
OPTION F

The Physics of Fluids

F1. Buoyant Forces

1 (a) Candidates should be able to derive and use the equation p = �gh.

It is a well-known fact that pressure increases with depth of liquid. The relation between the
pressure p due to a fluid (liquid or gas) at depth h is given by the equation

p = �gh,

where � is the density of the fluid and g is the acceleration of free fall. The equation can be
derived as follows:

Consider a flat horizontal surface at a depth h in a
fluid of density �. Then,

mass of fluid on area = density x volume

= �Ah

and weight of fluid on area = �Ahg.

This weight of fluid produces a pressure p on the area given by

force
pressure p = –––––

area

�gAh
= ––––

A

p = �gh.

Note that this equation allows the pressure due to the fluid to be calculated. It should be
remembered that the actual pressure at depth h in a liquid would be given by

pressure = �gh + atmospheric pressure at liquid surface

1 (b) Candidates should be able to state that an upthrust is provided by the fluid displaced
by a submerged or floating object.

When an object is immersed in a fluid, it appears to weigh less than when it is outside the
fluid. Find a large stone heavy enough to cause appreciable strain on the muscles you use
to lift it. Then lower the stone into water in a pool (take care!), and notice a dramatic
reduction in the force in your arm muscles. The weight of the stone acts downwards, but
when it is immersed in water an upthrust or buoyant force is exerted by the water.

Notice also that many objects, such as wood, float on the surface of water. Here, again,
there must be an upthrust from the water.
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1 (c) Candidates should be able to calculate the upthrust in terms of the weight of the
displaced fluid.

The upthrust occurs because the pressure in a fluid increases with increasing depth (see
1(a)). The pressure at a depth h below the surface of a fluid of density � is �gh. Thus, the
pressure at the lower surface of a submerged object is greater than the pressure at its
upper surface.

Fig. 1.1

Consider a solid cylinder, of height L and area of cross-section A, completely immersed in a
liquid of density �, as shown in Fig. 1.1. The upper end of the cylinder is at a depth h1 below
the surface of the liquid, and the lower end at a depth h2. The pressure at the top of the
cylinder is p1 = �gh1. This gives rise to a force F1 = p1A = �gh1A acting downwards on the
top of the cylinder. Similarly, the pressure at the bottom of the cylinder is p2 = �gh2, giving a
force F2 = p2A = �gh2A acting upwards on the bottom of the cylinder. The resultant of these
forces is the upthrust (buoyant force) U on the cylinder.

U = F2 – F1, acting upwards

= �gA(h2 – h1)

= �gAL

= �gV

where V = AL is the volume of the cylinder. The upthrust U is equal to the weight of liquid
which would occupy a volume equal to the volume of the cylinder. This result, that the
upthrust on the submerged body is equal to the weight of the displaced liquid, is called
Archimedes’ principle.

Here, the principle has been derived for the special case of a uniform cylinder immersed
vertically in a liquid. We should also show that it applies in general for any irregular object
immersed in a fluid.
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Fig. 1.2 Fig. 1.3

In Fig. 1.2, P is an irregularly shaped object immersed in a fluid of density �. The weight of
the object is W, and it experiences an upthrust U. If W is greater than U, and if there is no
other force acting on the object, it will move downwards. Now consider a body P' (Fig. 1.3)
made of the fluid of density �, and of the same size and shape as P, located at the same
depth in the fluid. (A good way of imagining this is to think of P' as a thin plastic bag, shaped
exactly like P, and filled with the fluid.) The upthrust U on P' is exactly the same as that on
the original object P, since the surrounding fluid responsible for the upthrust is in exactly the
same situation in Fig. 1.2 and in Fig. 1.3. Since the fluid as a whole in Fig. 1.3 is at rest, the
bag of fluid P' is in equilibrium, and it stays in the same position. Thus, the vertical forces
acting on P' are equal and opposite. Therefore, the upthrust U is equal to W ', where W ' is
the weight of P' (the bag of fluid). This is Archimedes’ principle: the upthrust on a
submerged body is equal to the weight of the displaced fluid.

1 (d) Candidates should show an understanding that, for an object floating in equilibrium, the
upthrust is equal to the weight of the object.

Archimedes’ principle applies both to bodies which are completely immersed in a fluid and
to those which float on the surface of a liquid. An object will float if its density is less than
that of the liquid. When an object is floating in equilibrium, the resultant force on the object
is zero, so that the upthrust (the buoyant force) on the object must be equal to its weight. By
Archimedes’ principle, the upthrust is also equal to the weight of liquid displaced. Thus, a
body floating in a liquid always displaces its own weight of liquid. This is the principle of
flotation.

