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Chapter14
Fluids
Fluid is the name given to a substance which begins to flow when external force
is applied on it, typically a liquid or a gas. Fluids do not have their own shape but take the
shape of the containing vessel. The branch of physics which deals with the study of fluids
at rest is called hydrostatics, such as the pressure of a fluid at a particular depth, or the
buoyant force acting on an object in a fluid. The branch which deals with the study of
fluids in motion is called hydrodynamics, such as a fluid flows through a pipe, the flow
rate through the cross section is the same at any point in the pipe. Bernoulli’s equation
relates static pressure of a fluid to its dynamic (moving) pressure.
We begin our study with fluid statics, the study of fluids at rest in equilibrium.
Then with fluid dynamics, the study of fluids in motion. It conforms to the shape of their
container because it cannot withstand shearing stress. It can, however, exert a force
perpendicular to its surface.

QUICK REFERENCE
Important Terms
Absolute (total)
pressure
Archimedes
principle
Bernoulli’s
principle
density
flow rate
continuity
fluid
gauge pressure
hydrodynamics
hydrostatics
ideal fluid
liquid
Pascal’s priciple

pressure

the total static pressure at a certain depth in a fluid, including the
pressure at the surface of the fluid
the buoyant force acting on an object in a fluid is equal to the
weight of the fluid displaced by the object.
the sum of the pressures exerted by a fluid in a closed system is
constant.
the ratio of the mass to the volume of a substance
the volume or mass entering any point must also exit that point
any substance that flows, typically a liquid or a gas
the difference between the static pressure at a certain depth in a
fluid and the pressure at the surface of the fluid
the study of fluids in motion
the study of fluids in rest
a noncompressible, nonviscous fluid which exhibits steady flow,
that is, the velocity of the fluid particles is constant
substance which has a fixed volume, but retains the shape of its
container
If gravity effect is neglected, the pressure applied to an enclosed
fluid is transmitted equally (undiminished) to every portion of the
fluid and the walls of the containing vessel.
force per unit area. the SI unit for pressure equal to one newton of
force per square meter of area
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Equations and Symbols
where
P = pressure
F = force perpendicular to a surface
A = area
ρ = density
m = mass
V = volume
FB = buoyant force
W = weight
g = acceleration due to gravity
v = speed or velocity
y = height above some reference level

F
A
m

V
Pdepth  P0  gh

P

FB  W fluid  gV fluid

1 A1v1   2 A2 v 2 (mass flow rate)
A1v1  A2 v 2 (volume flow rate)
P1 

1
1
v1 2  gy1  P2  v 2 2  gy 2
2
2
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General information (for reading)
Forms of Matter
1. SOLID: Solids have the following properties:
a- Molecules in solids are arranged in a regular shape (crystalline form), with
small intermolecular spaces, and held together by strong attractive forces
(cohesive forces).
b- Solids have a definite shape and volume (as it is difficult to compress or
extend a solid).
c- Molecules of solids can vibrate to-and-fro about a fixed position (zero
resultant force position) alternately attracting and repelling one another.
d- The amplitude of molecular vibrations increases on heating.
2. LIQUID: Liquids have the following properties:
a. The attractive forces between molecules in liquids are not strong enough to
give the liquid a definite shape, so it takes the shape of its container.
b. Intermolecular spaces are wider than in solids.
c. Molecules are vibrating to-and-fro attracting and repelling one another (or:
sliding over each other). In the same time the liquid molecules can move
freely among one another (i.e. exchanging their places) in all directions.
d. Rise of temperature causes the molecules to move faster, leading to expansion
of liquid.
3. GAS: Gases have the following properties:
a- The gas has no regular shape.
b- The intermolecular forces are negligible; consequently, the gases have very
large intermolecular spaces.
c- The molecules in gases move freely in all directions (i.e. randomly).
d- The speed of gas molecules are very high, colliding with one another or to the
walls of the containing vessel, producing a pressure.
e- A gas is perfectly free to expand and completely fill the containing vessel.
f- Rise in temperature of the gas increases its kinetic energy. Also, the collision
with the walls increases, so that the gas pressure increases.

Property

Solid

Liquid

Volume

Definite

Definite

Shape

Definite

Density
Expansion when
heated
Effect of applied
pressure
Movement of
particles

High
Low
Very
Slight
Very
slow

Takes up shape of
bottom of container
Medium
Medium
Slight decrease in
volume
Medium

1

Gas
Variable – expands or
contracts to fill container
Takes up the shape of the
whole container
Low
High
Large decrease in volume
Fast
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14-1 FLUIDS, DENSITY, AND PRESSURE
Density: In a fluid, the density is defined as the mass per unit volume. If a mass m of
homogeneous material has volume V, the density  is

density =

mass
,
volume

m
,
V

( = greek letter "rho" )

(14.1)

The SI unit of density is the kilogram per cubic meter ( kg m3 ). The cgs unit, the
3

gram per cubic centimeter ( g / cm ), is also widely used.


Example: Calculate the density of water at 4 C
1 gram
1 kg
100 cm
Answer:
water 4 C
3
3
cm
10 gram
1m
Material
Density kg / m3

water
103

air
1.21

Iron
7.9 103

3

Pb
11.9 103

103

kg
,
m3

Al
2.7 103

Cork
?

