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Chapter 2 
When the fluid isn’t flowing 

 
 
2-1. I feel the pressure! 
 

Diving to the bottom of a pool gives a first-hand experience with pressure, for the 
weight of water on one’s body can be quite noticeable at just a couple of meters deep. 
But what is exactly pressure and does it differ from weight? 
 

To start, let us consider the weight on a flat object body at the bottom of a 
swimming pool. If this object were twice as wide, it would feel the weight of twice as 
much water on top of it but this on twice as much surface area. So, what matters is not 
really the weight but the weight per area. This is what we call pressure, a force per area. 
In Section 1.5, we already defined pressure as force per area and mentioned its most 
customary units. We proceed here with several important attributes of pressure and a 
way to calculate it. 
 

 
Figure 2-1. In a resting fluid, pressure is the weight of 
overlying fluid divided by the area of exposure. 

 
 

When the fluid is at rest, there is no other force in the fluid than its own weight 
and the pressure that resists it. As there is no motion, by virtue of Newton’s First Law of 
Mechanics, the two forces must balance each other, and thus the force resulting from 
pressure must balance the force of gravity. This equilibrium is called hydrostatic balance. 
Mathematically, if h  denotes the height of fluid above the level at which pressure is 
measured, the force pushing down on a horizontal area A  (Figure 2-1) is the weight of a 
fluid column of height h  and cross-sectional area A , with volume V hA . Since density 
  is mass per volume, the mass m  of this fluid column is m V hA   . The law of 
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gravity then tells us that the weight of this mass is mg ghA  where g  = 9.81 m/s2 is 

the gravitational acceleration on Earth. Because it is force per area, the pressure is then 
 

 
weight mg

p gh
area A

   . (2-1) 

 
Note that this is the pressure due solely to the weight of fluid of height h . Any pressure 
on top of this, such as the atmospheric pressure, is to be added. Thus, we should 
generalize the preceding equation by adding the top pressure: 
 
 0p gh p  , (2-2) 

  

in which 0p  is the pressure at level h  above where the pressure p  is calculated. 

 
Pressure is not just felt in the vertical direction, it is also felt sideways. To realize 

this, consider the Hoover Dam (Figure 2-2). If the dam were suddenly removed, it is clear 
that the water would immediately start gushing from the reservoir into the valley below. 
Obviously, the dam retains the water, which means that the dam resists a force from the 
water pushing against it. That force is caused by the water pressure. But, how can 
pressure be felt sideways? And, how do we know that the sideways pressure is the same 
as the vertical pressure? 
 

 

 
Figure 2-2. The Hoover Dam on the Colorado River at the border between Arizona and Nevada in 
the United States. It was completed in 1936 and rises about 220 meters (720 feet). The pressure 
against it at the bottom is about 21 times the atmospheric pressure. Note the arch-shape to direct 
the tremendous force to the rock walls on both sides. (Photo credit to be added) 
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To answer the first question, consider the stone column shown in Figure 2-3, 
which is broken along an oblique direction. It is intuitively clear that, without the 
encircling brace keeping the two pieces together, the upper piece would slide down and 
fall off. Now, an intact column does not need such a brace, and we conclude that in a solid 
column there must be an internal oblique force (at all levels) that prevents what is above 
from sliding off from what is below. Put in other words, an intact solid column resists an 
internal shear force. A column of fluid, however, is unable to resist in the same manner 
because, as we saw in Section 1-4, a fluid by definition is unable to resist a shear force. 
There can be only two possibilities, either the fluid spills over (as the top piece of the 
broken column slides off in the absence of a surrounding brace), or there is another force 
that negates the shear force and keeps the fluid in its position. We know that the water 
behind a dam remains in its position because of the sidewall created by the dam, and 
likewise for any fluid in a container with sidewalls, like milk in a glass. 
 

 

 
 
 
 
 
 
 
 
Figure 2-3. Evidence of an oblique shear force 
in a broken column. The broken top portion of 
the column would slip down if it were not held 
by the surrounding brace. Likewise, a fluid 
cannot resist an oblique internal shear and 
needs to be held by the sides of a container. 