1 (e) Candidates should be able to show an appreciation that the upthrust on a floating
object acts at the centre of mass of the displaced fluid (the centre of buoyancy).

In section 1(c) we saw that the vertical forces acting on the bag of fluid P' in Fig. 1.3 (the
weight W of the fluid, and the upthrust U acting on it) are equal and opposite. This is
because the fluid as a whole is at rest. Another result arises from the fact that the fluid is in
equilibrium. To specify equilibrium completely, not only must the resultant force be zero, but
the resultant torque is also zero (see Forces, Section 5). For there to be no resultant torque,
the line of action of the upthrust must be in the same vertical line as the weight of the bag of
fluid. The weight acts through the centre of mass of the bag of fluid. Thus, the upthrust on a
floating or submerged body must act through the centre of mass of the displaced fluid. This
point is called the centre of buoyancy of the body. Note that the centre of mass of an
immersed body need not (and for a floating body, does not) coincide with the centre of mass
of the displaced fluid, so that the centre of buoyancy of a body is not the same as its centre
of mass.
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1 (f) Candidates should be able to show an appreciation of what is meant by the metacentre
of a floating object, and deduce the stability of an object from the relative positions of
the metacentre and the centre of mass of the object.

The metacentre of a floating object, such as a ship, is a basic concept in naval architecture,
relating to the stability of the vessel when it is tipped in the water.

Fig. 1.4

Fig. 1.4 shows a section of a ship. It is assumed that its centre of mass G remains in the
same position, on the centre-line, when the ship rolls to the left. However, the position of the
centre of buoyancy B changes as the ship rolls, because the displaced water has a different
shape. The metacentre M is the point of intersection of the centre-line of the ship and the
vertical line from the centre of buoyancy when it tips.

The relative positions of the metacentre and the centre of mass of the vessel determine its
stability. If the metacentre is above the centre of mass, as in Fig. 1.4, the upthrust and the
weight produce a couple which tends to restore the ship to the vertical position. This is the
condition for stable equilibrium. To produce this situation, the metacentre should be high
and the centre of mass low. Heavy equipment, such as the ship’s engines, should therefore
be mounted low in the hull, and massive cargo should be stored in holds near the keel. If
the metacentre is below the centre of mass of the vessel, then the tilted ship is in a
condition of unstable equilibrium, and it is likely to “turn turtle”.

A simple laboratory demonstration of this effect is to take an empty test-tube, and to try to
make it float vertically in water. You will find that the tube must be suitably weighted, so that
its centre of mass is brought below the metacentre, in order for it to adopt a vertical attitude.

1 (g) Candidates should be able to apply Archimedes’ principle to marine craft and
submarines.

In general, the condition for an object to float is that its density must be less than that of the
liquid (see section 1(d)). However, objects which are made of materials with a density
greater than that of water can nevertheless be made to float if their shape is such as to
displace sufficient liquid. If a solid piece of metal is placed in water it will sink, but if the
metal screw-cap from a bottle is placed on water it may float. A ship floats because it
displaces sufficient water to cause an upthrust which is equal to the weight of the vessel.
Loading the vessel with additional cargo causes it to float more deeply in the water,
producing an increased upthrust which balances the new weight of the vessel. The following
example shows how Archimedes’ principle is applied.
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The area of the horizontal cross-section of a barge at the water-line is 80 m2 and the
sides of the barge are vertical. Find the extra depth to which the barge will sink when
loaded in fresh water (density 1.0 x 103kg m–3) with 20 tonnes (20 x 103kg) of cargo.

Let the barge sink a further distance x when it is loaded. (x is measured in metres.)

Additional volume of water displaced = 80x m3

Additional weight of water displaced = 80x x 1.0 x 103g

= 8.0 x 104xg N

By Archimedes’ principle, additional weight of water displaced = added load

Added load = 20 x 103g N

∴ 8.0 x 104xg = 20 x 103g

∴ x = 0.25 m

Thus, the barge sinks by 0.25 m.

A submarine is an example of a vessel the effective density of which can be varied. This is
done by allowing sea-water to enter tanks inside the submarine. Consider a submarine
floating in equilibrium on the surface of the sea. By the principle of flotation, the submarine
displaces its own weight of sea-water. If water is now allowed to enter the ballast tanks 
(Fig. 1.5), the effective weight of the vessel is increased without any change in its volume.