Sometimes instead of density we use the term “relative density” or “specific gravity”
which is defined as :
Density of body
relative density = RD
Density of water 4 C
water
Material
Iron Pb
Al Cork
relative density 7.9 11.9 2.7 ?
 Specific gravity is a poor term, since it has nothing to do with gravity; relative
density would have been better.
Example: A living room has floor dimensions of 3.5 m and 4.2 m and a height of 2.4
m. Calculate the weight of the air with pressure is 1.0 atm.
Answer:

2

Prof. Dr. I. Nasser

Chapter14-Lectute1

December 14, 2017

Fluid Pressure:
Consider a small surface of area dA centred on a point in the fluid; the normal force
exerted by the fluid is dF (Fig 14.3). We define the pressure p at that point as the
normal force per unit area
dF
p 
dA
If the pressure is the same at all points of a finite plane surface with area A, then
F
p 
A
F
where  is the net normal force on one side of the surface. The SI unit of pressure is
the Pascal, where
1 Pascal  1 Pa  N/m2

----------------------------------------------------

3

Prof. Dr. I. Nasser

Chapter14-Lectute1

December 14, 2017

Example: An elephant weighing 40000 N stands on
one foot of area 1000 cm2 . What is the pressure
1
exerted on the ground? [Hint: 1 cm2 
m2 ]
10000
Answer:
F 40000

 400000 pa
A
0.1
----------------------------------------------Example: What is the pressure exerted by a girl
weighing 400 N standing on one stiletto heel of area
1.0 cm2 ?
Answer:
p

p

F
400

 4000000 pa
A 0.0001

What is your comments?
-------------------------------------------------------------------Example: Consider a bucket of water. What is the pressure at the
bottom of the bucket due to the weight of the water?
Answer:
F
weight
mg
p =
A
A
A
Will now show that
p = gh
mg
Vg
(A h) g
m
p
gh
m
V,
A
A
A
V
More generally, p
g h , where h is the change in the depth below the
surface of the water. This derivation assumes that density  = constant, which it is for
the case of water, because water is incompressible.
---------------------------------------------------------------------------
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14-2 FLUIDS AT REST
Atmospheric pressure p0 , the gaseous envelope surrounding
the earth is called the earth's atmosphere and the pressure
exerted by the atmosphere is called atmospheric pressure. This
pressure varies with weather changes and elevation. Normal
atmospheric pressure at sea level is 1 atmosphere (atm),
defined as follows:

( p0 )av  1 atm  1.01105 Pa = 760 torr  14.70 lb in 2

Example: Calculate the magnitude of the atmosphere’s downward force on the top of
your head, which we take to have an area of 0.040 m2.
Answer:

This large force is equal to the weight of the air column from the top of your head to
the top of the atmosphere.
----------------------------------------------------------[1] If p0 is the atmospheric pressure then for a point at depth h below the surface of
a liquid of density  , hydrostatic pressure p is given by:
p  p0   gh
(pressure at depth h)
(14-8) .
P0



h
P

[2] Hydrostatic pressure depends on the depth of the point below the surface (h),
nature of liquid (  ) and acceleration due to gravity (g) while it is independent of
the amount of liquid, shape of the container or cross-sectional area considered. So
if a given liquid is filled in vessels of different shapes to same height, the pressure
at the base in each vessel's will be the same, though the volume or weight of the
liquid in different vessels will be different.

(A)

(B)

(C)

PA  PB  PC but W A  WB  WC
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[3] In a liquid at same level, the pressure will be same at all points, if not, due to
pressure difference the liquid cannot be at rest. This is why the height of liquid is
the same in vessels of different shapes containing different amounts of the same
liquid at rest when they are in communication with each other.

 Remember: The pressure at a given depth is the same regardless of the shape of
the container.

The pressure at A, B, C, D and E are the same

[4] Gauge pressure: The excess pressure above atmospheric pressure is called
gauge pressure. In other words, the pressure difference between hydrostatic
(total) pressure p and atmospheric pressure p0 is called gauge pressure.
gauge pressure  p  p0   gh
----------------------------------------------------------------------Example.
If pressure at half the depth of a lake is equal to 2/3 pressure at the
bottom of the lake then what is the depth of the lake?
Solution :

Pressure at bottom of the lake = P0  hg and pressure at half the depth
h
2

of a lake  P0  g
According to given condition
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1
2
1
1
P0  hg  ( P0  hg )  P0  hg
3
6
2
3

 h

2 P0
2  10 5

 20 m .
g
10 3  10

----------------------------------------------------------------------------------------Example.
A U-tube in which the cross-sectional area of the limb on the left is one
quarter, the limb on the right contains mercury (density 13.6 g/cm3).
The level of mercury in the narrow limb is at a distance of 36 cm from
the upper end of the tube. What will be the rise in the level of mercury
in the right limb if the left limb is filled to the top with water?

