerts more pressure than
jar exerts less pressure on the
cold air, and the heated air
water as the temperature deinside the ball will push the
creases, so the water level rises.
dent out. Chemists call this
There is a straightforward
Gay-Lussac’s law 1 — pressure
way of showing how much
increases proportionately to
the aforementioned cooling cortemperature.
rupts the data. In the typical experiment, the jar is placed over
hot air because the candle is already burning. The solution, then,
is to light the candle without removing the bell jar. That way
you are comparing room temperature air before combustion to
room temperature air after cooling. In The Persistence of the
Candle-and-Cylinder Misconception, James P. Birk and Anton E.
Lawson explain one way to do this:
1. Tape a match to the candle so that the head of the match
touches the wick.
2. Place the upside-down jar in its normal position.
1

It is a bit of a mystery why chemists affixed Gay-Lussac’s name to this
law. Guillaume Amontons was the first chemist to write about it. Gay-Lussac
actually was the first person to publish work on Charles’ law, using Jacques
Charles’ unpublished work. His name used to be connected with that law as
well, but the tendency now is to give him no credit for the law he actually
wrote about and connect his name to the one he had nothing to do with.
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3. Measure the water line before lighting the match, while
the air inside is still room temperature.
4. Light the match by focusing sunlight onto its head.
5. Let the air inside cool after the flame dies before taking
the second measurement of the water level.

If you do the experiment as outlined above, the water level
will not even rise 5%, let alone the 15-20% observed using the
typical procedure.

Demonstrations Exposing the Myths
A more in-depth discussion of combustion in a closed container helps explain the above observations. I will describe three
further demonstrations you can do that highlight the critical
ideas.

Tall-versus-short parallel experiment
If you run the experiment with two candles at once, the taller
candle will go out before the shorter. A discussion of this oddity
illustrates why saying “the candle goes out because there is not
enough oxygen in the jar” only tells half the story.
The combustion reaction for a typical candle produces water
(in the form of steam) and carbon dioxide. Unsurprisingly, these
products are rather hot, making them less dense than normal
air. They float upward to the top of the jar. Some of the steam
will likely condense there, but the carbon dioxide simply accumulates, forcing other gases down. (This is one reason why we
are told to crawl if we are in a burning building: the oxygen-rich
air is near the floor.) The accumulating CO2 eventually reaches
the candle and snuffs it out by interfering with its oxygen supply.
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The shading in this picture represents the carbon dioxide content of
the air. The candle burns, giving off carbon dioxide, until the cloud of
carbon dioxide is deep enough to reach the flame.

Taller candles go out before shorter candles because they
are engulfed more quickly by the descending, burgeoning cloak
of CO2 -rich air.

Tall-versus-short series experiment
More interesting differences between tall and short candles
come to light when using them one at a time. With a tall candle,
the water rises almost immediately. Most of the change in water
level occurs before the flame dies. A short candle burning in a
tall glass exhibits the opposite behavior. The water hardly rises
at all until the flame dies, and then it rises rapidly.
To understand why this occurs, recall that the main reason
the water rises is that the air in the jar is cooling. Secondarily,
water vapor is condensing and some of the carbon dioxide is
dissolving into the water, reducing the amount of gas in the jar.
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With these two ideas in mind, the behavior seen in these two
experiments is explained as a combination of three points:
• The taller candle begins to dim earlier owing to the smothering CO2 , so the flame gives off less heat.
• Most of the cooling takes place at the top of the jar, where
the air is hot and the interaction between it and the glass
is greatest. Therefore, the rate of cooling is largely determined by the temperature of the air at the top of the jar.
The flames of shorter candles are farther away from the
top, so they take longer to heat up the air there.2
• By the time a short candle completely goes out, a good
deal of carbon dioxide has been produced, and much of
it is lying close to the water. After the air cools, there is
more opportunity for the carbon dioxide to dissolve into
the water than in the case of a tall candle. This may contribute to the rapid rise after a short candle is extinguished
because the air is losing carbon dioxide. Experiments have
indicated this last point may have little effect in practice,
but it is good to be aware of the theory.

Flames in freefall experiment
Candle flames are ultimately undone because the carbon
dioxide they produce eventually dominates the surrounding
region. Interestingly, though, a candle would burn more dimly if
the gases it produced did not rise at all. Combustion relies on
a continual source of oxygen, which it gets in abundance when
fresh air takes over the territory left behind by the rising carbon
2

A simpler, somewhat inaccurate, version of this is “hot air takes longer to
rise to the top from a shorter candle because it has farther to go.” In reality,
though, it is the heat that is making the entire trip, not individual air particles.
A parcel of hot air may rise a bit, cool down, and hover, having offloaded its
heat to other molecules that continue transporting it upward.
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dioxide and water. If these gases did not vacate the region
around the flame, no fresh air would be drawn to the wick.
The flame, only receiving
a tiny supply of fresh oxyGravity is the unsung hero in a
gen via diffusion (simple
candle flame’s narrative.
mixing of gases), would
be small and dim.
You can actually see what happens when hot gases do not
rise from candles. Lighter gases go to the top of the jar because
gravity exerts a stronger pull on denser gases. As these colder,
denser gases move downward, the region at the top of the jar
is the only place left for lighter gases. Gravity, then, is the
unsung hero in a candle flame’s narrative because it enhances
circulation of air.
To see what happens when hot air does not rise, you can
light a candle and seal it in a very large plastic bottle. Then
darken the room and drop the bottle. The rule about gravity
pulling denser gases down more is not true in freefall. Objects
in freefall are all pulled down with the same speed. The hot
air around the candle moves downward at the same rate as the
candle and everything else in the sealed bottle. The candle will
dim nearly immediately after it is dropped. You might want to
capture this on film and play it in slow motion to see the bright,
orange, triangular flame morph into a small, haunting blue disk.
(The flame will be spherical because, in the absence of gravity,
all directions are equivalent.)