Fig. 1.5

The weight now exceeds the upthrust, and the submarine sinks. As it sinks, more water is
displaced, so the upthrust increases. When the submarine is totally submerged an
equilibrium condition is achieved by adjusting the volume, i.e. weight, of water in the tanks,
so that the effective weight of the submarine is equal to the new upthrust.

When the submarine is required to surface, compressed air is used to force water from the
ballast tanks. The effective weight of the submarine is reduced, but the upthrust remains the
same, giving a resultant upwards force. The submarine rises to the surface.

ballast tanks
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An added problem with the design of submarines is that, when water is introduced into the
ballast tanks, the centre of gravity of the submarine shifts. On submerging, the centre of
buoyancy will also move. The stability of the submarine will change.

F2. Non-Viscous Fluid Flow

2 (a) Candidates should be able to show an understanding of the terms steady (laminar,
streamline) flow, incompressible flow and non-viscous flow, as applied to the motion of
an ideal fluid.

The flow of a fluid is said to be steady (or laminar, or streamline) if each particle of the fluid
follows a smooth path, and the paths of each particle do not cross each other. Above a
certain critical speed, the fluid flow becomes irregular and turbulent (or non-steady), (see
section 3(h)).

In describing the motion of a fluid, it is helpful to make two simplifying assumptions. First,
the density of the fluid is assumed to remain constant, so that the fluid is incompressible.
Second, the liquid is supposed to be non-viscous. In real fluids, viscous forces (see 
section 3(a)) cause resistance to the relative motion of two adjacent layers of the fluid. In a
non-viscous fluid, this internal friction is neglected, and an object moving through a non-
viscous fluid would experience no retarding force. A fluid which is incompressible and non-
viscous is said to be ideal. The assumptions allow us to develop a simple picture of the
steady flow of such a fluid.

2 (b) Candidates should be able to show an understanding of how the velocity vector of a
particle in an ideal fluid in motion is related to the streamline associated with that
particle.

The path taken by a fluid in steady flow is called a streamline. Fig. 2.1 shows a set of
streamlines. A particle at P follows one of these streamlines, and its velocity vector is a
tangent to the streamline at that point.

Fig. 2.1

Note that, in steady flow, no two streamlines can cross each other. If they did, a particle of
the fluid could follow either line at the cross-over point, and the flow would not be steady.
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2 (c) Candidates should be able to show an understanding of how streamlines can be used
to define a tube of flow.

A bundle of streamlines, such as that shown in Fig. 2.2, can be used to define what is called
a tube of flow.

Fig. 2.2

Although a tube of flow is not a real tube with solid sides, it acts like one. Each streamline
represents the path of fluid particles. Particles cannot move into or out of the sides of the
tube, as this would mean that the streamlines would be crossing each other.

2 (d) Candidates should be able to derive and solve problems using the equation 
Av = constant (the equation of continuity) for the flow of an ideal, incompressible fluid.

We now consider the motion of an ideal, incompressible fluid in a tube of flow. In Fig. 2.3,
the velocity of the fluid at the cross-section area A1 is v1 and, at the cross-section area A2 it
is v2. Because we are dealing with an ideal fluid, the velocity v1 is the same at any point in
the cross-section area A1, and v2 is the same at any point in A2. (In a real fluid, which is
viscous, the internal friction between different layers would mean that different parts of the
fluid would move with different speeds.)

Fig. 2.3

In a small time �t, the fluid at the left-hand end of the tube of flow moves a distance 
�x1 = v1�t. The mass contained in this length of tube is �m1 = �A1 �x1 = �A1v1�t. Similarly,
the fluid which moves through the right-hand end of the pipe in the same time has mass
�m2 = �A2v2�t. Because the fluid is incompressible, the density � is constant everywhere in
the tube of flow. Provided that there are no leaks from the tube of flow (and we have seen in
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section 2(c) that this is not possible), the mass which enters the tube at one end must equal
the mass which leaves at the other, so that

�m1 = �m2

or �A1v1�t = �A2v2�t ,

that is, A1v1 = A2v2.

The same result applies for any cross-section and can be written in the form

Av = constant.

This result, that the product of the area of cross-section and the fluid speed at all points
along a tube of flow is a constant, is the equation of continuity. The equation tells us that, as
we would expect, the speed is high where the tube is narrow, and low where it is wide.

