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5.10: Other Forces- Buoancy, Surface Tension and Capillary Action

learning objectives

e Define buoyant force

o Calculate the direction of the buoyancy force

o State Archimedes’ principle

o Describe the relationship between density and Archimedes’ principle
o Explain the phenomena of surface tension and capillary action

When you rise from soaking in a warm bath, your arms may feel strangely heavy. This effect is due to the loss of the buoyant
support of the water. What creates this buoyant force ? Why is it that some things float and others do not? Do objects that sink get
any support at all from the fluid? Is your body buoyed by the atmosphere, or are only helium balloons affected?

Buoyant Force: Cause and Calculation

We find the answers to the above questions in the fact that in any given fluid, pressure increases with depth. When an object is
immersed in a fluid, the upward force on the bottom of an object is greater than the downward force on the top of the object. The
result is a net upward force (a buoyant force) on any object in any fluid. If the buoyant force is greater than the object’s weight, the
object will rise to the surface and float. If the buoyant force is less than the object’s weight, the object will sink. If the buoyant force
equals the object’s weight, the object will remain suspended at that depth. The buoyant force is always present in a fluid, whether
an object floats, sinks or remains suspended.

The buoyant force is a result of pressure exerted by the fluid. The fluid pushes on all sides of an immersed object, but as pressure
increases with depth, the push is stronger on the bottom surface of the object than in the top (as seen in ).

You can calculate the buoyant force on an object by adding up the forces exerted on all of an object’s sides. For example, consider
the object shown in.

The top surface has area A and is at depth h; ; the pressure at that depth is:

P, =hypg, (5.10.1)
where pp is the density of the fluid and g ~ 9.81 S% is the gravitational acceleration. The magnitude of the force on the top surface
is:

F;y =P;A =h;pgA. (5.10.2)
This force points downwards. Similarly, the force on the bottom surface is:
Fy =PyA =hypgA (5.10.3)

and points upwards. Because it is cylindrical, the net force on the object’s sides is zero—the forces on different parts of the surface
oppose each other and cancel exactly. Thus, the net upward force on the cylinder due to the fluid is:

FB = F2 7F1 = pgA(h2 7h1) (5104)

The Archimedes Principle

Although calculating the buoyant force in this way is always possible it is often very difficult. A simpler method follows from the
Archimedes principle, which states that the buoyant force exerted on a body immersed in a fluid is equal to the weight of the fluid
the body displaces. In other words, to calculate the buoyant force on an object we assume that the submersed part of the object is
made of water and then calculate the weight of that water (as seen in ).
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Archimedes principle: The buoyant force on the ship (a) is equal to the weight of the water displaced by the ship—shown as the
dashed region in (b).

The principle can be stated as a formula:
FB = Wy] (5105)

The reasoning behind the Archimedes principle is that the buoyancy force on an object depends on the pressure exerted by the fluid
on its submerged surface. Imagine that we replace the submerged part of the object with the fluid in which it is contained, as in (b).
The buoyancy force on this amount of fluid must be the same as on the original object (the ship). However, we also know that the
buoyancy force on the fluid must be equal to its weight, as the fluid does not sink in itself. Therefore, the buoyancy force on the
original object is equal to the weight of the “displaced fluid” (in this case, the water inside the dashed region (b)).

The Archimedes principle is valid for any fluid—not only liquids (such as water) but also gases (such as air). We will explore this

further as we discuss applications of the principle in subsequent sections.

Complete Submersion

The buoyancy force on a completely submerged object of volume is Fg = Vpg.

learning objectivies

e Identify factors determining the buoyancy force on a completely submerged object

The Archimedes principle is easiest to understand and apply in the case of entirely submersed objects. In this section we discuss a
few relevant examples. In general, the buoyancy force on a completely submerged object is given by the formula:

Fp = Vpg, (5.10.6)

where V is the volume of the object, p is the density of the fluid, and g is gravitational acceleration. This follows immediately from
the Archimedes’ principle, and the fact that the object is completely submerged (and so the volume of the fluid displaced is just the
volume of the object).

