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Note 13 Fluid Statics
Sections Covered in the Text: Chapter 15, except 15.6

Thus far we have studied the physics of a single
particle or of an object consisting of a collection of
particles held rigidly in place. Now we turn to fluids.
Fluids were studied by scientists beginning in the 17th

century, and their studies gave rise to many inven-
tions in use today. We shall see that the descriptions
of those inventions (what were then called laws and
theorems) are in essence consequences of the
Newtonian mechanics we have laid down in earlier
notes. In this note we shall study the physics of fluid
statics (fluids at rest). We shall continue with fluid
dynamics (fluids in motion) in Note 14.

A Fluid
A fluid is a macroscopic medium consisting of billions
of basic particles. It is a medium in which each atom is
more or less free to move around. Gases and liquids
are examples of fluids. The major difference between
them is the distance that separates their constituent
particles (atoms or molecules). The atoms in a gas are
far apart and move about more or less independently
of one another. The atoms in a liquid are densely
packed and interact strongly with one other (but not
as strongly as in a solid). All fluids are compressible
to some extent, a gas more so than a liquid. We shall
pursue the study of gases specifically in Notes 15, 16
and 17.

Fluid Density
The density of a fluid is defined in the same way as
for any other medium, as the mass of a quantity of the
fluid divided by its volume:

€ 

ρ =
mass
volume

 , …[13-1]

(dimensions M.L–3 and units kg.m–3). Density is a
macroscopic quantity.

The most common fluids to be found on Earth are air
and water. We shall see later in this note that because
of the force of gravity on Earth the density and pres-
sure of atmospheric air depends on how high above
the surface of the Earth they are measured (Figure 13-
1). They are greatest at the surface and tend to zero as
one approaches outer space. All substances at normal
temperatures and pressures have a unique density
that enables them to be identified. Fluid densities vary
widely. A few examples are listed in Table 13-1. Let us
consider a typical density calculation.

Example Problem 13-1
Density of Fresh Water

At STP (STP stands for     s    tandard    t   emperature and
p     ressure, meaning 0 ˚C and 1 Atm), the mass of 1 cm 3

of fresh water is 1 gram. What is the density of fresh
water?

Solution:
According to the definition of density, eq[13-1],

€ 

ρwater =
10−3(kg)
10−6(m3)

=1000  kg.m–3.

Notice in Table 13-1 that the density of sea water
exceeds the density of fresh water by about 3%.

Figure 13-1. Because of the force of gravity the density and
pressure of the air in the atmosphere depends on the height
above the Earth at which they are measured.

Table 13-1. Densities of a few fluids at STP.
Substance ρ (kg.m–3)
air 1.28
glycerin (shampoo) 1260
helium gas 0.18
mercury 13,600
oil 900
sea water 1030
fresh water 1000
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Pressure in a Fluid
Force in a fluid is most logically expressed in terms of
a quantity called pressure. If the magnitude of force
exerted on an area A in a fluid is F, then the pressure p
on that area is defined as the ratio:

€ 

p =
force
area

=
F
A

, …[13-2]

(units: N.m–2). 1 N.m–2 is given the special name pascal
(abbreviated Pa) in honor of Blaise Pascal (1623-1662),
a French philosopher and scientist who did much of
the work in fluids we shall relate here. Notice though
force is a vector, pressure is a scalar.

Air is also a fluid as we have stated. We shall see in a
moment that the average air pressure at sea level at 0
˚C is 101.3 kPa. This pressure is also referred to as one
atmosphere (abbreviated atm).

Measuring Pressure in a Fluid
In principle, pressure in a fluid (air or liquid) could be
measured with the device explained in Figure 13-2a.

Figure 13-2. In (a) is shown a hypothetical device for meas-
uring pressure in a fluid. Observations are listed in (b).

This device consists of a piston closely fitted into an
evacuated cylinder of cross sectional area A. Attached
to the piston is a spring of force constant k. As the
device is lowered into a fluid the force exerted by the

fluid pushes the piston and compresses the spring.
Thus if A and k are known in advance, and if the com-
pression ∆x of the spring can be measured (with some
other device) then the pressure p could be calculated
from eq[13-2]. With this device you would observe the
following:

1 There is pressure everywhere in a fluid, not just at
the bottom or at the walls of the container.

2 The pressure at one point in the fluid is the same
whether the device is pointed up, down or side-
ways. The fluid pushes up, down or sideways with
equal strength.