Note that the product Av has units m2. m s–1 = m3s–1, or the units of volume/time. Av is called
the volume flow-rate.

The following example illustrates the use of the equation of continuity.

The volume flow-rate of water through a certain pipe is 2.0 x 10–4m3s–1. What is the speed
of the water at points where the diameter of the pipe is (a) 0.10 m, (b) 0.05 m?

The area of cross-section of the pipe at the point at (a) is Aa = �ra
2 = �(0.05)2 m2 =

7.9 x 10–3m2.

At the point at (b), it is Ab = �rb
2 = �(0.025)2m2 = 2.0 x 10–3m2.

The volume flow-rate Vr is Av, so at (a)

va = Vr/Aa = 2.0 x 10–4/7.9 x 10–3m s–1 = 2.5 x 10–2m s–1.

At (b),

vb = Vr/Ab = 2.0 x 10–4/2.0 x 10–3m s–1 = 1.0 x 10–1m s–1.

2 (e) Candidates should be able to show an appreciation that the equation of continuity is a
form of the principle of conservation of mass.

The derivation of the equation of continuity was based on the fact that the mass of fluid
which enters a tube of flow at one end must leave the tube at the other. Formally, this is a
statement that the mass of the fluid remains constant, and is an example of the principle of
conservation of mass.
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2 (f) Candidates should be able to show an appreciation that pressure differences can arise
from different rates of flow of a fluid (the Bernoulli effect).

The equation of continuity relates the volume flow-rate in a tube of flow to the area of cross-
section and the speed of the fluid particles. In addition to changes of particle speed in a
tube of varying cross-section, the fluid pressure varies along the tube. This is called the
Bernoulli effect. For practical examples of the effect, see section 2(i).

2 (g) Candidates should be able to derive the Bernoulli equation in the form

p1 + 1–2 �v1
2 = p2 + 1–2 �v2

2

for the case of a horizontal tube of flow.

Consider the flow of an ideal fluid along a horizontal tube of flow of varying cross-section, as
shown in Fig. 2.4.

Fig. 2.4

At the left-hand end of the tube the cross-sectional area is A1 and the fluid pressure is p1.
The fluid particles are moving with speed v1. We consider the fluid in the small length �x1 of
the tube. At the right-hand end, the equivalent quantities are A2, p2, v2 and �x2 respectively.

The force F1 acting at the left-hand end of the tube is p1A1. The work done by this force in
pushing the fluid contained in the shaded volume of the tube, of length �x1, in time �t is 
W1 = F1�x1 = p1A1�x1 = p1�V, where �V is the shaded volume. Similarly, the work done on
the fluid at the right-hand end of the tube in time �t is W2 = –p2A2�x2 = –p2�V. As
discussed in section 2(d), the volume �V which enters the tube in time �t is equal to the
volume which leaves in the same time. The expression for the work W2 is negative because
the force exerted on the fluid is opposite to the direction of motion. The net work done on
the fluid by the forces F1 and F2 in time �t is

W = (p1– p2)�V.

This work goes into changing the kinetic energy of the fluid. If �m is the mass passing
through the pipe in time �t, then the change in its kinetic energy is

�Ek = 1–2 �m v2
2 – 1–2 �m v1

2.

The change in the potential energy of the fluid is zero because the tube of flow is horizontal.
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By the principle of conservation of energy, W = �Ek, so

(p1– p2)�V = 1–2 �m(v2
2– v1

2).

The density � of the fluid is given by � = �m/�V; dividing left- and right-hand sides of the
equation by �V, and using the density relation, we obtain

p1– p2 = 1–2 �(v2
2– v1

2).

Thus,

p1 + 1–2 �v1
2 = p2 + 1–2 �v2

2 .

This is the Bernoulli equation for the case of a horizontal tube of flow. The equation shows
that where the velocity is high, the pressure is low.

2 (h) Candidates should be able to show an appreciation that the Bernoulli equation is a
form of the principle of conservation of energy.

Note that the use of the principle of conservation of energy, in the form

change of kinetic energy = work done,

was a vital step in deriving the Bernoulli equation.

2 (i) Candidates should be able to explain how the Bernoulli effect is applied in the filter
pump, in the Venturi meter, in atomisers and in the flow of air over an aerofoil.

The Bernoulli effect has important scientific and domestic applications.