Solution :

If the rise of level in the right limb be x cm. the fall of level of mercury
in left limb be 4x cm because the area of cross section of right limb 4
times as that of left limb.
 Level of water in left limb is (36 + 4x) cm.
Now equating pressure at interface of mercury
and water (at A' B')

(36  4 x )  1  g  5 x  13 .6  g
By solving we get x = 0.56 cm.
---------------------------------------------------------------------Notes and summary
1- Pressure acts in all directions.
2- Pressure increases with depth. The deeper into a liquid, the
greater the weight of liquid above and the higher the
pressure.
3- Pressure depends on the density of the liquid.
4- Pressure does not depend on the shape, or the area, of the
container holding the liquid.
5- The pressure exerted on us by the atmosphere is about
10⁵(N/m²). Fortunately, the pressure inside our bodies is
equal to this value, so we are not crushed.
6- When you travel up a hill quickly in a car, the outside air pressure drops as you
rise up through the atmosphere and you experience a popping sensation in your
ears.
7- At high altitude, for example in an airplane, nose-bleeding may occur due to
the greater excess pressure of the blood.
8- It should be noted that the pressure, for example, within a lake is not just the
pressure due to water. We must add the pressure exerted by the atmosphere on
the lake's surface.
7
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pa  the atmospheric pressure

9- Dams are designed so that their thickness increases with depth because they
have to withstand a much higher pressure from the water at the bottom of a
lake.
----------------------------------------------------------------------Example: A uniform U-tube is partially filled with water.
Oil, of density 0.75 g/cm3, is poured into the right arm
until the water level in the left arm rises h1 = 3.0 cm (see
Figure). The length of the oil column (h) is then:
Answer:

PL  PR   water gh1  oil gh

h

 water
1.0 g/cm3
h1 
 3  4.0 cm.
oil
0.75 g/cm3

-----------------------------------------------------------------------Example: A U-tube of constant cross sectional area, open to the
3

atmosphere, is partially filled with Hg (ρ =13.6 g/cm ). Water (ρ =1.00
Hg

w

3

g/cm ) is then poured into both arms. If the equilibrium configuration of
the tube is as shown in the Figure with h3= 1.00 cm, determine the value
of h1. (Note that h1, h2 and h3 are not drawn to scale).
Answer: At the bottom of h3 , the pressure at the left side will be equal to
pressure at the right side, we can have:

po  w g (h1  h2  h3 )  po  w gh2  Hg gh3

  Hg   w
 h1  
w



 13.6  1 
 h3  
1  12.7 cm.
1




---------------------------------------------------------------
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Extra problems

----------------------------------------------------------------------------------

----------------------------------------------------------------------
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Example: An open-tube mercury manometer (see figure) is connected to a
gas tank. What is the absolute pressure of the gas if h = 0.60 m and a nearby
mercury barometer reads 76 cm-Hg? Density of mercury
 Hg =13.6 103 Kg/m3 .
Answer:

po  p   Hg gh 

p  po   Hg gh  1.01105  13.6 103  9.8  0.6  2.1 104 Pa
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14-4 PASCAL’S PRINCIPLE
Pascal's law: state that:
“If gravity effect is neglected, the pressure applied to an enclosed fluid is transmitted equally
(undiminished) to every portion of the fluid and the walls of the containing vessel.”
In other words, If gravity effect is neglected, the pressure at every point of liquid in equilibrium
of rest is same.

Working of hydraulic lift
The hydraulic lift shown schematically in Fig. (14.8) illustrates Pascal's law. A piston with small
cross-sectional area A1 exerts a force F1 on the surface of a liquid such as oil. The applied pressure
is transmitted through the connecting pipe to a larger piston of area A 2 . The applied pressure is
the same in both cylinders, so
F
F
A
p 1  2
so F2  2 F1
(14.13)
A1 A2
A1

Examples: The hydraulic lift is a force- multiplying device with a multiplication factor equal to
the ratio of the areas of the two pistons. Dentist's chairs, car lifts and jacks, many elevators, and
hydraulic brakes all use this principle.
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Comments:
i-

2
Expressing the area as A   r    d / 2  , where r is the radius of the piston. One
2

2

finds:
ii-

2

r 
d 
F2   2  F1   2  F1 ,
 r1 
 d1 

d is the diameter of the piston.

The volume of displaced liquid in both limbs is the same. So,
A2
V1  V2  A1 1  A2 2 
 1
A1
2

Consequently,

F2 

1

F1

(14.14)

2

 “With a hydraulic lever, a given force applied over a given distance can be transformed to a
greater force applied over a smaller distance.”
--------------------------------------------------------------Example: If you push on the smaller piston ( A1 = 0.01 m²) with a force of 12 N, how much force
is on the larger piston ( A2 = 0.1 m²)?
Answer: Since the pressure is the same on both areas, then

F1 F2
F
12


 2  F2  120 N
A1 A2
0.01 0.1
---------------------------------------------Example: A hydraulic press has one piston of diameter 2.0 cm and the
other piston of diameter 8.0 cm. What force must be applied to the
smaller piston to obtain a force of 1600 N at the larger piston?
F F
Answer: Use the ratio: s  L , then
As AL
2

d 
F
FL
2
2
Fs  L As 
  d s / 2   FL  s   1600    100 N
2
AL
8
  d L / 2
 dL 
2

-------------------------------------

2

Prof. Dr. I. Nasser

Chapter14_II

December 15, 2017

14-5 ARCHIMEDES’ PRINCIPLE
Buoyancy is a familiar phenomenon: A body immersed in water seems to weigh less than when
it is in air. When the body is less dense than the fluid, it floats. The human body usually floats in
water, and a helium-filled balloon floats in air. Archimedes's principle states:
“When a body is completely (or partially) immersed in a fluid, the fluid exerts an upward force
on the body equal to the weight of the fluid displaced by the body”.
To prove this principle experimentally:
When a body is fully, or partially, submerged in a fluid a buoyant force Fb from the surrounding
fluid acts on the body. The force is directed upward and has a magnitude equal to the weight of
the fluid that has been displaced by the body.
m f = the mass of the fluid that is displaced by the body   f V f   f Vobject .
Wair = Actual weight (in air) ,