 
 
 

When contained, a fluid is subject to two forces (Figure 2-4), the vertical force of 
its weight, which creates a shear force along an imaginary oblique surface inside the fluid 
(left panel), and a horizontal force exerted by the lateral wall of the container, which 
creates another shear force equal and opposite to the first (middle panel). The sum is a 
state with no internal shear stress (right panel), which is the only state that a resting fluid 
can tolerate, otherwise it would begin to flow. To achieve a state of zero internal shear 
stress, the side force per area must be equal to the downward force per area, and this 
implies (Figure 2-5) that the pressure is the same in all directions. In conclusion, the value 
of pressure is unique whether we consider it in the vertical, horizontal, or any oblique 
direction. 
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Figure 2-4. How a compensating side force negates the internal shear force 

in a fluid within a container. 

 

 
Figure 2-5. Pressure has a unique value regardless of the direction in which it is evaluated. The 
oblique pressure on top presses over a broader area, thus contributing to a larger force than the 
other pressure forces, but its projected components in the horizontal and vertical directions 
amount exactly to what the right and bottom pressure forces are as they press on smaller 
projected areas. Only with equal pressure in all directions can the wedge of fluid be in equilibrium. 

 
 

In the metric system, pressure is measured in Pascals, with one Pascal (Pa) equal 
to the pressure exerted by a force of 1 Newton (N) on a 1 m2 area. Because the Pascal is 
a relatively small unit, people often use the kiloPascal (1 kPa = 1,000 Pa) or the megaPascal 
(1 MPa = 1,000 kPa = 106 Pa). In the British system, the unit is the pound per square inch 
(psi), which is equal to 6,895 Pa. Although this is an older unit, its use remains widespread 
in mechanical engineering in the United States. The millibar (mb) is a quasi-metric unit 
used in meteorology worth 100 Pa. Its advantage is that a drop of 1 millibar in the lower 
atmosphere corresponds quite closely to a rise of 1 meter. Standard atmospheric 
pressure is 101,325 Pa or 1,013 mb = 1.013 bar. An older unit still in use for low pressures 
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is the millimeter of mercury (1 mmHg = 133 Pa). Table 2-1 lists various pressures 
commonly encountered. 
 

Table 2-1. Typical values of common pressures. 

 Typical pressure 
in Pa 

Typical 
pressure 

in psi 

Typical 
pressure 
in mmHg 

Atmosphere at sea level 101,325 14.7 760 
Automobile tire (1.9 – 2.2) x 105 28 – 32 1,400 – 1,650 
Bicycle tire 6.9 x 105 100 5,200 
Base of a 120 m (394 ft) dam 1.2 x 106 170 8,800 
Propane tank (4.13 – 8.3) x 105 60 – 120 3, 100 – 6,200 
Birthday helium balloon 200,000 29 1,500 
Basketball 55,160 8.0 415 
Blood pressure 12,000 – 15,900 1.74 – 2.30 90 – 119 

 
 

So-called gage pressure is pressure relative to the standard atmospheric pressure 
of 1 atmosphere (101,325 Pa = 14.70 psi = 0 psig). A negative gage pressure signifies a 
sub-atmospheric pressure that is nonetheless in the direction of compression. Vacuum 
corresponds to zero absolute pressure (= minus one atmosphere gage pressure), and it is 
not possible to imagine a lower pressure than this in a gas. Liquids, on the other hand, 
have enough tensile strength (that is, pulling resistance) to withstand negative absolute 
pressures. For example, pressure of sap in capillary passages of a tree trunk is estimated 
to be at several times the atmospheric pressure in the negative (Vogel, 1994, pages 321-
322). 
 
 
2-2. Atmospheric pressure 
 

Like it or not, we walk around with the weight of the atmosphere on our shoulders, 
and since we are built to resist it and cannot get away from it, we tend not to notice it. As 
a matter of fact, our ancestors did not even know about it. When Evangelista Torricelli 
(1608-1647) first demonstrated in 1643 in Pisa that there was such a thing as atmospheric 
pressure, he had some convincing to do. Torricelli’s experiment was rather elementary 
(Figure 2-5). It consisted in a long tube, approximately 1 m long, sealed at one end, filled 
with mercury, and inverted so that the open end dipped into a small bath of mercury. 
Atmospheric pressure pushing on the exposed mercury kept the mercury up in the tube, 
preventing it from falling down to the mercury level in the dish. Torricelli figured that the 
height at which the mercury was held inside the sealed tube could serve as a measure of 
the atmospheric pressure. Thus was born the first barometer. A barometer is a device 
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that measures atmospheric pressure1. Non-scientists of the 17th Century were not 
convinced of the weight of the atmosphere until Blaise Pascal (1623-1662) proved using 
Torricelli’s barometer that there was a pressure difference between the foot and the top 
of the Puy de Dôme in France, an altitude difference of 1465 m (4806 ft). 
 