Cylinder

In the previous section, we calculated the buoyancy force on a cylinder (shown in ) by considering the force exerted on each of the
cylinder’s sides. Now, we’ll calculate this force using Archimedes’ principle. The buoyancy force on the cylinder is equal to the
weight of the displaced fluid. This weight is equal to the mass of the displaced fluid multiplied by the gravitational acceleration:
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Buoyant force: The fluid pushes on all sides of a submerged object. However, because pressure increases with depth, the upward
push on the bottom surface (F2) is greater than the downward push on the top surface (F1). Therefore, the net buoyant force is
always upwards.

FB =W =g g (510.7)
The mass of the displaced fluid is equal to its volume multiplied by its density:

However (and this is the crucial point), the cylinder is entirely submerged, so the volume of the displaced fluid is just the volume
of the cylinder (see ), and:
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Archimedes principle: The volume of the fluid displaced (b) is the same as the volume of the original cylinder (a).
mg = Vip = Veglinder p- (5.10.9)
The volume of a cylinder is the area of its base multiplied by its height, or in our case:
Veytinder = A(h2 —hy). (5.10.10)
Therefore, the buoyancy force on the cylinder is:
Fp = mpg = Veglinder pg = (h1 —ha)pgA. (5.10.11)

This is the same result obtained in the previous section by considering the force due to the pressure exerted by the fluid.
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Helium Airship

Consider the USS Macon, a helium-filled airship (shown in ). Its envelope (the “balloon”) contained 184,059.5 cubic meters of
helium. Ignoring the small volume of the gondola, what was the buoyancy force on this airship? If the airship weighed 108,000 kg,
how much cargo could it carry? Assume the density of air is 1.225 kg per meter cubed. The buoyancy force on an airship is due to
the air in which it is immersed. Although we don’t know the exact shape of the airship, we know its volume and the density of the
air, and thus we can calculate the buoyancy force:

Helium airship: The USS Macon, a 1930s helium-filled airship.
kg m 6
Fp =V, s =184,059.5 kg x 1.225— x9.81—~2.212x10° N (5.10.12)
m s
To find the cargo capacity of the airship, we subtract the weight of the airship from the buoyancy force:
Feargo = Fp —mg = 2.21 x 10° N —1.08 x 10° kg x 9.8122 =1.15x10° N (5.10.13)
s

The mass the airship can carry is:

Fcargo

= 1.2 x 10° kg = 120 tons. (5.10.14)

Mecargo =

Flotation

An object floats if the buoyancy force exerted on it by the fluid balances its weight.

learning objectives

o Express the relationship between the buoyancy force and the weight for a floating object

Why do some objects float, but others don’t? If you put a metal coin into a glass of water it will sink. But most ships are built of
metal, and they float. So how is this possible?

Condition for Flotation
An object will float if the buoyancy force exerted on it by the fluid balances its weight, i.e. if FB=mgFB=mg.

But the Archimedes principle states that the buoyant force is the weight of the fluid displaced. So, for a floating object on a liquid,
the weight of the displaced liquid is the weight of the object. Thus, only in the special case of floating does the buoyant force acting
on an object equal the object’s weight. Consider a one-ton block of solid iron. As iron is nearly eight times denser than water, it
displaces only 1/8 ton of water when submerged, which is not enough to keep it afloat. Suppose the same iron block is reshaped
into a bowl. It still weighs one ton, but when it is put in water, it displaces a greater volume of water than when it was a block. The
deeper the iron bowl is immersed, the more water it displaces, and the greater the buoyant force acting on it. When the buoyant
force equals one ton, it will sink no further.
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When any boat displaces a weight of water equal to its own weight, it floats. This is often called the “principle of flotation” where a
floating object displaces a weight of fluid equal to its own weight. Every ship, submarine, and dirigible must be designed to
displace a weight of fluid equal to its own weight. A 10,000-ton ship must be built wide enough to displace 10,000 tons of water
before it sinks too deep in the water. The same is true for vessels in air (as air is a fluid): A dirigible that weighs 100 tons displaces
at least 100 tons of air; if it displaces more, it rises; if it displaces less, it falls. If the dirigible displaces exactly its weight, it hovers
at a constant altitude.

