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CONCEPT REVIEW

The characteristics of pressure and the properties of fluids have a number of interesting and useful applications.  Applying these principles in real-world situations can lead to some surprising applications, from floating ping pong balls to crushed cans.  And most of these examples you can try yourself.

1.  Definitions

a.
A fluid is any substance that flows readily and takes the shape of its container.  Gases are compressible fluids, because their volumes decrease noticeably with an increase in external pressure; liquids are incompressible fluids, and do not change volume appreciably with an increase in pressure.

b.
 Density is defined as the mass of an object divided by its volume:





D = m/v

An object or fluid with a greater density will sink in one with a lower density (assuming the fluids don’t mix, the solid doesn’t dissolve in the fluid, or the substances are able to flow or travel past each other).

c.
Pressure is defined as force divided by area





P = F/A

2.  Depth Pressure and Pascal’s Principle

a.
The pressure at any point in an enclosed fluid is equal in all directions and is transmitted equally in all directions.  This is Pascal’s principle.

b.
From Pascal’s principle and the definition of pressure, it must be true that





F1 / A1 = F2 / A2

where F1 and F2 are two forces action on different surface areas A1 and A2.

c.
The pressure at any point in an enclosed fluid is the sum of the pressure at the surface of the liquid plus the pressure caused by the weight of the fluid above that point.  It can be shown that this added pressure is the product of the density of the fluid (D), the acceleration of gravity (g), and the depth below the surface (h):





P = P0 + Dgh

d.
The pressure at any depth of a fluid (including air, and assuming no motion) caused by the weight of the column of fluid above that point is independent of the area of the column.  This fact can be shown to be a necessary result of the definitions of pressure and density.

3. 
Buoyancy and Archimedes’ Principle

a.
An object submerged in a liquid displaces a volume of fluid equal to the volume of the object that has been submerged.

b.
An object submerged in a fluid experiences an upward ‘buoyant’ force caused by the fluid surrounding the object.

c.
According to Archimedes’ principle, the size of the buoyant force acting on a sub merged object is equal to the weight of the fluid that has been displaced by it:





Fb = Dgv

where Fb is the buoyant force, D is the density of the fluid, g is the acceleration of gravity, and v is the volume of the displaced fluid.

d.
The apparent weight of an object submerged in a fluid is equal to its weight in air minus the buoyant force:





Wapp = W - Fb

e.
An object more dense than the fluid will sink completely in the fluid.  An object with the same density as the fluid will float and remain at rest at any point within the fluid (assuming that depth pressure may be ignored).  An object less dense than the fluid will float on top of the fluid, and will sink into the fluid only to the point where the weight of the displaced fluid (and therefore the buoyant force) is equal to the weight of the object.

4.  Bernoulli’s Principle

For a fluid moving at a constant speed with no turbulence (called streamline flow), the pressure in the fluid is lower where the fluid is flowing faster.  Therefore, an object in the fluid will experience a force pulling it toward the region of faster flow which is perpendicular to the direction of the fluid flow.

WARM UPS

1.  A density column is composed of a series of liquids that don’t mix.  One simple density column consists of a bottom layer of corn syrup, followed by a layer of water, then oil, then rubbing alcohol.

What conclusions can you draw about the relative densities of the four liquids?

A metal washer is dropped into the density column and sinks to the bottom of the container.  What conclusion can you draw about the density of the metal washer?

A plastic sphere is dropped into the density column and floats between the oil and water layers.    What conclusion can you draw about the density of the plastic sphere?

2.  If steel has a greater density than water, then why doesn’t a steel battleship sink?  Under what conditions will a battleship sink?

3.  How does a submarine work?  How do the sailors cause a submarine to sink and rise at will?

4.  An aluminum cylinder weighs 1.25 Newtons when suspended from a spring scale in air and 1.05 Newtons when suspended from the same scale in water.  Oil is less dense than water.  How would the scale reading change when the cylinder is suspended in oil compare to the readings when it is suspended in air and water?  Would it be less than 1.05 N, greater than 1.25 N, between these two readings, or equal to one of them?

5.  Prairie dogs are pretty smart when it comes to physics.  They always have two entrances to their burrows, with one entrance higher than the other on a mound of earth, where the wind blows harder across the prairie.  Explain why this is an effective design for a prairie dog town and why it keeps them from suffocating in their burrows.

6.  Hold a strip of paper under your lower lip and blow across the surface.  The paper rises up toward your lip — it isn’t pushed downward, as one might expect.  Why is that?