 

 
 
 
 
 
 
 
 
 
 
Figure 2-6. Sketch of Torricelli’s first 
barometer. 

 
 
 

Vertical tubes can be used for measuring pressures other than the atmospheric 
pressure, in which case they are called manometers. The most common application is the 
measurement of pressure in a fluid flowing down a conduit (Figure 2-7). The upper end 
of the tube is open to the air, and the pressure at the bottom of the tube is then the 
atmospheric pressure plus the pressure due to the weight of the fluid in the partially filled 
tube. As we are interested most often in the pressure relative to the atmospheric 
pressure, the gage pressure, we need only calculate the pressure exerted by the fluid, 
which is gh , with   being the density of the fluid flowing in the pipe. 

 

 
Figure 2-7. Two manometers placed along a conduit. While each manometer measures 
the pressure at its location, the difference between the two readings provides the 
pressure change down the flow, due to frictional loss. 

 
1 This is why barometric pressure is frequently used to mean atmospheric pressure, although it is a silly 
expression. Literally, “barometric pressure” means the weight’s pressure. 
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With the configuration of Figure 2-7, we note that two separate readings are 
performed and that the difference needs to be calculated if we are interested in the 
pressure drop from point A to point B. Suppose now that the pressure inside the conduit 
is very large, which would necessitate impractically tall manometers, and that we are only 
interested in the pressure difference. In that case, a U-tube configuration partially filled 
with a fluid heavier than that in the conduit is preferable, as shown in Figure 2-8. It is left 
as an exercise to the reader to prove the relation of proportionality between the pressure 
difference p  down the pipe and the height difference h  read across the U-tube, as 

written at the top of Figure 2-8. 
 

 
Figure 2-8. A U-tube configuration to measure the pressure difference between two 
points along a conduit from a single measurement. The U-tube is partially filled with a 
liquid other than the fluid (liquid or gas) flowing in the conduit. 

 
 
 U-tubes are rarely used nowadays because pressure sensors now exist to provide 
readings via electric signals that can be fed directly to a computer for automated 
monitoring. The computer can easily calculate the difference between two readings. The 
main purpose of mentioning the U-tube configuration here is that it is a clever 
configuration in plumbing and it helps the student practice the law of hydrostatic 
pressure. 
 
 
2-3. Some interesting applications 
 

The hydraulic piston is a piece of mechanical engineering that uses a fluid pressure 
to create a larger force from a smaller one. The goal of multiplying a force does not differ 
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in essence with that of the simple lever, but the hydraulic piston offers the advantages of 
allowing the smaller force to be created by a compact rotary oil pump and of transmitting 
this smaller force through flexible tubes by means of pressurized oil. 
 

Because pressure is force per area, it follows that force is pressure times area. 
Thus, a stronger force can be obtained by starting from a weaker force, applying it to a 
smaller area to create a certain fluid pressure, and then applying that same fluid pressure 
to a larger area to create the stronger force. The starting and ending forces are then in 
the ratio of the areas. 
 

 
Figure 2-9. A hydraulic piston on an excavator arm. (Photo by the author) 

 
 

A hydraulic piston (Figure 2-9) consists of a cylindrical chamber fed with 
compressed oil through a small hole at its base which pushes a smooth piston of diameter 
matching that of the chamber. The smaller area of the two is the cross-sectional area of 
the entrance passage of the oil, and the larger area is the cross-sectional area of the piston 
chamber. For example, the hydraulic system on the Caterpillar 325C LCR excavator 
operates at a gage pressure of 34.3 MPa (343 bar, 4975 psig). With a conduit inner 
diameter of 1.3 cm (0.50 in) and piston diameter of 14.0 cm (5.5 in), the force ratio is 
(5.5/0.5)2 = 121, and the force that a piston can apply is (34.3 x 106 N/m2)x(1.53 x 10-2 m2) 
= 5.26 x 105 N, corresponding to a weight of 53.6 metric tons (118,000 lbs). 
 