3 In a liquid, the pressure increases with depth below
the surface. In a gas, the pressure is the same at all
points (at least it is in a laboratory-sized container).

Let us get to the physics behind these observations.

Pascals Law
Anyone who watches nature programs on TV knows
that as one moves deeper into a fluid of large volume
the pressure increases. Indeed, at great depths in the
ocean scientists need to be enclosed in a steel reinfor-
ced container to avoid being crushed. Pascal was the
first to calculate the pressure p as a function of the
distance d below the surface of a fluid.

His reasoning went as follows. Consider a cylindric-
al volume of fluid of height d and cross sectional area
A  (Figure 13-3a). The top of the cylinder is at the
surface where po is the atmospheric pressure. Three
forces act on the cylinder: its weight mg, a downward
force p0A due to the pressure p0 at the surface of the
liquid, and an upward force pA  due to the liquid
beneath the cylinder pushing up on the bottom of the
cylinder. The free-body diagram of the cylinder of
fluid is shown in Figure 13-3b. Thus according to
Newton’s third law applied to the cylinder

€ 

F∑ = pA −mg− p0A = 0 .

Thus

€ 

p =
p0A + mg( )

A
=

p0A + ρ fluidVg( )
A

,

€ 

=
p0A + ρ fluid dAg( )

A
,

€ 

= p0 + ρ fluid dg . …[13-3]

This expression is called Pascals law and applies to any
fluid at rest. This pressure is also called the hydrostatic
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pressure. It follows, therefore, that the pressure has the
same value at any point in a horizontal plane a
distance d below the surface of a fluid. It is also true
that a change in the pressure at one point in an
incompressible fluid appears undiminished at all
points in the fluid. This fact is sometimes referred to
as Pascal’s principle.

Figure 13-3. An illustration of the physics of Pascal’s law. A
column of fluid (a) and its free body diagram (b).

Gauge Pressure
The pressure in a fluid can also be measured with a
device called a pressure gauge. In this device the fluid
pushes against a diaphram spring and the spring’s
displacement is registered by a pointer on a dial. This
device is used to measure the air pressure in a tire or
in an air tank. It measures the pressure in excess of 1
atm, what is called the gauge pressure. Thus if the
gauge pressure is pg then the absolute pressure p is the

gauge pressure plus 1 atmosphere:

€ 

p = pg +1 atm.

Example Problem 13-2
Pressure at a Certain Depth in a Fluid

Calculate the pressure in Pa at a depth of 100 meters
in the sea.

Solution:
This is a straightforward application of Pascal’s law.
The fluid is sea water. Its density is 1030 kg.m–3 (Table
13-1). Using eq[13-3]

€ 

p = patm +1030 kg
m3

 

 
 

 

 
 ×100(m) × 9.804 m

s2
 

 
 

 

 
 

= 1.013 x 105 + 10.098 x 105

= 11.1 x 105 Pa.

This is a great pressure, more than 10 times atmos-
pheric pressure. And pressures on the floor of the sea
and in the Marianas Trench are many times greater
than this.

The Manometer
The pressure of a gas in a container can also be meas-
ured with a manometer (Figure 13-4). A manometer is a
U-shaped tube connected to the gas container at one
end and open to the air at the other end. A scale
allows the user to measure the height h that the fluid
level in the right section exceeds the fluid level in the
left section. In principle, any working fluid can be
used, with the most common being water for lower
pressures and mercury for higher.

According to Pascal’s law, pressures p1 and p 2 in
Figure 13-4 must be equal. Pressure p1 is the gas
pressure pgas. Pressure p2 is the hydrostatic pressure at
depth h in the fluid. Thus we must have

€ 

pgas =1atm + ρ fluid gh .

The figure is drawn for the case when pgas is greater
than 1 atm. A manometer can also be used to measure
a gas pressure less than atmospheric pressure, in
which case the level of fluid in the right section will be
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lower than the level in the left section.

Figure 13-4. A manometer. Typical liquids used in mano-
meters are water and mercury.