Wliquid = Apparent weight (in liquid)

Fb (Buoyant force)

mf g

Wair -Wliquid

Comments:
iThe volume of the displaced liquid = volume of the submerged object V  Vsub. object .
ii-

In case of floating Fb  mobject g , mobject is the mass of the object.

iii-

If V is the volume of a block, of density
then

 , and Vi  xV is the submerged volume,

x

3

 Vi


V
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Floatation.

Translatory equilibrium: When a body of density  and volume V is immersed in a liquid of density 
, the forces acting on the body are
Weight of body W  mg  Vg, acting vertically downwards through centre of gravity of the body.
Upthrust force = Vg acting vertically upwards through the centre of gravity of the displaced liquid
i.e., centre of buoyancy.
If density of body is greater than that of
liquid   

If density of body is equal to that of
liquid   

If density of body is lesser than that of
liquid   

Weight will be more than upthrust so
the body will sink

Weight will be equal to upthrust so
the body will float fully submerged
in neutral equilibrium anywhere in
the liquid.

Weight will be less than upthrust so
the body will move upwards and in
equilibrium will float partially
immersed in the liquid Such that,
W  Vin g  V g  Vin g

V  Vin Where Vin is the
volume of body in the liquid

Important points
(i) A body will float in liquid only and only if   
(ii) In case of floating as weight of body = upthrust
So W App = Actual weight – upthrust = 0
(iii) In case of floating Vg  Vin g
So the equilibrium of floating bodies is unaffected by variations in g though both thrust and weight
depend on g.

-----------------------------------------------------Note:
1- When a balloon floats in equilibrium in air, its weight (including the gas inside it) must be
the same as the weight of the air displaced by the balloon.
2- A fish's flesh is denser than water, yet a fish can float while submerged because it has a gasfilled cavity within its body. This makes the fish's average density the same as water, so its
net weight is the same as the weight of the water it displaces.
3- When you swim in sea water (density is higher), your body floats higher than in fresh air
(density is lower).
-----------------------------------------------------------
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Example1: A solid sphere has actual weight of 10 N. When it is suspended from a spring scale
and submerged in water, the scale reads 6.0 N. What is the radius of the solid sphere?
Fb  Wair  Wliquid  10  6  4 N
Answer:
But
Fb  Weight of the displaced liquid = m f g   f V f g   f Vsphere g  4 N

 Vsphere 

4
10  9.8
3

 4.1104 m3

Using
Vsphere   r 3
4
3

 r  4.6 cm

-----------------------------------------------------------------Example2: A block of wood of specific gravity 0.8 floats in water. What fraction of the volume
of the block is submerged?
Answer: If V is the volume of the block and xV is the submerged volume, then

mg  Fb or Vg  w xVg so

x


 0.8
w

-----------------------------------------------------------------Example3: A 10 kg spherical object with a volume of 0.10 m3 is held in
static equilibrium under water by a cable fixed to the bottom of a water tank.
What is the tension T in the cable? (See the figure)
Answer: Since T  mg  Fb   V g , then
T  mg   V g  10  9.8   Vb g  98  1000  0.1 9.8  882 N

---------------------------------------------------------Example: A block of wood (ρ = 850 kg/m3) floats on water with
a 50.0 kg person standing on top of the block (see Figure). What
minimum volume, in m3, must the block have such that the top face
of the block will be just in level with the water surface?

Answer:
𝑏 = 𝑏𝑜𝑢𝑦𝑎𝑛𝑡, 𝑥 = 𝑤𝑜𝑜𝑑, 𝑝 = 𝑝𝑒𝑟𝑠𝑜𝑛, 𝑓 = 𝑤𝑎𝑡𝑒𝑟
𝐹𝑏 = 𝑊𝑥 + 𝑊𝑝

𝜌𝑓 𝑉𝑔 = 𝑚𝑥 𝑔 + 𝑚𝑝 𝑔
𝜌𝑓 𝑉 = 𝜌𝑥 𝑉 + 𝑚𝑝
⇒𝑉=

𝑚𝑝
50.00
=
= 0.333 𝑚3
𝜌𝑓 − 𝜌𝑥
1000 − 850

---------------------------------------------
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Extra problems
Q: A block of wood floats in fresh water with two-thirds of its volume V submerged and in oil
with 0.90 V submerged. Find the density of (a) the wood and (b) the oil.
Answer:
a) Let V be the volume of the block. Then, the submerged volume is Vs = 2V/3. Since the block is
floating, the weight of the displaced water is equal to the weight of the block, so
waterVs  blockV , where  water is the density of water, and block is the density of the block.
We substitute Vs = 2V/3 to obtain
block  2 water / 3  2(1000kg/m3 ) / 3  6.7 102 kg/m3