The waterless urinal is a piece of plumbing designed to convey away human urine 
without flushing it with water and at the same time without exposing it to the air to avoid 
odors. The basic idea is to use a non-evaporating and non-smelling liquid, called sealing 
fluid, with a density lower than urine so that it floats on top of it. A typical oil will do. The 
trick is to have a configuration that allows the urine to go down into a sewer pipe without 
losing the sealing fluid. This is accomplished by a down-up-down geometry as illustrated 
in Figure 2-10. 
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Figure 2-10. How the waterless urinal works. The sealing fluid (blue) is lighter than 
urine (yellow) and keeps floating on top. When it flows into the device through 
the access slots, the heavier urine drips through the sealing fluid, drops to the 
bottom of the U-shape, and then rises up the inner passage (which is kept covered 
to avoid odors) and overflows into the drain pipe at the center and eventually to 
the sewer pipe. The down-up-down geometry allows the urine to be evacuated 
while keeping the sealing fluid permanently floating in the apparatus. 

 
 
2-4. Elevation and pressure: Two forms of energy 
 

Consider a fluid of uniform density  , such as a liquid of uniform temperature 

which is a common situation, occupying a certain volume of a vessel and take the bottom, 
at depth H  below the surface as the departure point for a vertical coordinate z . Then, 
at any elevation z  above the bottom, the height of liquid between it and the surface is 
h H z  , and, by virtue of Equation (2-2), the pressure at that level z  is: 
 

 0 0( )p gh p g H z p      , (2-3) 

 

in which 0p  is the pressure at the surface of the liquid. If we now consider two different 

elevations 1z  and 2z , the respective pressures are: 

 

 1 1 0( )p g H z p    and 2 2 0( )p g H z p   . (2-4) 

 
It immediately follows from these relations that  
 

 2211 gzpgzp    (2-5) 
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because each is equal to 0g H p  . Generalizing to any level z  between bottom and 

top, we have 
 
  gzp  constant. (2-6) 

 
This is illustrated in Figure 2-11. The combination p gz  is not only constant over the 

vertical but also horizontally across the fluid because p  and z  are each unchanging along 

a horizontal plane. Thus, the combination p gz  has the same value everywhere in the 

fluid. 
 

 
Figure 2-11. Pressure variation with depth in a motionless incompressible liquid. 

 
 

Let us now consider the fluid as consisting of many little material particles, each 

of volume V  and thus of mass m V . Then, multiplying each term of the preceding 

equation by V , we obtain: 
 

 pV mgz constant. (2-7) 

 
We recognize in the second term ( mgz ) the potential energy of a particle of mass m  at 

elevation z  in the gravitational field g . From this, we are tempted to assimilate the 

companion term ( pV ) to a form of energy, too. It is not truly a form of energy, but for all 

practical purposes in fluid mechanics, it acts as one of the forms of energy2 that a fluid 
particle possesses. We shall call it pressure energy. Thus,  
 
Definition: Pressure energy of a fluid particle is the product of its pressure and volume. 

 
2 When the product pV  is added to the internal energy of a fluid, the sum is properly speaking the 

enthalpy of the fluid, but we shall ignore here this fine point of thermodynamics. 



At rest 

21 

 
With this definition, we can state that in an incompressible fluid at rest the sum of 
pressure and potential energies is the same for any particle of mass m  anywhere in the 
fluid. Put another way, if we were relocating a particle of mass m  from one location in 
the fluid to another, what this particle would gain in potential energy it would lose in 
pressure energy so as to preserve its total energy. 
 

Later when considering fluids in motion, under certain conditions, this principle 
will be generalized to include the kinetic energy (Section 4-2). When the fluid is 
compressible, the constant energy principle no longer holds in the form of (2-7), but a 
generalization is possible with some care (Section 17-3). 
 
 
2-5. Submerged body 
 
 The pressure distribution all around a submerged body adds up to a net force. The 
upward pressure on the underside is greater than the downward pressure on the top 
(Figure 2-12) simply because pressure increases with depth. There is thus a net upward 
force, which is called the buoyancy force. What is the amplitude of this force? At first 
glance, it may seem very complicated to obtain because of the possibly complex shape of 
the submerged body, but in fact it could hardly be simpler. 
 