Fig. 2.5 shows a filter-pump, which is used in analytical chemistry laboratories to produce
rapid and controlled filtration.

Fig. 2.5

tapwater

A

B
to sink
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The filter-funnel is plugged into a conical flask, which is connected by a tube to the barrel of
the pump. Water from the tap passes through jet A, emerging with high speed. The water
runs out of the pump at B at a much slower speed. By the Bernoulli equation, rapid fluid flow
goes with low pressure: thus the pressure near jet A is less than that at the exit nozzle B,
where the flow is slow. But the pressure at B (and all around the apparatus) is atmospheric.
The barrel of the pump is connected to the conical flask below the filter funnel, so the
pressure in the flask is less than atmospheric. Thus, the liquid in the filter funnel is sucked
through the filter paper by this difference of pressure. The rate of filtration is controlled by
adjusting the rate of supply of water to the pump.

The Venturi meter is a device for measuring flow speeds in an incompressible fluid. 
Fig. 2.6 illustrates the principle.

Fig. 2.6

Fluid flows in the constricted horizontal tube. The pressure is measured by gauges at the
wide part of the tube and at the narrow part. The area of cross-section in the left-hand part
of the tube is A1, and here the liquid is flowing with speed v1 at pressure p1. The
corresponding quantities in the right-hand part of the pipe are A2, v2 and p2.

The Bernoulli equation is p1 + 1–2 �v1
2 = p2 + 1–2 �v2

2
.

The equation of continuity is A1v1 = A2v2

or v1 = A2v2/A1.

Substituting for v1, we have p1 + 1–2 �(A2/A1)
2v2

2 = p2 + 1–2 �v2
2
,

2 (p1 – p2)
so v2 = A1 √ { –––––––––– } ,

� (A1
2 – A2

2)

2 (p1 – p2)
and the flow-rate = A2v2 = A1A2 √ { –––––––––– } .

� (A1
2 – A2

2)

p1

p2

v1

v2

A2A1
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Thus, the flow-rate can be determined by measuring the difference of the pressures
indicated by the two gauges, and by knowing the dimensions of the tube and the density of
the fluid.

A so-called atomiser (used in perfume sprays) works by the Bernoulli effect.

Fig. 2.7

The pressure in a stream of air, passing along a tube which is constricted, is reduced at the
constriction, because there the fluid is flowing rapidly. A vertical tube, dipping into the
perfume container, joins on to the air tube near the constriction (Fig. 2.7). Because the
pressure is reduced at this point, the perfume rises in the vertical tube into the air stream,
where it is dispersed into a fine spray.

The Bernoulli effect helps to explain how a lift force is produced when air flows over the
wing of an aircraft.

Fig. 2.8

Fig. 2.8 shows a section of the wing. (This section is called an aerofoil.) The shape of the
aerofoil is designed so that the upper surface is more rounded than the lower. When there is
no turbulence, the air passing over the upper surface follows a longer path than the air
passing under the aerofoil, and so moves faster. Thus, according to the Bernoulli equation,
the pressure is lower above the wing than below, and there is a resultant upwards force,
providing lift. (Another effect which contributes to the lift is that the aerofoil is shaped so that
the streamlines coming both from above and from below the wing are deflected downwards,
generating a downward momentum of the air. By Newton’s laws of motion, the wing
experiences an upward force, equal in magnitude to the rate of change of momentum of the
air in the downward direction.)

air
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F3. Viscous Fluids

3 (a) Candidates should be able to state that viscous forces in a fluid cause a retarding force
to be exerted on an object moving through a fluid.

So far, we have been dealing with an ideal, incompressible, non-viscous fluid. Remember
from Forces, Section 5, that a body moving in a real fluid experiences a resistance because
of the viscosity of the fluid. Viscosity can be described as internal friction in the fluid. In
liquids, it arises because there are attractive forces between molecules and, in gases,
because of collisions between the molecules. Viscosity is responsible for the fact that a real
fluid experiences a resistance to flow along a uniform, horizontal pipe; to overcome this
resistance, and to maintain steady flow, there must be a pressure difference between the
ends of the pipe. An ideal fluid would flow along such a pipe without a force being applied.

3 (b) Candidates should be able to show an understanding that, in viscous flow, different
layers of the liquid move with different velocities.

Fig. 3.1 illustrates the principle of one method of comparing viscosities of fluids.