Flotation and Density

Density plays a crucial role in Archimedes’ principle. The average density of an object is what ultimately determines whether it
floats. If its average density is less than that of the surrounding fluid, it will float. This is because the fluid, having a higher density,
contains more mass and thus more weight in the same volume. The buoyant force, which equals the weight of the fluid displaced, is
thus greater than the weight of the object. Likewise, an object denser than the fluid will sink. The extent to which a floating object
is submerged depends on how the object’s density is related to that of the fluid. For example, an unloaded ship has a lower density,
and less of it is submerged compared with the same ship loaded with cargo. We can derive a quantitative expression for the fraction
submerged by considering density. The fraction submerged is the ratio of the volume submerged to the volume of the object, or

(a) (b)

Density and Submersion: An unloaded ship (a) floats higher in the water than a loaded ship (b).

Vsub o Vﬂ
obj  Vobj

fraction submerged = (5.10.15)

The volume submerged equals the volume of fluid displaced, which we call V. Now we can obtain the relationship between the
densities by substituting p = mV into the expression. This gives

my / pg

i/l 5.10.16
Mobj / Do ( )

fraction submerged =
where Pov; 18 the average density of the object and pflpflis the density of the fluid. Since the object floats, its mass and that of the
displaced fluid are equal, and so they cancel from the equation, leaving
p obj
Pa-

fraction submerged = (5.10.17)

There are a couple things to note about this expression:

1. Note that it mentions the average density of the object. This can be much less than the density of the material the object is made
of. For instance, a steel ship is actually mostly filled with air (think of the corridors, cargo holds, etc.), so its average density is
between that of air and steel. To be more precise, the average density is defined as the total mass of an object divided by its total
volume: p = 3.

2. This formula makes sense only if the density of the object is smaller than the density of the fluid. Otherwise, the fraction
submerged becomes greater than one—a sign that the object does not float at all, but it sinks!

Key Terms

When placed in a fluid, some objects float due to a buoyant force. Where does this buoyant force come from? Why is it that some
things float and others do not? Do objects that sink get any support at all from the fluid? Is your body buoyed by the atmosphere, or
are only helium balloons affected (Figure 5.10.1)?

5.10.5 https://phys.libretexts.org/@go/page/93364


https://libretexts.org/
https://phys.libretexts.org/@go/page/93364?pdf

LibreTextsm

©

Figure 5.10.1: (a) Even objects that sink, like this anchor, are partly supported by water when submerged. (b) Submarines have
adjustable density (ballast tanks) so that they may float or sink as desired. (c) Helium-filled balloons tug upward on their strings,
demonstrating air’s buoyant effect. (credit b: modification of work by Allied Navy; credit c: modification of work by
“Crystl”/Flickr)

Answers to all these questions, and many others, are based on the fact that pressure increases with depth in a fluid. This means that
the upward force on the bottom of an object in a fluid is greater than the downward force on top of the object. There is an upward
force, or buoyant force, on any object in any fluid (Figure 5.10.2). If the buoyant force is greater than the object’s weight, the
object rises to the surface and floats. If the buoyant force is less than the object’s weight, the object sinks. If the buoyant force
equals the object’s weight, the object can remain suspended at its present depth. The buoyant force is always present, whether the
object floats, sinks, or is suspended in a fluid.

# Buoyant Force

The buoyant force is the upward force on any object in any fluid.

_il_l | AL{ lﬁl Fy = p,A = hypgA
RV .

Fa=F, - F,

F,  Fa=pA=ypoA

Fluid of
density p

Figure 5.10.2: Pressure due to the weight of a fluid increases with depth because p = hpg. This change in pressure and associated
upward force on the bottom of the cylinder are greater than the downward force on the top of the cylinder. The differences in the
force results in the buoyant force Fg. (Horizontal forces cancel.)

Archimedes’ Principle

Just how large a force is buoyant force? To answer this question, think about what happens when a submerged object is removed
from a fluid, as in Figure 5.10.3 If the object were not in the fluid, the space the object occupied would be filled by fluid having a
weight wg. This weight is supported by the surrounding fluid, so the buoyant force must equal wy, the weight of the fluid displaced
by the object.

# Archimedes’ Principle

The buoyant force on an object equals the weight of the fluid it displaces. In equation form, Archimedes’ principle is
FB:wﬂ, (5.10.18)

where Fp is the buoyant force and wy is the weight of the fluid displaced by the object.