 
Figure 2-12. Pressure distribution around an underwater submarine. The water 
pressure on the underside exceeds that on the upper side, negating the weight 
of the submarine. (Photo credit: Ultra Electronics Ocean Systems. Arrows added) 

 
 
 Imagine for a moment that we could draw through the fluid the exterior surface 
encompassing the submerged body and then magically remove the body from within and 
fill the cavity with fluid identical to the surrounding fluid. What do we have? Nothing. Just 
the same fluid everywhere, except that we have an imaginary enclosing surface drawn 
somewhere in its middle, which merely distinguishes some chunk of fluid from the rest of 
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the fluid. The fluid within the enclosing surface, like any other parcel of fluid that we might 
define, is obviously in equilibrium with its weight perfectly balanced by the net pressure 
force exerted onto it by the surrounding fluid along the enclosing surface. Since this net 
pressure force is due to the weight of the surrounding fluid, it has nothing to do with 
whether the object within the enclosing surface is the original object or the substitute 
fluid. It follows that the net pressure force on a submerged body is equal to the weight of 
the fluid it replaces. Voilà! 
 
 Since this is rather elementary, it should come as no surprise that it has been 
known for a long time. The person credited for this discovery is Archimedes of Syracuse 
(c. 287– c. 212 BC). According to the story (possibly a legend), King Herio II had a new 
crown made by a local goldsmith with gold that he had provided. Suspecting that the 
goldsmith might have kept some of the gold for himself and substituted an equal weight 
of silver, the king turned to his trusted friend Archimedes to find the truth. The crown 
weighted the same as the amount of gold supplied by the king, and, since silver is lighter 
than gold, Archimedes reasoned that he had to determine whether or not the crown had 
a different volume from the volume of gold provided. Inspiration came in the bathtub 
when he noticed that his body felt lighter under water. According to a particular version 
of the story, Archimedes hung at opposite ends of a stick the crown and a solid piece of 
gold of equal weight, then balanced the two by hanging the stick at its midpoint (Figure 
2-13, left panel). Upon dunking the contraption in the water of the bathtub, the stick 
became unbalanced, with the piece of solid gold now heavier than the crown (Figure 2-
13, right panel). He concluded that the crown was subject to a greater buoyancy force 
and must therefore be displacing more water than the piece of gold. In other words, the 
crown had some material of lower density than gold. This led Archimedes to scream 
“Eureka” (Greek for “I got it!”) and to run across the streets of Syracuse to tell the king 
immediately. 
 

 
 

Figure 2-13. Archimedes’ bathtub experiment to determine whether the king’s 
crown was made of pure gold. 
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 When a solid body is submerged in a fluid (ex. Figure 2-12) and thus subjected to 
the buoyancy force, two possibilities arise: Either the buoyancy force is weaker than the 
object’s weight, or it is stronger. If it is weaker, which is almost universally the case in air, 
the weight dominates, and the object falls to the bottom. This is why we walk on solid 
ground and not on clouds; the solid ground is our local bottom. If it is stronger, which may 
or may not happen in water, the object rises until it floats at the surface, as wood and ice 
do. Of course, if the weight happens to equal the buoyancy force, as it is the case with a 
submarine under water with properly adjusted ballast (Figure 2-12), the object is in 
equilibrium with its surrounding fluid and has no tendency to either sink or rise unless 
doing so under the action of currents or its own propulsion. 
 
 An interesting consequence is that the melting of floating ice does not raise the 
water level, at least not over freshwater, because while floating the ice displaces a volume 
of water of equal weight and once melted it simply occupies that same volume of water. 
Over the polar regions of the ocean, (lighter) freshwater from melted sea ice occupies 
slightly more volume than the (heavier) seawater originally displaced, but the difference 
vanishes when one considers that the rejected salt during freezing is rejoined with the 
melt water. Icebergs do not contribute to sea level rise as they melt, but they did create 
a sea level rise by displacement when the parent glacier moved from land onto the sea. 
 
 Bubbles are little pockets of gas in a liquid. Because a gas is typically less dense 
than a liquid, gas bubbles are buoyant in liquids and rise to the top. The most common 
occurrence is the rising of carbon dioxide bubbles in “carbonated” beverages such as 
beer, champagne and sparkling water (Figure 2-14). In this case, the gas originates from 
dissolved carbon dioxide (CO2) that was kept in saturated solution in the liquid under 
higher than atmospheric pressure as long as the bottle remained sealed; once the bottle 
is opened, the concentration of CO2 becomes excessive under the new pressure, and 
some of it begins to leave the dissolved phase to become gas. Bubbles form and rise to 
the surface. 
 