Fig. 3.1

A thin layer of fluid is placed between two similar parallel flat plates. One plate is fixed and
the other is made to move at speed v, parallel to the fixed plate, by the force F. The fluid
directly in contact with the fixed plate remains stationary because of the attractive forces
between the molecules of the fluid and the plate. Similarly, the fluid directly in contact with
the moving plate moves with the same speed as the plate. There must be a gradual
increase in velocity, from zero to v, in the region between the plates. We can regard the fluid
as being made up of a stack of very thin layers, each moving with a different velocity.

3 (c) Candidates should be able to show an appreciation of what is meant by the velocity
gradient in viscous flow.

Referring to Fig. 3.1, the increase in velocity of the fluid layers divided by the distance over
which the increase occurs is called the velocity gradient. In this case, the velocity gradient is 

(v – 0)/l = v/l.

v
F

l
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3 (d) Candidates should be able to show an understanding of how the magnitude of the viscous
force in fluid flow depends on the velocity gradient and on the viscosity of the fluid.

Again referring to Fig. 3.1, it is found that the force F required to maintain uniform relative
motion of the plates is directly proportional to the area A of either plate and to the speed v of
the moving plate. The force is inversely proportional to the separation l of the plates.
Expressed as an equation,

F = �A(v/l),

where � is the constant of proportionality. The value of � depends on the fluid between the
plates: the more viscous the fluid, the larger the value of �. � is called the viscosity of the
fluid. Thus, the force required to maintain steady motion is proportional to the velocity
gradient and to the viscosity of the fluid.

The equation can be re-written as

� = Fl/vA.

Thus, the SI unit of viscosity is (N m)/(m s–1m2), or N s m–2, equivalent to Pa s. In SI base
units, the unit of viscosity is kg m–1s–1.

3 (e) Candidates should be able to apply base units to confirm the form of the equation 
F = Ar�v, where A is a dimensionless constant (Stokes’ law), for the drag force under
laminar conditions in a viscous fluid.

When an object moves relative to a fluid, the fluid exerts a retarding force on the object.
This drag force is due to the viscosity of the fluid. At high speeds, turbulence also
contributes to the retardation (see also section 3(h)).

Under laminar (non-turbulent) conditions, the drag force F is proportional to the speed v of
the object:

F = kv.

The constant of proportionality depends on the size and shape of the object, and on the
viscosity of the fluid. The relation may be written as

F = Ar�v,

where r is a linear dimension of the object, � is the viscosity of the fluid, and A is a
dimensionless constant. This equation is known as Stokes’ law.

To confirm the form of the Stokes equation, find the base units of the left- and right-hand
sides:

Left-hand side F has base units kg m s–2

Right-hand side A has no units
r has base units m
� has base units kg m–1s–1

v has base units m s–1.
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Putting the units of the right-hand side of the equation together, we have

m. kg m–1s–1. m s–1 = kg m s–2,

which is identical with the unit of the left-hand side. Thus, the equation is homogeneous
(see also Physical Quantities and Units, Section 1). Note that the method of checking for
homogeneity by balancing units can tell us nothing about the magnitude of any numerical
constant involved.

For a sphere moving under laminar conditions in a fluid of infinite extent, the linear
dimension r in Stokes’ law is the radius of the sphere, and the quantity A has the value 6�.

Thus, for a sphere of radius a, falling at speed v under laminar conditions in a fluid of
viscosity �, the drag force F is given by

F = 6�a�v.

3 (f) Candidates should be able to apply Stokes’ law to explain quantitatively how a body
falling through a viscous fluid under laminar conditions attains a terminal velocity.

Consider a body falling through a viscous fluid under laminar conditions, so that Stokes’ law
applies. Fig. 3.2 shows the forces acting on the body, of mass m, at the instant that its
speed is v.

Fig. 3.2

The downwards force is the weight W of the body. The upwards forces are the upthrust U
and the drag force F. The resultant downwards force is W – U – F. The weight and upthrust
are constant, but the drag force is proportional to the speed of the body. If the body falls
from rest, the drag force is initially zero; but as the body accelerates the drag force
increases, so the resultant force decreases reducing the acceleration of the body.
Eventually, the drag force increases to a value which makes the resultant force, and hence
the acceleration of the body, zero. The body will then continue to fall with a constant
velocity, called the terminal velocity.

The condition for the terminal velocity is

W = U + F.