7.  Why does an object floating on the surface of a liquid have a portion above the surface of the liquid as well as a portion below the surface of the liquid?  What determines how much of the object is above the liquid?

8.  Why does a balloon filled with helium float in air, but a balloon filled with carbon dioxide sink?

CONFLICTING CONTENTIONS

1.  Floating a Brick

The Situation

Mr. Nicholls has set up a fish tank in the front of the room.  He begins by marking the water level on the side of the fish tank.  Next, he places a board in the tank.  He explains that the water level rises because the board displaces a volume of water equal to its weight, and he makes a second mark on the fish tank at the new water level.  Finally, he places a brick on top of the board, and the water level rises again.  He marks this third water level as well.

“I’m going to push the brick off the board so that it sinks to the bottom of the fish tank,” he tells the class.  “As you can see, I’ve marked all three water levels on the tank: nothing in the tank, just the board in the tank, and the brick on the board.  I want you to predict where the water level will be if I push the brick off the board and let it sink to the bottom of the fish tank.”

What is your prediction?

The Predictions

“Okay, I might as well get started with this one,” Alonzo says.  “The second mark shows where the water level is with just the floating board.  When the brick is pushed off the board, the board is the only thing floating, so maybe the water level returns to the second mark.”

“But what about the brick in the water?”, asks John, “It wasn’t there before.  So that means the water level should be higher than the second mark.”

“Well if the brick and board are still in the water, what difference does it make whether the brick is floating on the board or if it is at the bottom of tank?” says Beth, ”I think the water level won’t change; it will stay at the third mark.”

“But it does make a difference,” Mary responds, “because the brick is more dense than water.  Since the brick is more dense than the water it is displacing, then the water level should be between the second and third marks, shouldn’t it?”

“Exactly,” says Frank, “but you got it backwards.  Because the brick is more dense than water, the new water level should be higher than the last mark, not lower.”

“But should the density of the brick really matter?”, questions Daniel.  “Archimedes’ principle says that the water displaces the weight of the brick.  The weight doesn’t change whether its floating on the board or at the bottom of the fish tank, so why should the water level change? I think it stays where it is.”

Having heard the opinions of the rest of the class, would you change your prediction or your reasoning?

The Answer

“I can see for myself that there is some excellent reasoning going on in this class,” says Mr. Nicholls, “and you have all been able to predict just about every possible water level.  But the truth is that none of you have gotten to the heart of the matter yet.  Why don’t I show you what does happen, and then maybe you can figure out the correct explanation.”

Mr.  Nicholls pushes the brick off the board, and the water level rises above the third mark. 

Can you figure out why this happens, and what is wrong with each of the predictions and reasons offered by the members of the class?

 HINT: Archimedes’ principle states that the brick on the board displaces a volume of water equal to its weight.  What volume of water is the brick displacing when it is submerged under the water?
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2.  Archimedes’ Principle

Mr. Nicholls told the class the legend of how Archimedes discovered the principle that bears his name.

Archimedes lived in Syracuse, and Hiero, the king of Sicily, commissioned a crown of gold to be made for him, so he gave a certain mass of gold to a goldsmith for that purpose.  In ancient Greece, as in the modern world, gold was more valuable than other metals, such as silver.  The king suspected that the goldsmith might have replaced some of the gold with an equal weight of silver and pocketed the un-used gold as profit.  But since the weight of the crown would equal the weight of the gold he gave the goldsmith to make the crown, he had no proof.

One way to prove that the crown wasn’t pure gold would be to melt it down and compare the volume of the crown to the volume of pure gold of the same mass, but that would destroy the crown and its beauty.  So he passed the problem on to Archimedes.

While Archimedes was pondering this problem, he went to soak in the public baths.  As he sank down into the baths, he noticed that his body displaced the water in the bath, and that the more water he displaced, the greater the force pushing up on him by the surrounding liquid.  He realized that he had the answer to his problem, so he ran through the streets naked shouting, ‘Eureka!’ which means, ‘I have found it!’  

[By the way, nudity in the warm climate around the Mediterranean of ancient Greece was commonplace.  So we may say to ourselves, ‘That man must be crazy because he is running through the street naked’, but the citizens of Syracuse may have said to themselves, ‘That man must be crazy because he is shouting out nonsense.  And I wonder why he’s naked?’]

According to the story, the crown was mixed with silver, and the goldsmith was executed.

So then, what had Archimedes actually discovered, and how could he use the discovery to solve his problem?

Here are some suggestions made by the class.

Mary:

He balanced the crown against an equal weight of pure gold.  Then he submerged both the gold and crown in water and checked to see if they still balanced.  If they didn’t, then the crown wasn’t made of pure gold.