 

 
 
 
 
 
 
 
 
 
 
Figure 2-14. Rising bubbles in a glass of 
champagne. 
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2-6. Water is strong, it lifts boats 
 
 An object floats on the surface of water (Figure 2-15) when the buoyancy force it 
experiences on its partly submerged part is sufficient to hold it up. This occurs when the 
submerged volume of the object displaces an amount of water of weight equal to the 
total body weight (both below and above water). The object can’t be submerged more 
than it is, because if it were pushed lower into the liquid, it would displace a greater 
volume of water, the buoyancy would exceed the object’s weight, and the object would 
bounce back. 
 

 
Figure 2-15. Empty plastic bottles floating on the sea. 

 
 
 There is an interesting aspect of floating, which is the distinction between the 
center of gravity of the object and the center of buoyancy. The center of buoyancy is the 
center of the net pressure force along the submerged surface of the body; it is the center 
of gravity of the displaced water. As shown in Figure 2-16 for ships, the center of buoyancy 
is usually lower than the center of gravity of the floating object. This is because the upper 
structure of the ship places the center of gravity near the water surface or above it 
whereas the center of buoyancy is necessarily below the water surface. 
 

This may appear to be an unstable situation like holding a stick vertical in the palm 
of one’s hand, with the upward support situated below the center of gravity of the object, 
but not so for a ship. A ship stays upright in a stable position despite the bouncing of 
water waves because, when it leans (Figure 2-16b), the center of gravity moves sideways 
in the direction of the leaning, but the center of buoyancy moves sideways further 
because more water is displaced on that side of the ship. As long as this lateral shift of the 
center of buoyancy is greater than the lateral shift of the center of gravity (which it is so 
if the ship’s hull was properly designed by the naval architect), the pair of forces creates 
a torque that restores the ship to the upright position (Figure 2-16b). Otherwise, the 
moment of forces will increase the leaning (Figure 2-16c). 
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Figure 2-16. Cross-section of a floating ship indicating its center of gravity G and center of 
buoyancy B, in upright position [panel (a)] and two possible tipping positions. When the hull shape 
is configured so that the center of buoyancy B moves further out than the center of gravity G 
during tipping, the weight and buoyancy force create a moment in the restoring direction, and 
the ship is stable [panel (b)]. Otherwise [panel (c)], the tipping  angle increases, and the ship may 
capsize depending on whether this force configuration persists or not with further tipping. 

 
 
 A boat is usually stable for only a range of tipping angles. As Figure 2-17 shows, a 
sufficiently large angle can bring the center of gravity so far sideways that it can overtake 
the center of buoyancy. When this occurs, the moment of forces switches form being 
restoring to overturning, and the boat capsizes. Its upside-down configuration could 
become the new stable position, but usually the vessel takes on water and sinks. 
 

 
Figure 2-17. Stability of a hull under increasing tipping angle. 
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 Just as water is strong enough to lift boats, one may be tempted to think that 
compressed air should be strong enough to lift vehicles. In principle, a compressed air 
piston could lift any weight as long as the pressure is high enough. But, is it how an inflated 
tire works to keep a vehicle off the pavement? When I ask students this question, I 
invariably get the answer than the high air pressure inside the tire is what balances the 
portion of the vehicle weight on that wheel, until I remark that the same pressure that 
pushes up from below the wheel hub also pushes down from the top of the hub with 
equal force (Figure 2-18), creating no net upward force. 
 

 
Figure 2-18. Air pressure (in blue), portion of vehicle weight onto that wheel (in green), and net 
tension inside tire (in red). The weight of the vehicle reduces the tension in the lower part of the 
tire but does not eliminate it altogether if the air pressure is sufficient. 

 
 
At this point, most students start thinking, except for a few naïve ones who then claim 
that the height separation between bottom and top of the hub makes enough difference 
to yield a net force matching the weight on that wheel. I then remark that, if it were 
buoyancy holding the car at the wheel level, there would be even more buoyancy over 
the full body of the car, and the car would float in the air like a hot-air balloon. Then, if it 
is not the buoyancy force, what is it? The answer is that air pressure inside the tire is only 
contributing indirectly to holding the vehicle above the road. Its purpose is to place the 
rubber of the tire in pre-tension (= pulling normal stress making it taut) so that after the 
compressing weight of the vehicle, the rubber retains some tension and does not collapse 
(Figure 2-18). In other words, it is the rubber that holds the car, not the pressurized air. 
This is counterintuitive because rubber is flexible. 
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Thought problems 
 
2-T-1. Examine the story about Archimedes and King Herio’s new crown. Is the story really 
about buoyancy, for which Archimedes received credit? What did he actually find about 
the crown, and could he tell the percentage of silver in the alloy? If the bathtub water had 
been soapy, would it have made a difference? 
 