Conclusion
Candles in closed containers do not go out because they use
up all the oxygen. Rather, the hot carbon dioxide (and to a lesser
extent water vapor) given off in combustion accumulates at the
top, pushing down other gases (most importantly, oxygen), and
eventually stifles the flame.
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If the jar’s rim is submerged in water, the liquid rises not
because water is replacing the oxygen used up in combustion.
Rather, the air inside the jar cools as the flame dies down and
hot gases offload heat to the glass container. As the air cools
it applies less pressure to the water than it did when the jar
was first put over the candle. The water rises as a result of the
decreasing pressure from the air against it.

Addendum: Why Does CO2 Smother Fire?
The general results in this chapter would be the same if
the hot gas given off by fire were, say, nitrogen or any other
non-flammable gas.3 The hot nitrogen would expand, rise, and
displace the oxygen. However, carbon dioxide is particularly
good at smothering fires, so good it is commonly used in fire
extinguishers.
Though you light the wick of a candle, the wax is its principal
fuel. The heat from lighting the wick turns the wax into vapor,
and this gaseous wax burns easily. As the wax originally in the
wick vaporizes, more liquid wax is drawn up through capillary
action to feed the fire. The wax has to stay hot to burn, around
390° F (200° C). This works well in candles, where you want a
slow, steady flame rather than
dazzling pyrotechnics. Only the
Though you light the wick,
wax vapor in the hottest portion
a candle’s principal fuel is
of the flame burns. If you look
“wax gas.”
very closely, you can often see
that there is a core inside the
candle flame where no burning occurs at all. The hottest part
of the flame is actually at the edge of the visible flame, where it
has the greatest access to oxygen.
3

“Inflammable” means the same thing as “flammable.” The “in-” does not
mean “not” it means “into.” So “inflammable” means “into flames.”
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So, part of the heat produced by the flame goes toward keeping the temperature high enough for the gaseous paraffin to
burn. As air near the fire is heated, it moves upward to be
replaced by cooler air that is heated in turn. Carbon dioxide requires more energy to heat up than normal air. As the air around
the flame comes to include more and more carbon dioxide, the
combustion warms it less and less. The cooler the environment,
the harder it is for combustion to take place. The flame shrinks
as the region hot enough to support combustion diminishes.
So the flame really encounters two separate problems as
the carbon dioxide sinks. It is receiving less oxygen and the
temperature of the CO2 -heavy air is lower. The gradual effect
we see when a candle burns inside a jar is a mild version of
what occurs when a household fire extinguisher is used on a fire.
The pressurized CO2 issuing from the extinguisher is quite cold,
and a great deal of heat from the combustion region is used up
raising its temperature, similar to how the thermal energy of
warm cola is used up melting ice, leaving the cola colder.
The colder the environment, the more oxygen a fire needs,
but the oxygen content near the flame is actually decreasing as
carbon dioxide takes up a larger and larger percentage of the
air. In this way the carbon dioxide’s two effects (decreasing the
temperature and oxygen level) combine to kill the blaze.
Of course, these interesting properties of CO2 lead to another question:
Why does CO2 heat up less easily than normal air?
Carbon dioxide has three atoms per molecule, while most
air is dominated by molecules having only two atoms—oxygen
(O2 ) and nitrogen (N2 ). Carbon dioxide, being a more complex
molecule, has many more ways to jiggle than oxygen or nitrogen
do. Scientists call the various types of motion modes.
In addition to moving in the three standard directions (translation modes), a molecule of carbon dioxide can rotate in place
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and its atoms can vibrate. When a molecule receives heat, the
energy goes into one or more of these modes, exciting them
to higher and higher levels of activity: the molecule rotates
more rapidly, vibrates more times each second, or moves around
faster.
Why is this important? Temperature is a measure of the
energy in the translation modes (forward-backward, left-right,
up-down movement of the whole molecule). Because CO2 can
contort, bend, and vibrate in many ways, a lot of energy goes
into modes that do not raise its temperature.
The CO2 molecules have to absorb more heat to rise in
temperature because the energy gets spread over several types
of motion, and only the energy in the translation modes counts
toward the temperature of the sample.

Quantum Energy Levels
A molecule can only absorb bits of energy that are the right
size to cause jumps in its energy levels, the same way you
cannot use a dime to buy a 5-cent mint from a concession
stand that has no change. If the stand is not set up to take
or give out coins, it limits the possible patronage.
Thus, a molecule’s natural modes of motion determine
what kinds of energy it can absorb. This is one of the
reasons CO2 is a “greenhouse gas.” It can absorb several
different kinds of radiation because it has many different
ways to shake, rattle, and roll.

12

CANDLES UNDER JARS

The eight fundamental ways a CO2 molecule can move are shown
above. The energy of the translation modes (simple motion of the
entire molecule in one direction) determines the temperature.