F

U

W
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If the body is a sphere of radius r and density �, falling in a fluid of density �f, the equation
becomes

4–3�r 3�g = 4–3�r 3�fg + 6�r�vT,

where vT is the terminal velocity. Solving for vT,

3 (g) Candidates should be able to describe an experiment, based on the measurement of
terminal velocity, to determine the viscosity of a liquid.

The viscosity of a liquid, such as glycerol, may be determined by measuring the terminal
velocity of metal spheres as they fall through the liquid.

Fig. 3.3

The glycerol is contained in a vertical tube about 50 mm in diameter and about 0.5 m tall
(Fig. 3.3). Steel spheres of diameter about 2 mm are used. The density �f of the glycerol,
and the density � of the material of the spheres, are first found, and the diameter 2r of the
spheres is measured using a micrometer screw gauge. Three horizontal reference marks A,
B and C are made on the tube (rubber bands stretched round the tube are suitable).
Reference mark A should be several centimetres below the surface of the liquid, and the
distances AB and BC should be equal. Measure the distance d between the marks at A and
C. A steel sphere is dropped carefully from rest down the axis of the tube. The times t1 and
t2 for it to cover the distances AB and BC are measured by observing by eye and timing with
a stopwatch, or by using light gates and a timing unit. If t1 and t2 are equal, or very nearly
so, then the terminal velocity has been attained before reaching A. If they are unequal,
adjust the reference marks to different positions further below the surface and repeat the
check observation. A number of spheres should be timed over the known distance to obtain
an average value for the terminal velocity. The terminal velocity vT is given by d/(t1 + t2). The
viscosity � is then obtained from

2r 2g(� – �f)
� = ––––––––– .

9vT

A

B

C

d

rubber band

2r 2g(� – �f)
vT = ––––––––– .

9�
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It is important that the falling sphere should not carry with it a bubble of air: this may happen
if the sphere is dropped into the glycerol from a height above the surface, so that it enters
with a small splash. To avoid this, moisten the sphere slightly with glycerol and release it
carefully, close to the surface of the liquid. It is also important that the sphere should fall
close to the axis of the cylinder, so that it is not too close to the wall of the cylinder. The
constant 6� in the Stokes equation applies for an infinite liquid, rather than to one confined
in a tube, but for spheres of diameter 2 mm or less in a tube of diameter about 50 mm, the
error involved is not serious.

3 (h) Candidates should be able to show an appreciation that, at a sufficiently high velocity,
the flow of viscous fluid undergoes a transition from laminar to turbulent conditions.

In 3(b) and (c) we considered the laminar flow of a viscous fluid. At sufficiently high speeds,
the flow pattern changes from the stable, streamline condition to an irregular and random
motion called turbulent flow. Turbulent flow is characterised by small whirlpool-like regions
occurring downstream of an obstruction.

For fluid flow in a tube or channel, it is found experimentally that the onset of turbulence is
determined by the magnitude of a quantity called the Reynolds’ number Re. Re is defined by

Re = �vr/�,

where � is the density of the fluid and � its viscosity, v is the speed of flow, and r is a
geometrical dimension associated with the channel through which the liquid is passing. For
flow through a tube, r is the diameter of the tube. Note that r is used here to denote a
general quantity with the units of length. It should not be confused with the radius of the
pipe.

It is found that the flow of liquid in a tube is laminar if the value of Re is less than about
2000, but is turbulent if Re exceeds this value.

3 (i) Candidates should be able to apply base units to confirm the form of the equation 
F = Br2�v2, where B is a dimensionless constant, for the drag force under turbulent
conditions in a viscous fluid.

For an object moving in a viscous fluid under turbulent conditions, it is found that the drag
force F is proportional to the square of the speed v. The full relation is

F = Br2�v2,

where � is the density of the fluid, r is a linear dimension of the object, and B is a
dimensionless constant.

To confirm the form of this equation, find the base units of the left- and right-hand sides:

Left-hand side F has base units kg m s–2

Right-hand side B has no units
� has base units kg m–3

r has base units m
v has base units m s–1.
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Putting the units of the right-hand side of the equation together, we have

m2. kg m–3 . m2s–2 = kg m s–2,

which is identical with the unit of the left-hand side. Thus, the equation is homogeneous
(see also Physical Quantities and Units, Section 1).

3 (j) Candidates should be able to show an appreciation that the majority of practical
examples of fluid flow and resistance to motion in fluids involve turbulent, rather than
laminar, conditions.