Alonzo:
He weighed the crown in air and then weighed it in water.  He then divided the weight in air by the difference in the two weights, and that told him if it was made of pure gold or not. 

Cathy:

He weighed the crown in water and collected the water it displaced.  He then got a volume of pure gold equal to the volume of water and put both the crown and pure gold on two sides of a balance; if the two sides didn’t balance, then the crown wasn’t made of pure gold.

In fact, all three methods could have been used by Archimedes to solve his problem.  

Can you apply the physics principles of buoyancy and Archimedes correctly to explain each method?

HINT: the density of pure gold must be different than the density of gold containing impurities.

3.  Nature abhors a vacuum

This is another true story.  From very ancient times, kings and kingdoms have grown rich and powerful from mining precious or useful metals such as gold, silver, copper and iron.  The problem is that metal ores tend to run deep into the earth below the water table, and it is hard to breathe under water.

So engineers over the ages have developed pumps to pump out the water out of the mines faster than it rushes back in.  One type of pump uses suction to pull the water out of the mine in the same way that sucking on a straw gets soda out of a soda bottle.

What confused and worried the engineers of the Middle Ages was that no matter how well the pump was made or how wide or narrow the hose was, they just couldn’t get the water to rise any higher than 33 feet.  At that height, they would have to dump the water into a pool, then start all over again with a second pump to raise the water up another 33 feet.

It wasn’t so much of a practical problem, but they did wonder why the water height stopped at 33 feet.  (You would have the same problem if you tried to suck water up a straw 33 feet long.)  Their final answer (although not a very good one) was that ‘Nature abhors a vacuum’ and they left it at that.

This statement could have had two possible meanings.  First, the engineers surmised that the water rose up the hose in the first place because the pump was trying to make a vacuum.  Since Nature abhors a vacuum, it caused the rising water to prevent that from happening.  

That logic would also imply that a perfect vacuum could raise the water up to any possible height, but of course that did not happen.  Therefore, the principle could also mean that a perfect vacuum can never be achieved, since the water would not rise higher than 33 feet.  In other words, something in Nature was preventing the pump from improving on its suction capabilities.

Some time later, the scientist Torricelli came to understand that the problem was not in trying to create a vacuum.  In fact, the suction pumps could have made a very good vacuum and the limit to the water height would have still been 33 feet.  He demonstrated that 33 feet was the absolute limit to the height of a column of water caused by suction, even under a perfect vacuum.  And, if fact, Toricelli invented a new pressure measuring device based on his ideas, the barometer.

So how did Torricelli explain the 33 feet limit, and what mistakes did scientists before him make in their reasoning?

By the way, the height limit is based on the density of the liquid, so for a low density liquid like water the maximum height is quite large.  For a very dense liquid like mercury, the maximum height that can be reached when acting against a vacuum is around 31 inches (or 76 cm) when the external (or atmospheric) pressure is close to that found at sea level.

HINT: In fact, a suction pump does not ‘suck’ or pull the fluid up a hose: the fluid is being pushed up – by what?

QUALITATIVE REASONING QUESTIONS

1.  Comparing Masses

A Styrofoam cup is filled three-fourths full of water, and the water level is marked on the side of the cup.  A second identical cup is marked in the exact same location and a large ice cube is placed in it.  Water is then added to the second cup until it reaches the mark, so that both cups now have the same level of water.

If both cups were placed on opposite sides of a double pan balance, which cup would weigh more, or would they have the same weight?

2.  The Melting Ice Cube

The large ice cube in the previous exercise now melts.  Does the water level rise above the mark on the cup, fall below it, or stay in the same place?

Would your answer be any different if the ice cube was floating in motor oil, which has a greater density than water?

3.  Buoyant forces - Part 1

The density of metal A is 1.25 g/ml, the density of metal B is 1.5 g/ml, and the density of metal C is 1.75 g/ml.  Each metal is shaped into a cube with a length of 10 cm on each side.  The cubes are suspended from a spring scale into a liquid with a density less than 1.25 g/ml.

Which block experiences the greatest buoyant force, or are all the buoyant forces equal?

Which block has the largest spring scale reading, or are all spring scale readings equal?

If the buoyant forces are not all equal, what must be done to the metal samples to make them equal?

If the spring scale readings are not all equal, what must be done to the metal samples to make them all equal?

4.  Buoyant forces -- Part 2

Consider the three metal cubes of the previous problem.  All three are now suspended in a liquid with a density greater than 1.75 g/ml.

Describe what you would observe if you were conducting this test.