(b) If oil is the density of the oil, then Archimedes’ principle yields oil Vs = block V. We
substitute Vs = 0.90 V to obtain
oil  block / 0.9  7.4 102 kg/m3 .
--------------------------------------------------------------------------------Q: What is the area of the smallest cylinder slab of ice, 0.5 m thick
that will just support a man of mass 100 kg? The density of ice is
917 kg/m3 and the density of water is 103 kg/m3
Answer:
Mg  mg  Fb   water gV

Mg  ice gV  Fb   water gV ,

V  AR

Mg    water  ice  ghA

A

M
100

 2.41 m 2
 water  ice  h 1000  917  0.5

--------------------------------------------Q: A block of copper (Cu) with mass m = 400 g and density rCu = 8.9 g/cm3 is suspended by a
string while under water. How does the tension in the string compare to the weight of the copper
block?

Answer: Since the block is not moving, the net force on it is zero and we can write:
FT
FB
mg ( since | upward forces | = | downward forces | ). So we have
FT = mg – FB . We must now compute the magnitude of the buoyant force FB.
Archimedes says that FB is the weight of the displaced water = mwater g = water V g where V is
the volume of the displaced water = volume of the copper block. We get V from

6
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rwater V g
mg 1

rwater

rwater
rCu

m
g
rCu

mg 1

1
8.9

rwater
mg
rCu
0.89 mg

So the tension in the string is only 89% of the weight of the copper block. The buoyant force is
helping support the weight of the block, so the tension is less than the full weight of the block.

 This calculation can be turned around and used to compute the density of a block, given its
mass and the tension in the string. Legend has it that Archimedes used this technique to
determine the density of the king's crown (the king of Syracuse, a Greek colony in Sicily). The
king was worried that the crown was not pure gold, and Archimedes was able to show that the
density of his crown was considerably less than the density of gold ( Au = 19.3 g/cm3 ),
confirming the king's suspicion.

---------------------------------------------------
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-------------------------------------------------------Q: Two cubes made of Lead and aluminum, having the same
volume, are suspended at different depths in water by two wires,
as shown in Figure. Wire 1 is used for lead and wire 2 is used for
aluminum. If the densities are ρ(aluminum)= 2700 kg/m3 and
ρ(lead) = 11300 kg/m3, which of the following statements is
correct?

A)
B)
C)
D)
E)

The tension is larger in wire 1.
The tension is larger in wire 2.
The buoyant force is larger on the lead cube.
The buoyant force is larger on the aluminum cube.
The tension and buoyant force are the same for both cubes.

Answer:
A
Q: What fraction of an iceberg of volume Vtot is submerged under sea water (=Vsub / Vtot)?
(Take: ρice = 917 kg/m3, ρsea = 1.03 × 103 kg/m3.)

Answer:
FB = [Mice]g  ρseag(Vsub ) = [ρiceVtot ]g

 Vsub / Vtot =ρice/ρsea_water = 917/1030 = 0.89
---------------------------------------------------------------------Q: Determine the area “A” of a flat ice block 1.25 meter thick if it is to support a 2000-kg car
above seawater. See the figure below. (take: ρice = 920 kg/m3, ρsea = 1020 kg/m3.)

Ans:
FB = [Mice + Mcar]g  ρseag(Ah) = [ρice Ah + 2000]g
 A = 2000/[( ρsea - ρice)h]=16 m2
---------------------------------------------------------------
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Example:An object hangs from a spring balance. The balance indicates 30N in air and 20N
when the object is submerged in water. What does the balance indicate when the object is
submersed in a liquid with a density that is half that of water?
(Ans:
Fb = W − Wa
ρw Vg = 30 − 20
V=

10
ρw g

When in liquid
ρw
Vg = 30 − Wab
2

5

⇒ Wab = 30 −

ρw 10g
.
2 ρw g

= 25 N

-----------------------------------------------------------------(48) Figure 14-46 shows an iron ball suspended by thread of negligible
mass from an upright cylinder that floats partially submerged in water.
The cylinder has a height of h = 6.00 cm, a face area of. 12.0 cm2 on
the top and bottom, and a density of 0.30 g/cm3, and 2.00 cm of its
height is above the water surface. What is the radius of the iron ball?
Ans:
Let  be the density of the cylinder (0.30 g/cm3 or 300 kg/m3) and Fe
be the density of the iron (7.9 g/cm3 or 7900 kg/m3). The volume of
the cylinder is
Vc = (612) cm3 = 72 cm3 = 0.000072 m3,
and that of the ball is denoted Vb . The part of the cylinder that is submerged has volume
Vs = (4  12) cm3 = 48 cm3 = 0.000048 m3.
Using the ideas of section 14-7, we write the equilibrium of forces as
gVc + Fe gVb = w gVs + w gVb  Vb = 3.8 cm3
4
3

where we have used w = 998 kg/m3 (for water, see Table 14-1). Using Vb   r 3 we find r = 9.7
mm.
---------------------------------------------------
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Chapter14
Fluids
Summary of the given equations:
F
m
, p
, p
g h , p  p0   gh
A
V
2

(pressure at depth h) ,

2

r 
d 
A2
F1   2  F1   2  F1 
Pascal’s Principle: F2 
A1
 r1 
 d1 

1

F1

2

14-6 THE EQUATION OF CONTINUITY
Consider a fluid flowing through a tapered pipe:

The area of the pipe on the left side is A1, and the speed of the fluid passing through A1 is v1. As the
pipe tapers to a smaller area A2, the speed changes to v2. Since mass must be conserved, the mass of
the fluid passing through A1 must be the same as the mass of the fluid passing through A2. If the
density of the fluid is 1 , and the density of the fluid at A2 is  2 , the mass flow rate
dm
dV


 dm   dV   Adx  dt   dt   Av 



through A1 is 1 A1v1 , and the mass flow rate through A2 is

2 A2v2 . Thus, by conservation of mass,

1 Av
1 1  2 A2v2

This relationship is called the equation of continuity. If the density of the fluid is the same at all
points in the pipe, the equation becomes
Av
(Continuity equation)
(14.10)
1 1  A2v2
Remember:


 The product of area and the velocity of the fluid through the area is called the volume flow

dV

rate RV  dt  Av  constant .
dm

dV

 mass flow rate R  dt   dt   RV   Av
 Equation (14.10) shows that the volume flow rate has the same value at all points along any
flow tube. When the cross section of a flow tube decreases, the speed increases, and vice
versa.
 For circular pipe we have A   r 2 .
1

We can generalize Eq. (14.10) for the case in which the fluid is not incompressible. If 1 and  2 are
the densities at sections 1 and 2, then

1A1v 1  2 A2v 2

(continuity equation, compressible fluid) (14.11)

If 2  1 , the volume flow rate at point 2 will be less than at point 1 ( A2v2  A1v1 ).
------------------------------------------------------------------Example: In the figure, water flows through a horizontal pipe and
then out into the atmosphere at a speed v1 = 15 m/s. The diameters of
the left and right sections of the pipe are 5.0 cm and 3.0 cm.
(a) In the left section of the pipe, what are the speed v2?
(b) What volume of water flows into the atmosphere during a 10 min period?
Answer:
(a) The speed in the left section of pipe is
2

2

A 
d 
 3.0cm 
v2  v1  1   v1  1   15m s  
  5.4 m s.
 5.0cm 
 A2 
 d2 

(b) The volume of water (during 10 minutes) is
V   v1t  A1  15m s 10 min  60s min  



Check if you have: V   v1t  A1   v2t  A2
------------------------------------------------3
T132_Q20. Figure 5 shows volume flow rates (in cm /s) of a fluid
from all but one tube. Assuming steady flow of the fluid, find the
volume flow rate through the X tube and its direction.

0.03m
2

  6.4 m .
2

3

Answer:

in  +ve, out   ve, net flow rate = 0
 2  10  1  8  4  X  0
 X  1.

-------------------------------------------------------------------------T12_Q12. A bucket with 0.0189-m3 is to be filled through a pipe with 0.00780 m radius. If the water
flows through the pipe end with a speed of 0.610 m/s, how long does it take to fill the bucket
completely?
Answer

-----------------------------------------------------------------Example: Water is pumped out of a swimming pool at a speed of 5.0 m/s through a uniform hose of
radius 1.0 cm. Find the mass of water pumped out of the pool in one minute. (Density of water =
1000 kg/m3).
Answer:

R   RV  1000  v  A  1000  5.0    0.01  1.57 kg/s
2

 m  R t  1.57  60  94 kg.
Notice that R  is the mass flow =

dm
dt

 m  R t

-------------------------------------------------------------------------2

Example: Two streams merge to form a river. One stream has a width of 8.0
m, depth of 4.0 m, and current speed of 2.0 m/s. The other stream is 7.0 m
wide and 3.0 m deep, and flows at 4.0 m/s. If the river has a width of 10.0 m
and a speed of 4.0 m/s, what is its depth?
Answer:

A1v1  A2 v2  A3v3
(8)(4)(2)  (7)(3)(4)  (10)( h)
 h  3.7 m.

------------------------------------------------------14-7 BERNOULLI’S EQUATION
According to the continuity equation, the speed of fluid flow can vary along the paths of the fluid.
The pressure can also vary; it depends on the height and it also depends on the speed of flow. We
can derive an important relationship called Bernoulli's equation that relates the pressure, flow speed,
and height for flow of an ideal, incompressible fluid. Bernoulli's equation is an essential tool in
analysing plumbing systems, hydroelectric generating stations, and the flight of airplanes.
Recall that in the absence of friction or other non-conservative forces, the total mechanical energy of
a system remains constant, that is,
U1 + K1 = U2 + K2
mgh1 + ½ mv12 = mgh2 + ½ mv22
Bernoulli’s principle states that “the total pressure of a fluid along any tube of flow remains
constant”. Consider a tube in which one end is at a height h1 and the other end is at a height h2:

Let the pressure at h1 be p1 and the speed of the fluid be v1. Similarly, let the pressure at h2 be p2 and
the speed of the fluid be v2. If the density of the fluid is , Bernoulli’s equation is
1
1
p1   gh1   v12  p2   gh2   v22
(14.17)
2
2
1
p   gy  v 2  constant (14.18)
2
 This equation states that: the sum of the pressure at the surface of the tube, the dynamic pressure
caused by the flow of the fluid, and the static pressure of the fluid due to its height above a
reference level remains constant.
 Note that if we multiply Bernoulli’s equation by volume, it becomes a statement of conservation
of energy.
 If a fluid moves through a horizontal pipe (h1 = h2), the equation becomes
1
1
p1   v12  p2   v22
(14.19)
2
2
This equation implies that the higher the pressure at a point in a fluid, the slower the speed, and viceversa. The equation of continuity and Bernoulli’s principle are often used together to solve for the
pressure and speed of a fluid, as the following review questions illustrate.
-------------------------------------------------------3