Example Problem 13-3
Air Pressure from an Air Track Blower

A glider on an air track is supported by forced air pro-
duced by an air blower (a vacuum cleaner run in
reverse). A water manometer is provided to enable
the pressure of the air inside the track to be measured.
If the height of water in the manometer is 0.5 m what
is the gauge pressure and the absolute pressure of the
forced air in Pa?

Solution:
The density of water is 1000 kg.m–3 (Table 13-1). The
gauge pressure when the fluid column is water is

€ 

pair = ρwatergh =1000 × 9.804 × 0.5x10−3

= 4.90 kPa.

The absolute pressure is 101.3 kPa + 4.90 kPa or 106.2
kPa. This is sufficient to support a glider of average
mass above the track surface.

The device explained in Figure 13-2 could, in fact, be
used to measure atmospheric air pressure. Historic-
ally, the first device invented for this purpose was the
barometer, which we consider next.

The Barometer
Atmospheric pressure is commonly measured today
with a barometer, whose invention is attributed to a
contemporary of Pascal’s, the Italian scientist Evangel-
ista Torricelli (1608-1647). Figure 13-4a shows how
Torricelli made his barometer. He filled a tube with
mercury and closed one end of it temporarily with his
thumb.1 He then inverted the tube and placed it in a
larger container of mercury. When he released his
thumb the level of mercury in the tube dropped until
it reached an equilibrium height. When Torricelli took
his barometer to the top of a mountain he observed
that the height of the mercury column was less than
what he measured at the foot of the mountain. From
this and other observations he concluded that the
height of the column was a relative measure of the
weight of the atmosphere, that is, of the atmospheric
pressure. The weight of the atmosphere and, therefore,
the atmospheric pressure decreases at higher
elevations.

Figure 13-4. Illustration of the working of a barometer.

This conclusion is not difficult to prove. At equilib-
rium (Figure 13-4b), the pressure exerted by the mass
of mercury in the tube is just balanced by the pressure
of the atmosphere acting down on the surface of
                                                                        
1 The reader is advised not to try this without using gloves for
skin protection as mercury is now known to have toxic properties.
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mercury in the container. According to Pascal’s law
the pressures at points 1 and 2 must be equal. Thus

€ 

p1 = patmos = p2 = ρHggh ,

or

€ 

patmos = (const)h , …[13-4]

where const = ρHgg. You can immediately see that the
atmospheric pressure is proportional to the height h.
The density of mercury is 13,600 kg.m–3 (Table 13-1) so
the constant when Hg is the fluid works out to be

€ 

const =13600 kg
m3

 

 
 

 

 
 × 9.80 m

s2
 

 
 

 

 
 =1.333×105

Pa.m–1.

Since pressures are often quoted in mm or cm of Hg,
we can use eq[13-4] to convert pressure in height of
mercury to Pa. Let us consider a numerical example.

Example Problem 13-4
Pressure Conversion

Atmospheric pressure at sea level is commonly taken
to be the pressure that will support a column of mer-
cury 76 cm high (colloquially described as “76 cm of
Hg”). What is this pressure in pascals?

Solution:
Using eq[13-4] and the value of the constant for Hg,

patmos = 1.333 x 105 (Pa.m–1) x 0.76 (m)

= 1.013 x105 Pa = 101.3 kPa.

This pressure is called a standard atmosphere  and is
abbreviated atm. Thus

1 atm ≡ 101.3 kPa ≡ 76 cm Hg.

Atmospheric pressure at elevations higher than sea
level will be less than this.

Atmospheric Pressure and the Weather
Atmospheric pressure in Toronto like other places
varies by a few percent daily in response to weather
systems moving through the area. What is called a
“high pressure system” denoted by a big “H” on TV
weather maps indicates a region of high pressure. A

“low pressure system” is denoted by a big “L”.
Generally speaking, commercial barometers are
calibrated to display pressures in the range 96.0 kPa to
107.0 kPa. A high pressure usually accompanies fair
weather and a low pressure poor or stormy weather.

The Magdeburg Sphere:
A 17th Century Show-Stopper

The force exerted by the weight of the atmosphere
was demonstrated in the 17th century with the Magde-
burg Sphere (Figure 13-5).

The demonstrator, Otto von Guericke (1654), placed
two hemispheres, each 0.5 m in diameter, rim to rim
and then pumped out the air inside (with the newly-
invented vacuum pump). One hemisphere was hung
from a support, the other was attached to a platform
on which weights were placed. Von Guericke showed
that a total load of 2000 kg mass (meaning a force of
2000g ≈ 20,000 N) was needed to pull them apart. The
demonstration was a show-stopper.