This principle is named after the Greek mathematician and inventor Archimedes (ca. 287-212 BCE), who stated this principle long
before concepts of force were well established.
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Figure 5.10.3: (a) An object submerged in a fluid experiences a buoyant force Fp. If Fp is greater than the weight of the object, the
object rises. If Fg is less than the weight of the object, the object sinks. (b) If the object is removed, it is replaced by fluid having
weight wy. Since this weight is supported by surrounding fluid, the buoyant force must equal the weight of the fluid displaced.

Archimedes’ principle refers to the force of buoyancy that results when a body is submerged in a fluid, whether partially or wholly.
The force that provides the pressure of a fluid acts on a body perpendicular to the surface of the body. In other words, the force due
to the pressure at the bottom is pointed up, while at the top, the force due to the pressure is pointed down; the forces due to the
pressures at the sides are pointing into the body.

Since the bottom of the body is at a greater depth than the top of the body, the pressure at the lower part of the body is higher than
the pressure at the upper part, as shown in Figure 5.10.2 Therefore a net upward force acts on the body. This upward force is the
force of buoyancy, or simply buoyancy.

The exclamation “Eureka” (meaning “I found it”) has often been credited to Archimedes as he made the discovery that would
lead to Archimedes’ principle. Some say it all started in a bathtub. To read the story, explore Scientific American to learn
more.

Density and Archimedes’ Principle

If you drop a lump of clay in water, it will sink. But if you mold the same lump of clay into the shape of a boat, it will float.
Because of its shape, the clay boat displaces more water than the lump and experiences a greater buoyant force, even though its
mass is the same. The same is true of steel ships.

The average density of an object is what ultimately determines whether it floats. If an object’s average density is less than that of
the surrounding fluid, it will float. The reason is that the fluid, having a higher density, contains more mass and hence more weight
in the same volume. The buoyant force, which equals the weight of the fluid displaced, is thus greater than the weight of the object.
Likewise, an object denser than the fluid will sink.

The extent to which a floating object is submerged depends on how the object’s density compares to the density of the fluid. In
Figure 5.10.4 for example, the unloaded ship has a lower density and less of it is submerged compared with the same ship when
loaded. We can derive a quantitative expression for the fraction submerged by considering density. The fraction submerged is the
ratio of the volume submerged to the volume of the object, or

Vew _ Vi

fraction submerged = = . (5.10.19)
obi  Vobj

The volume submerged equals the volume of fluid displaced, which we call V. Now we can obtain the relationship between the
densities by substituting p = % into the expression. This gives

my
Vi o
— — 5.10.20
= (5.10.20)
Pobj

where p,;; is the average density of the object and py; is the density of the fluid. Since the object floats, its mass and that of the
displaced fluid are equal, so they cancel from the equation, leaving

fraction submerged = Pobi . (5.10.21)
Prl

We can use this relationship to measure densities.
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Figure 5.10.4: An unloaded ship (a) floats higher in the water than a loaded ship (b).

v/ Example 14.4: Calculating Average Density

Suppose a 60.0-kg woman floats in fresh water with 97.0% of her volume submerged when her lungs are full of air. What is

her average density?

Strategy
We can find the woman’s density by solving the equation
fraction submerged = el (5.10.22)
Pit
for the density of the object. This yields
Pobj = Pperson = (fraction submerged)- py. (5.10.23)
‘We know both the fraction submerged and the density of water, so we can calculate the woman’s density.
Solution
Entering the known values into the expression for her density, we obtain
Pperson = 0.970-10° kg/m> =970 kg/m?>. (5.10.24)

Significance

The woman’s density is less than the fluid density. We expect this because she floats.

Numerous lower-density objects or substances float in higher-density fluids: oil on water, a hot-air balloon in the atmosphere, a bit
of cork in wine, an iceberg in salt water, and hot wax in a “lava lamp,” to name a few. A less obvious example is mountain ranges
floating on the higher-density crust and mantle beneath them. Even seemingly solid Earth has fluid characteristics.

Measuring Density

One of the most common techniques for determining density is shown in Figure 5.10.5

Figure 5.10.5: (a) A coin is weighed in air. (b) The apparent weight of the coin is determined while it is completely submerged in a
fluid of known density. These two measurements are used to calculate the density of the coin.