Example: A large tank open to atmosphere is filled with water.
figure shows this tank with a stream of water flowing through a hole
to atmosphere) at a depth of 4.00 m. The speed of water, v2, leaving
is:
Answer:

The
(open
the hole

p1 + ½ ρv12+ρgy1 = p2 + ½ ρv22+ρgy2;
where p1 = p2 = patm, y1-y2 = 4 m, v1 ≈ 0
v  2 g (y1  y2 )  2  9.8  4.0  8.85 m/s.

-----------------------------------------------------T122_Q25. Water flows through a horizontal pipe of varying cross section, as shown in Figure 6, with A =
1

2

2

10.0`cm and A2 = 5.00`cm . The pressure difference between the two sections is 300`Pa. What is the water
speed at the left section of the pipe?
Answer:

---------------------------------------------------------------------T121_Q24. Water flows through a pipe as shown in Figure 9. The speed of water is 4.0 m/s at point 1
and 10 m/s at point 2. Find the gauge pressure at point 2 if the gauge pressure at point 1 is 65 kPa.

Answer:

-----------------------------------------------------------------------4

Caution
Bernoulli's principle applies only in certain situation. We stress again that Bernoulli's equation is
valid for only incompressible, steady flow of a fluid with no viscosity. It's a simple equation that's
easy to use.
---------------------------------------------------------------------------------T33_Q25. Air flows over the upper surface of an aircraft’s wing at a speed of 135 m/s and under the
lower surface at a speed of 120 m/s. The total wing area is 28 m2. What is the lift on the wing? (Density
of air = 1.20 kg/m3)
Answer:

---------------------------------------------------------------------------------

Note that: v  1/ A.
(a) all tie; (b) 1, then 2 and 3 tie, 4 (wider means slower); (c) 4, 3, 2, 1 (wider and lower mean more pressure)

5

Extra Problems
(54) The water flowing through a 1.9 cm (inside diameter d0) pipe flows out through three 1.3 cm
pipes (d1 = d2 = d3 = 1.3 cm). (a) If the flow rates in the three smaller pipes (1, 2, 3) are: R1=26
L/min, R2=19 L/min, and R3=11 L/min, what is the flow rate R0 in the 1.9 cm pipe? (b) Find the
speed of water in each of the pipes (with diameters: d0, d1, d2, d3).
Ans:
2

2

 1.9 
 1.3 
4
2
4
2
A0   
  2.84  10 m , A1   
  1.33  10 m
2

100
2

100




3
3
26  10
19  10
11  103
R1 
 4.33  104 m 3 /s, R2 
 3.17  104 m 3/s, R3 
 1.83  10 4 m 3/s
60
60
60
4
3
(a) R0  R1  R2  R 3  9.33  10 m /s
(b) v0 

R0 9.33  104

 3.29m/s,
A0 2.84  104

v1 

R1 4.33  104

 3.26m/s,
A1 1.33  104

R2 3.17  104
v2 

 2.39m/s,
A1 1.33  104
R3 1.83  104

 1.38m/s
A1 1.33  104
-------------------------------------------------------------Example: A garden hose has an inner diameter of 16 mm. The hose can fill a 10 liter bucket in 20 s.
Find the speed of the water at the end of the hose (1 Liter = 10-3 m3).
Answer:
v3 

Rv  vA 

dV
dt

 10 103 
dV


20 

dt
 v 

 2.5 m/s.
2
A
  8 103





----------------------------------------------------------------------Example: In Fig. 14-49, water flows through a horizontal pipe and
then out into the atmosphere at a speed v1 = 15 m/s. The diameters of
the left and right sections of the pipe are 5.0 cm and 3.0 cm.
(a) What volume of water flows into the atmosphere during a 10 min
period?
(b) In the left section of the pipe, what are the speed v2?
(c) In the left section of the pipe, what are the gauge pressure?
Answer:
(a) The volume of water (during 10 minutes) is
2

V   v1t  A1  15m s 10 min  60s min     0.03m   6.4 m3.
4
(b) The speed in the left section of pipe is
2

2

A 
d 
 3.0cm 
v2  v1  1   v1  1   15m s  
  5.4 m s.
 5.0cm 
 A2 
 d2 
(c) Since p1  12  v12   gh1  p2  12  v22   gh2 and h1  h2 , p1  p0 , which is the atmospheric
pressure,

6









1
1
2
2
p2  p0   v12  v22 1.01105 Pa  1.0 103 kg m3 15m s   5.4 m s  


2
2
5
1.99 10 Pa  1.97 atm.
Thus, the gauge pressure is (1.97 atm – 1.00 atm) = 0.97 atm = 9.8 x 104 Pa.
------------------------------------------------------------Example: Water flows through a pipe as shown in the figure. At the lower elevation, the water’s
speed (vA) is 5.0 m/s and the gauge pressure (PA) is 7.5 × 104 Pa. Find the gauge pressure at the
higher elevation (PB). (Diameter at A = 6.0 cm, diameter at B = 4.0 cm and the elevation of B
relative to A is 2.0 m)