2-T-2. In a home aquarium with an open top, a little plastic cup floats with two small steel 
balls inside it. A child removes the steel balls and lets them fall to the bottom of the 
aquarium, leaving the little plastic cup to float empty. Does the water level drop, remain 
the same, or rise? 
 
2-T-3. A whiskey glass has a couple of ice cubes floating on top and sits unattended on a 
table. The ice gradually melts. Does the whiskey level drop, rise or remain the same? 
Assume that the whiskey has the same density as water. Now what if the liquid had been 
oil, which is noticeably lighter than water? 
 
 
Quantitative exercises 
 
2-Q-1. Assuming that seen vertically from above, your body area is about 1,100 cm2, what 
is the weight of the atmosphere on your head and shoulders? 
 
2-Q-2. Calculate the mass of the atmosphere knowing that the average surface pressure 
is 101,325 Pa and that the radius of the earth is 6,371 km. (Hint: Assume that the earth is 
a perfect sphere to estimate its surface area.) 
 
2-Q-3. Calculate the net pressure force on a rectangular dam given its width W  and height 
H  of water behind it. How does this compare to the weight of the dam itself if its 
thickness is d ? The density of concrete is 2.4 times that of water. 
 

 

 
 
 
 
 
 
 
 
 

Figure 2-19. Water tower in Gaffney, South 
Carolina, USA in the heart of peach growing 
country. 
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2-Q-4. Calculate the available energy stored in the peach-like water tower in Gaffney, 
South Carolina (Figure 2-19) at full capacity of 1 million gallons (3785 m3) with the center 
of gravity of the water located 96 ft (29.3 m) above ground level. 
 
2-Q-5. Calculate the minimum amount of energy necessary to pump water out of a 24 ft 
by 12 ft swimming pool with uniform depth of 4 feet. In doing the calculation, keep in 
mind that, as the pool is being emptied, the water level drops and the remaining water 
needs to be pumped from a lower level. 
 
2-Q-6. .What should be the oil pressure in a hydraulic piston with 12 cm diameter to 
generate a force corresponding to a weight of 6 metric tons? 
 
2-Q-7. If the density of seawater is 1030 kg/m3 and that of cold freshwater ice is 934 
kg/m3, what fraction of volume is in the tip of an iceberg? 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-20. A politician appearing to stand 
on water. 

 
 
2-Q-8. At a political rally in timber country, a candidate for town mayor balances himself 
on a floating log. You note that the log is completely submerged in the freshwater of the 
pond so that the candidate’s shoes are exactly at water level, giving the impression that 
he walks on water (Figure 2-20). Knowing that a typical log is 4.5 m long and 0.30 m in 
diameter and that the density of wood is 80% that of freshwater, you can determine how 
much the politician weighs. How much does he weigh in kg? 
 
2-Q-9. A 59.4 m long and 10.7 m wide barge with rectangular hull section is used on the 
Rhine River. If it weighs 238 metric tons when empty, how much cargo (in metric tons) 
can it carry if its draft may be as much as 3 m? The draft of a ship or barge is the vertical 
distance between the water surface and the bottom of the hull. 
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2-Q-10. Compare the buoyancy force on an air bubble in water to the net weight of a 
raindrop in the air of same diameter. The net weight is the actual weight minus the 
buoyancy force. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-21. A hot-air balloon uses the 
buoyancy of warm air in the cold morning to 
be airborne. 

 
 
2-Q-11. A hot-air balloon (Figure 2-21) with inner volume of 2,900 m3 is being filled on the 
ground with air heated to 75oC by means of a torch while the ambient air is 8oC. What are 
the densities of hot air and ambient air? And, how much payload can this balloon lift once 
fully inflated? Assume standard atmospheric pressure at ground level and neglect the 
volume of the payload in the calculation of the displaced volume. 
 