Figure 13-5. From an early engraving showing the demon-
stration of the Magdeburg hemispheres.

The load required can be shown to be consistent with
what we know of the physics of fluids. The force
exerted by the atmosphere on a hemisphere is poA,
where A is the cross sectional area of the sphere (not
the surface area!). For the Magdeburg sphere describ-
ed here, the force is 1.013 x 105 x π x 0.252 = 20,000 N,
just as von Guericke demonstrated.



Note 13

13-6

Blood Pressure
Devices for the measurement of human blood pres-
sure are readily available in pharmacies. They, too,
display gauge pressure. A visual indication of blood
pressure can be seen in a heart pulse waveform from
an average individual (Figure 13-6). This is for a single
beat of the heart.

Figure 13-6. A single heart beat pressure waveform from an
average individual.

In this example, the blood pressure is seen to vary
from a maximum of 120 mm Hg at the pulse peak to a
minimum of 80 mm Hg at the pulse minimum. In
medical parlance these values are referred to as the
systolic pressure and the diastolic pressure. Such a
measurement is colloquially described as “120 over
80”. This is average for a young person in good health
in a resting, quiet state. Higher numbers can indicate a
tendency toward hypertension, a condition that can
lead to heart attack or stroke. Blood pressure
information is summarized in Figure 13-7.

Systolic pressure

Diastolic
pressure

85
90

130 140

hypertension
borderline
normal

mm Hg

mm Hg
Figure 13-7. The World Health Organization (WHO) stan-
dard for human blood pressure.

It is in your interest to have your blood pressure
checked periodically.

The Hydraulic Lift
Anyone who has had a car into a garage for repair
may have seen the hydraulic lift (or “hoist”) in action
(Figure 13-8). This device enables a mechanic to raise
a car above the ground so as to be able to access its
underside more easily. The principle of this device
was also explained by Pascal.

Figure 13-8. Illustrating the principle of the hydraulic lift.

The idea is that a manageable force F 1 can be
effectively “amplified” to a much larger force F2 by
means of an incompressible fluid (typically oil) in a
container of variable cross section. The small piston
on the left in the figure has a cross sectional area A1,
and the large piston on the right a cross sectional area
A2. A force F1 is applied to the small piston, and a
force F2 is exerted by the large piston on the object to
be lifted. Since pressures p1 and p2 are equal, we must
have
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€ 

p0 +
F1
A1

= p0 +
F2
A2

+ ρgh .

Cancelling p0 from both sides we can solve for F2:

€ 

F2 =
A2
A1
F1 − ρghA2 .

If h happens to be very small we can drop the second
term on the RHS and write

€ 

F2 =
A2
A1

 

 
 

 

 
 F1 . …[13-4]

You can see that the applied force F1 is “multiplied” or
“amplified” by the ratio (A2/A1). This is the principle
on which all hydraulic lifting devices are based.

You should be able to show that if you wish to lift
the car to a new height, say h + d2, then you need to
increase the applied force F1 by the amount

€ 

ΔF = ρg A1 + A2( )d2 . …[13-5]

Let us consider an example of the hydraulic lift.

Example Problem 13-6
An Example of the Hydraulic Lift

(a) A 70.0 kg student balances a 1200 kg elephant on a
hydraulic lift (Figure 13-9). What must be the
diameter of the piston he is standing on?
(b) A second 70.0 kg student joins the first student.
How high do they lift the elephant?

Figure 13-9. An example of the hydraulic lift.

Solution:
(a) We can write eq[13-4] in terms of A1:

€ 

A1 = A2
F1
F2

.

Substituting values we have

€ 

A1 =
π
4
d1
2 =

70g(N)
120g(N)

π
4
d2
2.

Cancelling common factors and taking the square root
we get

€ 

d1 =
280
1200

= 0.483 m.

Thus whereas the diameter of the piston on which the
elephant is standing is 2 m, the diameter of the piston
on which the student is standing is only 0.483 m.
(b) We can solve for d2 from eq[13-5]:

€ 

d2 =
ΔF

ρg A1 + A2( )
=

Δm
ρ A1 + A2( )

.