Answer:
Apply the continuity equation
2

A 
3
 v A A  v B B  v B   v A    5  11.25 m/s.
B 
2
Apply the Bernoulli’s equation
1
1
PA  v A2   g (0)  PB  v B2   g (2)
2
2
1
2
 PB  PA   52  11.25     9.8(2)

2 
1
 7.5  104   1000(101.6)  1000  9.8  2  4.6 103 Pa.
2
1000 50.819.6 

-----------------------------------------------------Example:
Figure 14-56 shows a siphon, which is a device for removing liquid
from a
container. Tube ABC must initially be filled, but once this has been
done,
liquid will flow through the tube until the liquid surface in the container
is level
3
with the tube opening at A. The liquid has density 1000 kg/m and
negligible viscosity. The distances shown are h1 = 25 cm, d = 12 cm,
and h2
= 40 cm.
(a) With what speed does the liquid emerge from the tube at C?
(b) If the atmospheric pressure is 1.0 x 105 Pa, what is the pressure in
the
liquid at the topmost point B?
Answer:
(a) We consider a point D on the surface of the liquid in the container, in the same tube of flow with
points A, B and C. Applying Bernoulli’s equation to points D and C, we obtain
1
1
pD   vD2   ghD  pC   vC2   ghC
2
2
which leads to

7

vC 

2( pD  pC )



 2 g (hD  hC )  vD2  2 g (d  h2 )

where in the last step we set pD = pC = pair and vD/vC = 0. Plugging in the values, we obtain
vc  2(9.8 m/s2 )(0.40 m  0.12 m)  3.2 m/s.

(b) We now consider points B and C:
1
1
pB   vB2   ghB  pC   vC2   ghC .
2
2
Since vB = vC by equation of continuity, and pC = pair, Bernoulli’s equation becomes
pB  pC   g (hC  hB )  pair   g (h1  h2  d )
 1.0 105 Pa  (1.0 103 kg/m3 )(9.8 m/s2 )(0.25 m  0.40 m  0.12 m)
 9.2 104 Pa.

------------------------------------------------------------

in  +ve, out   ve, net flow rate = 0
 4  8  5  4  2  6  X  0
 X  13.
-------------------------------------------------------------------T33_Q25. Air flows over the upper surface of an aircraft’s wing at a speed of 135 m/s and under the
lower surface at a speed of 120 m/s. The total wing area is 28 m2. What is the lift on the wing? (Density
of air = 1.20 kg/m3)
Answer:

----------------------------------------------------------------------

8

T112_ Q13. A glass tube has several different cross-sectional areas with the values indicated in the
Figure 6. A piston at the left end of the tube exerts pressure so that mercury within the tube flows
from the right end with a speed of 8.0 m/s. Three points within the tube are labelled A, B, and C.
What is the total pressure at point A? Atmospheric pressure is 1.01 × 105 N/m2; and the density of
mercury is 1.36 × 104 kg/m3.

Answer

---------------------------------------------------------------------------3
3
T113_Q25. A liquid of density 1.00 × 10 kg/m flows through a horizontal pipe that has a cross−2 2
−2 2
sectional area of 2.00 × 10 m in region A and a cross-sectional area of 10.0 × 10 m in region
3
B. The pressure difference between the two regions is 10.0 × 10 Pa. What is the mass flow rate
between regions A and B?
Answer

9

----------------------------------------------------------T121_Q25. Water pours into a very large open tank at a volume flow rate of Q (Figure 10). The
tank has an opening at the bottom. The area of this opening for the water level in the tank to be
maintained at a fixed level H is given by:

Answer:

10

---------------------------------------------------T131_Q21. Water flows smoothly in a horizontal pipe. Figure 9 shows the kinetic energy K of a
water element as it moves along the x-axis that runs along the pipe. Rank the numbered sections of
the pipe according to the pipe radius, smallest first.

Answer:
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Fluid Flow (free reading)
An ideal fluid is a fluid that is incompressible (that is, its density can't change) and
has no internal friction (called viscosity). Liquids are approximately incompressible in
most situations, and we may also treat a gas as incompressible if the pressure
differences from one region to another are not too great.
The path of an individual particle in a moving fluid is called a flow line. If the overall
flow pattern does not change with time, the flow is called steady flow.
A streamline is a curve whose tangent at any point is in the direction of the fluid
velocity at that point.
We will consider only steady-flow situations, for
which flow lines and streamlines are identical.
The flow lines passing through the edge of an
imaginary element of area A (Fig.14.19) form a
tube called a flow tube. From the definition of a
flow line, in steady flow no fluid can cross the
side walls of a flow tube; the fluids in different
flow tubes cannot mix.

Figure 14.20 shows patterns of fluid flow from left to right around a number of
obstacles. These patterns are typical of laminar flow, in which adjacent layers of
fluid slide smoothly past each other and the flow is steady. At sufficiently high flow
rates, or when boundary surfaces cause abrupt changes in velocity, the flow can
become irregular and chaotic. This is called turbulent flow (Fig. 14.21). In turbulent
flow there are no steady-state pattern; the flow pattern changes continuously.

1