An object, here a coin, is weighed in air and then weighed again while submerged in a liquid. The density of the coin, an indication
of its authenticity, can be calculated if the fluid density is known. We can use this same technique to determine the density of the
fluid if the density of the coin is known.
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All of these calculations are based on Archimedes’ principle, which states that the buoyant force on the object equals the weight of
the fluid displaced. This, in turn, means that the object appears to weigh less when submerged; we call this measurement the
object’s apparent weight. The object suffers an apparent weight loss equal to the weight of the fluid displaced. Alternatively, on
balances that measure mass, the object suffers an apparent mass loss equal to the mass of fluid displaced. That is, apparent weight
loss equals weight of fluid displaced, or apparent mass loss equals mass of fluid displaced.

learning objectives

Surface Tension

Attractive forces between molecules of the same type are called cohesive forces. Liquids can, for example, be kept in open
containers because cohesive forces hold the molecules together. Attractive forces between molecules of different types are called
adhesive forces. Such forces cause liquid drops to cling to window panes, for example. In this section we examine effects of
cohesive and adhesive forces in liquids.

Surface tension is a contractive tendency of the surface of a liquid that allows it to resist an external force. It is shown, for example,
in the floating of some objects on the surface of water, even though they are denser than water, and in the ability of some insects
(e.g., water striders) to run on water’s surface. This property is caused by cohesion of similar molecules and is responsible for
many of the behaviors of liquids.

The cohesive forces among liquid molecules are responsible for the phenomenon of surface tension, as shown in. In the bulk of the
liquid, each molecule is pulled equally in every direction by neighboring liquid molecules, resulting in a net force of zero. The
molecules at the surface do not have other molecules on all sides of them and therefore are pulled inwards. This creates some
internal pressure and forces liquid surfaces to contract to the minimal area.

IR -

N4
AN AN

Diagram of Surface-Tension Forces: Diagram of the forces on molecules of a liquid

Surface tension has the unit of force per unit length, or of energy per unit area. The two units are equivalent. However, when we
refer to energy per unit of area, we use the term surface energy, which is more general in that it applies to solids as well as liquids.

Capillary Action

Capillary action, or capillarity, is the ability of a liquid to flow in narrow spaces without the assistance of, and in opposition to,
external forces like gravity. The effect can be seen in the drawing-up of liquids between the hairs of a paint-brush, in a thin tube, in
porous materials such as paper, in some non-porous materials such as liquified carbon fiber, and in a cell. It occurs because of
intermolecular attractive forces between the liquid and solid surrounding surfaces. If the diameter of the tube is sufficiently small,
then the combination of surface tension (which is caused by cohesion within the liquid) and adhesive forces between the liquid and
the container act to lift the liquid.

With some pairs of materials, such as mercury and glass (see ), the intermolecular forces within the liquid exceed those between the
solid and the liquid, so a convex meniscus forms, and capillary action works in reverse.
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Capillarity: Capillary action of water compared to mercury, in each case with respect to glass

Key Points

¢ The buoyancy force is caused by the pressure exerted by the fluid in which an object is immersed.

o buoyant force: An upward force exerted by a fluid that opposes the weight of an immersed object.

o Archimedes principle: The buoyant force exerted on a body immersed in a fluid is equal to the weight of the fluid the body
displaces.

o The buoyancy force always points upwards because the pressure of a fluid increases with depth.

o Pressure: the amount of force that is applied over a given area divided by the size of that area

o intermolecular: from one molecule to another; between molecules

¢ You can calculate the buoyancy force either directly by computing the force exerted on each of the object’s surfaces, or
indirectly by finding the weight of the displaced fluid.

o If an object is completely submerged, the volume of the fluid displaced is equal to the volume of the object.

o The buoyancy force on hot-air balloons, dirigibles and other objects can be calculated by assuming that they are entirely
submerged in air.

o The buoyancy force does not depend on the shape of the object, only on its volume.

o The buoyancy force experienced by an object depends on its shape.

o The fraction of an object’s volume that’s submerged is given by the ratio of its average density to that of the fluid: %’j.
¢ An object floats if the buoyancy force exerted on it by the fluid balances its weight.

o Attractive forces between molecules of the same type are called cohesive forces.

o Attractive forces between molecules of different types are called adhesive forces.

o Surface tension is a contractive tendency of the surface of a liquid that allows it to resist an external force.

o Capillary action, or capillarity, is the ability of a liquid to flow in narrow spaces without the assistance of, and in opposition to,

external forces such as gravity.
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