Substituting the density of oil from Table 13-1 and
other factors we find

d2 = 2.34 cm.

The effect of the second student joining the first is to
raise the elephant by 2.34 cm.

Archimedes Principle
A principle that belongs in the study of fluid statics is
Archimedes’ principle, discovered by the Greek math-
ematician and inventor Archimedes (c. 287-212 BC).
Archimedes’ principle explains why some objects
float in a certain fluid while others do not. It involves
the concept of buoyancy. Archimedes’ principle states
that an object immersed in a fluid is subject to an
upward buoyant force equal to the weight of the fluid
displaced by the object. If the buoyant force equals the
object’s weight then the object floats, if it does not
then the object sinks. This principle has figured in the
design of ships for centuries.

Proof of Archimedes Principle
Archimedes’ was unable to prove his principle in a
mathematical fashion. We can, however, prove it with
the help of Pascal’s law. Consider for convenience an
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object of cylindrical shape (cross sectional area A ,
height h) in a state of equilibrium in a fluid (Figure 13-
10). According to Newton’s first law, the sum of forces
on the cylinder of fluid is zero.

Figure 13-10. The forces exerted on an object in equilibrium
in a fluid.

Consider the top surface of the cylinder. The down-
ward force there is pA, where p is the fluid pressure at
that point. Now consider the bottom surface. Because
of Pascal’s law, the upward force on the bottom sur-
face is (p  + ρwatergh)A. Since the cylinder is in equil-
ibrium the net upward force is ρwaterghA – Mwaterg = 0.
Now Mwaterg is just the weight of the fluid displaced by
the object. This proves Archimedes’ Principle.

It is not difficult to show that if an object is sub-
merged in a fluid, then it will sink or float depending
on the relationship of its density to the density of the
fluid (Figure 13-11).

Figure 13-11. An object will sink or float in a fluid depend-
ing on its density in relation to the density of the fluid.

Will It Sink or Float?
The weight of an object can be written

€ 

ρobjectgVobject ,

where ρobject is the average density of the object. The
magnitude of the buoyant force is

€ 

ρ fluid gVfluid .

The object will float if the magnitude of the buoyant
force is greater than the object’s weight, that is, if

€ 

ρ fluid gVfluid > ρobjectgVobject

Now if the object is submerged in the fluid then Vobject
= Vfluid. Cancelling terms in the previous expression
we are left with

€ 

ρ fluid > ρobject .

If an object’s density is less than a fluid’s density, it
will float in the fluid, otherwise it will sink.

Example Problem 13-7
An Example of Archimedes’ Principle

A crown whose mass is 14.7 kg when weighed in air
has an apparent mass when submerged in water of
13.4 kg. Is the crown made of gold?

Solution:
We wish to determine the density of the crown and
then compare the result with the known density of
gold (19.3 x 103 kg.m–3). The apparent weight of a sub-
merged object, say w’, is equal to its weight in air w
minus the buoyant force FB:

€ 

w'= w − FB = ρcrowngV − ρ fluid gV ,

where V is the volume of the crown (and of the fluid
displaced), ρcrown is the density of the crown and ρfluid
is the density of the fluid. It follows that

€ 

w
w − w'

=
ρcrowngV
ρ fluid gV

=
ρcrown
ρ fluid

.

Thus 

€ 

ρcrown
ρ fluid

=
w

w − w'
=
14.7(kg)g
1.3(kg)g

=11.3.
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or 

€ 

ρcrown =11.3×1000(kg.m−3)

= 11,300 kg.m–3.

The density of lead is 11,300 kg.m–3 so the crown is
most likely made of lead not of gold!

To Be Mastered

• Definitions: pressure, Pascal’s Law, ideal fluid, gauge pressure, Archimedes’ principle
• Physics of measuring a pressure in a fluid
• Physics of: the manometer,  barometer, blood pressure, hydraulic lift
• Converting pressure from mm Hg to Pa
• Physics of: why some objects sink in a fluid and others float

Typical Quiz/Test/Exam Questions

1. What must be the volume of a 5.0 kg balloon filled with helium if it is to lift a 30.0 kg load?

2. State Archimedes principle.

3. Ice floats on water. What can you deduce about the relative densities of water and ice?

4. Estimate the pressure at a depth of 100 m below the surface of the ocean.

5.
6.

7.

8.