Which block experiences the greatest buoyant force, or are all the buoyant forces equal?

Which block has the largest spring scale reading, or are all spring scale readings equal?

If the buoyant forces are not all equal, what must be done to the metal samples to make them equal?

If the spring scale readings are not all equal, what must be done to the metal samples to make them all equal?

5.  Hydraulic lift

A hydraulic lift consists of two freely-moving pistons filled with an appropriate liquid and connected to each other by a pipe.

A 5000 Newton car is resting on one cylindrical platform of the hydraulic lift with an area of 5000 cm2.  The second piston has an area of 100 cm2.  How much force must be applied to the second cylinder to suspend the car at a certain height?

What physics principle is used to answer this question?

BONUS: The hydraulic lift works on the same principle as the simple machines (the lever, the pulley, etc.)  Can you explain how the lift works as a simple machine, using the physics principles that apply to simple machines? 

6.  Roadside breakdown

Your car breaks down on a major expressway so you pull off to the side of the road.  A big semi truck zooms past you.  Is your small car pushed away from the truck as it passes or is it pulled toward the truck?

CAN YOU EXPLAIN THIS?

1.  Hydrometer

A hydrometer is a weighted, closed glass tube containing air that is used to determine the density of a liquid.  (One type of hydrometer is used to measure the ‘proof’ or alcohol content of wines and spirits:  0 proof is pure water and 200 proof is pure ethanol.)

The hydrometer floats in the liquid, and the density of the liquid is read from a scale on the side of the hydrometer: the correct density (or proof) is identified by where the level surface of the liquid meets the scale.

Can you explain how a hydrometer works?

Would you expect the density values to increase from lower marks to higher marks on the side of the hydrometer, or the other way around?

Would you expect the density scale to be linear?  That is, do you expect the marks showing the value of the density — 1.1 g/ml, 1.2 g/ml, 1.3 g/ml, etc. —  to be equally spaced?  HINT: the hydrometer tube is basically a cylinder.

2.  Sinking Balloon

A helium balloon is tied to a brick and dropped into a lake.  As the balloon sinks, the buoyant force acting on it decreases.  Can you explain why?

3.  Suspended ping pong ball

Try this yourself. Turn on a hair dryer and hold it so that the air stream is vertically upward, and place a pong ping ball over the air stream.  Instead of being blown away, the ping pong ball stays suspended above the hair dryer.  In fact, if you turn the hair dryer to an angle, the ping pong ball may still remain suspended in the air.  Can you explain this?

4.  Adding oil

A plastic sphere has a density that is greater than oil but less than water.  When it is placed in a cylinder containing water, it is exactly half-submerged.  When oil is poured on top of the water, the sphere is only one-fourth submerged in the water.  Can you explain this?

5.  Cartesian Diver

You can make a Cartesian diver from plastic soda bottle, a plastic dropper (also called a beral pipet by chemists), and a small hex nut or piece of clay.

Fill the plastic bottle with water but allow for a small air space at the neck.  Attach the clay or glue the nut around the open end of the dropper.  The dropper should still float in water; otherwise, remove some clay or get a smaller nut.

Squeeze air out of the dropper and fill it with water until the dropper just floats.  Put the dropper into the plastic bottle and screw on the cap.

Press on the bottle and the diver sinks; stop pressing on the bottle and the diver rises.  With just the right amount of pressure, you can make the diver float in the middle of the bottle.

Can you use principles of density and buoyancy to explain how the Cartesian diver works?

HINT: If you observe the diver carefully, you would see water rising up the neck of the dropper when you squeeze on the bottle.

6.  Floating egg?

This is a true story.  You can also try this yourself.

A middle school teacher prepared a capped cylinder of water before class with an egg floating in the center of the cylinder.  When the class came in, someone noticed the strange behavior of the egg, and soon they were all marveling at it.  The teacher said, “Hey!  That’s not supposed to happen!”  She shook the cylinder and the egg floated to the top.

Can you figure out how the teacher prepared the cylinder in advance, and what happened when she shook it?

HINT:  A raw egg is more dense that fresh water and less dense than salt water.  

7.  Crushed Can

Try this yourself.  Place a small amount of water in an aluminum can and heat it over a burner.  While the water is boiling inside the can, quickly invert the can into a cold water bath, so that the opening of the can is under water.  The can will suddenly and impressively implode.

Can you explain this?

NOTE:  It is best to use tongs to hold and invert the very hot can.  Also, this demonstration may not work if there is too much water in the can.

HINT: The boiling water replaces the air inside the can with steam.  What happens to the steam when the can is inverted in the water?
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