It should be realised that the value of the Reynolds’ number indicating the onset of
turbulence (about 2000 for the flow of fluid through tubes) implies that truly laminar
conditions apply only for relatively low rates of flow through pipes or tubes. Similarly, laminar
conditions apply to the movement of an object through a fluid only at relatively low speeds.
Water flowing in a rocky stream is certainly turbulent, as is smoke coming from a chimney
on a windy day. You can see the onset of turbulence in the flow of water from a bath-tap. If
the tap is turned on gradually, the flow will first be laminar; but when the tap is fully opened,
the turbulent nature of the flow is unmistakable.

The following example relates to the flow of blood in one of the arteries of the body.

The average speed of blood in the aorta (the artery carrying blood from the heart) during the
resting part of the heart’s cycle is about 30 cm s–1. The diameter of the aorta is about 2 cm.
Is the flow of blood laminar of turbulent?

(Density of blood = 1 x 103kg m–3; viscosity of blood = 4 x 10–3N s m–2.)

For blood in the aorta, Re = �vr/� = (1 x 103x 0.3 x 2 x 10–2)/4 x 10–3 = 1.5 x 103.

This value is rather less than the critical value of 2000; flow is probably laminar, but is close
to being turbulent.

3 (k) Candidates should be able to explain qualitatively, in terms of turbulence and 
the Bernoulli effect, for the swing of a spinning cricket ball and the lift of a spinning 
golf ball.

Consider a ball moving slowly without spin through still air. The situation is likely to be one
of laminar flow, and the symmetry of the moving body means that the streamlines will divide
evenly, so that there is no reason why the path of the ball should be deflected. As
mentioned in section 3(j), turbulence occurs in most practical examples, and this can affect
the ball’s motion significantly. In most cases, there is a combination of streamline motion
past the ball and turbulence in its wake, so that both the Bernoulli effect and turbulence act
on the ball.
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Fig. 3.4

Projecting the ball with spin introduces a definite asymmetry, so that the streamlines, which
continue to exist round the ball, crowd together more on one side (Fig. 3.4). The spinning
surface of the ball, which drags along the air, increases the air velocity on one side, and
decreases it on the other. By the Bernoulli equation, the pressure is lower in the region with
higher velocity, and the ball moves in that direction. In addition, there is a deflecting force in
the same direction, due to greater turbulence on the side where the air speed is greater.

In cricket, bowlers take advantage of this effect when they spin the ball so as to make its
path swing across the wicket. The condition of the surface of the leather ball has an
important effect on the way in which air is dragged by the spinning ball.

A similar effect occurs in golf, where spin (applied by hitting the ball above or below its
centre) can be used to affect the trajectory.

3 (l) Candidates should be able to show an understanding of what is meant by the drag
coefficient of a moving vehicle, and carry out simple calculations involving the
coefficient.

In section 3(i) we saw that an object moving through a fluid and subject to turbulence
experiences a drag force proportional to the square of the speed, according to the equation

F = Br2�v2.

For the case of cars and other vehicles, this relation is often expressed in the form

F = 1–2CD�Av2,

where A is the effective cross-sectional area of the vehicle in a plane perpendicular to its
motion, � is the density of air, v is the speed of the vehicle and CD is a dimensionless
quantity called the drag coefficient of the vehicle. The value of CD depends on the shape of

motion

F
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the vehicle. Designers of modern cars boast of drag coefficients as low as 0.3. The value of
CD for a sphere is about 0.5, and for objects of irregular shape may be as high as about 2. A
low value of CD means that the power expended in overcoming wind resistance is also low,
and hence the fuel economy is good. Drag coefficient may be reduced by streamlining the
vehicle, ensuring that surfaces (such as wing mirrors) are shaped so that they are not
normal to the flow of air.

The following example relates to the calculation of the drag coefficient.

For a certain van travelling at 100 km h–1, the power required to compensate for air
resistance is 45 kW. Calculate (a) the drag force at this speed, (b) the drag coefficient of the
van, if its effective area of cross-section is 7.5 m2. (density of air = 1.2 kg m–3)

(a) The power required to compensate for air resistance is equal to the product of the drag
force and the speed.

100 km h–1 = 28 m s–1

∴ Drag force = (power needed to compensate for drag)/speed = 45 x 103/28 N

= 1.6 x 103 N.

(b) Since F = 1–2CD�Av2,

CD = 2F/�Av 2 = (2 x 1.6 x 103)/(1.2 x 7.5 x 282) = 0.45.

4/00/MUL/011548B

20

www.theallpapers.com




