Université d'Ottawa | University of Ottawa

Chapter 12

*  Fluid mechanics

Michael Wong — PHY 1122 Spring 2023

PHY 1122 - Fundamentals of Physics 11
—
https://uottawa.brightspace.com/d2l/home UOttawa




Université d'Ottawa | University of Ottawa

Learning Goals

e Density of a material (density of a body)
e Pressure in a fluid

e Buoyancy force and Archimedes’ principle
e Fluid Flow (dynamics...ish)

— Continuity equation
— Bernouilli’s equation
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Background

Introduction

e This chapter will focus on the physics of fluids A

such as liquids and gases and the forces that
act on them.

-
_r

e We will study concepts such as density,

.y THRUST
pressure, buoyanc statics) and
' vancy, ( ) WEIGHT

flow (dynamics).

e Example, how does an airplane stay in the air?
— Engine propels it forward at high speed.
— Air flows rapidly over the wings which throws air to the ground.
— This generates an upward force called "“lift” that overcomes the plane’s weight.
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Gases, liquids, and density

e A fluid is any substance that can flow and change the shape of the volume that
it occupies (gases and liquids can do this).

— Liquids have cohesion, gases do not.

e The density of a material (fluid or solid) is defined as its mass per volume
(volumetric mass density):

_m
P=Y

typically measured in kg/m3 (SI units).
e Metals are typically more dense than liquids.
(3 —10 x 103 kg/m® compared to ~1 x 103 kg/m?3)

— Some solids have low density like styrofoam.
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Pressure in a fluid

e A fluid exerts a force perpendicular to any surface in contact with it, such as a
container wall or a body immersed in the fluid.

e Consider a small surface of area dA within a fluid at rest.

A small surface of area

e The pressure p at any point on the surface is: dA within a fluid at rest
_dF,|
P = dA e
with unit pascal (1 Pa=1N/m?). | =
. . ——-—» |
If the pressure is the same at all points: dF, - : dfi
_ FJ_ 3 Ty
p - A 5

PHY 1122 - Fundamentals of Physics 11



Université d'Ottawa | University of Ottawa

Section 12.2

Pressure and depth

e As you go deeper into fluid, the weight of the fluid cant be ignored when
calculating pressure.

e A simple equation to calculate the pressure at a certain depth in a fluid is:
P =Ppo t pgh

The pressure at the top of each liquid
column is atmospheric pressure, p.

where p, is the pressure at the surface.

e This tells us that if we increase the
pressure p, at the surface then the
pressure increases inside the fluid
proportionally (Pascal’s law).

The pressure at the bottom of each liquid

column has the same value p.
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Pascal’s law

e Pascal’s law describes what we just realized:

Pressure applied to an enclosed fluid is transmitted
undiminished to every portion of the fluid and the walls
of the containing vessel.

e Consider the hydraulic lift.

— A piston exerts a force F; on a small area A4;.
The applied pressure p = F; /A, is transmitted
to the other piston with area A,.

Fl FZ AZ
- == F,=—2F
A, 4, T a

p
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Section 12.2 /

A small force is applied to a small piston.

Because the pressure p is the
same at all points -

at a given
height in ;
the fluid ... -
% r*; F
pAl < pA2
g/ ;':
. J

... a piston of larger area at the same
height experiences a larger force.
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Ex. 12.4 - A tale of two fluids

e A manometer tube is partially filled with water. Oil (which does not mix with
water) is poured into the right arm of the tube until the oil-water interface is at
the midpoint (center) of the tube as shown in the figure. Both arms of the tube
are open to air. Find a relationship between the heights h,; and h,, e

Ie. Which height will be higher?

Ie. The drawing shows h,;; > h,, - P,
is this correct? - T
ke P Z“Pwa’rer Po(l'{'.{
* Note: pyqrer = 10005 0 [ hwater”
kg Z Z i
Poit = 850; ’/%K M
Z Z

PHY 1122 - Fundamentals of Physics 11



_ niversité d’'Ottawa | University of Ottawa _
Section 12.3

Buoyancy

e A body immersed in water seems to weigh less than when it is in air. If a body is
less dense than the fluid, it floats.
(Eg. human body in water, helium balloon in air)

e These are examples of buoyancy as described by Archimedes’s Principle:

When a body is completely or partially immersed in a fluid, _— s,
the fluid exerts an upward force on the body equal to the m

weight of the fluid displaced by the body. }\/ L/
e The upward force is called the buoyant force on the body. \\//
\ Water )
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Section 12.3 '°

Diagram of Archimedes’s principle

e For both an arbitrary element of fluid or a solid body with the same size/shape
in equilibrium, an upward force must balance the downward gravitational force.

(a) Arbitrary element of fluid in equilibrium

The forces on the
fluid element due
to pressure must
sum to a buoyant
force equal in
magnitude to the
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element’s weight.

(b) Fluid element replaced with solid body
of the same size and shape

= ——>

The forces due to
pressure are the
same, so the body
must be acted upon
by the same buoyant
force as the fluid
element, regardless
of the body’s weight.
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Ex. 12.5 - Buoyancy Force

e A 15.0 kg solid gold statue is raised from the sea bottom. What is the tension in
the hoisting cable when the statue is
(a) at rest and complete underwater and
(b) at rest and completely out of the water?

(a) Immersed statue in equilibrium  (b) Free-body diagram of statue
¥

e This problem shows us how to calculate the AT

buoyancy force:

B =pVg
a X

e Notes:

Pgota = 19.3 x 103 kg/m?

P = 1.03 x 103 kg/m3

Pair = 1.2 kg/m3 mg = 147N

PHY 1122 - Fundamentals of Physics 11




_ niversité d'Ottawa | University of Ottawa _
Section 12.4

Fluid flow

e The path of an individual particle in a moving fluid is called a flow line.

e During steady flow, the overall flow pattern doesn’t change so every element
that passes through a given point follows the same flow line.

e During steady flow, no fluid will cross the side walls of a given flow tube.

e Laminar flow describes a smooth flow.

Turbulent flow describes a chaotic

or erratic pattern of flow.

Area A Flow lines

Flow tube
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The continuity equation

e Consider the figure where we have a flow tube that changes cross-sectional
area.

e At area A, the speed of fluid flow is v; and similarly we have
speed v, for area A,.

e Since the mass of the fluid does not change during flow,
we can express the areas and speeds as:
A1v; = Ayv,
where Av is called the volume flow rate (= dV/dt).

e It's simple to see that if we decrease the cross-sectional
area, we can increase the speed of flow (think of a syringe).
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Section 12.4

The continuity equation in action .

falls, its flow

: i : speed v
e The syringe is one demonstration ol Y
of the continuity equation. . vl* |
: ! » - andthe
_ _ | . stream’s
e Another is the stream of a thick : { cross-suciiomnl
liquid like honey or molasses. i areaA
3 : decreases.
e Near the spoon, the velocity of the honey is low :
but as it falls, the velocity increases. .

e Accordingly, the cross-sectional area of the
honey stream will decrease.
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Bernouilli’s equation

e In order to analyze more complicated fluid flow
(important for most engineers), we need to relate the
density, pressure, flow speed, and height of flow. The
relation of these properties is Bernouilli’s principle.

e Bernouilli’s equation describes all these properties.

— Derived from the work-energy theorem applied
to a fluid.

e The equationis: [p + pgy + %pvz = constant

for an ideal, incompressible fluid.
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Ex. 12.7 — Water pressure at home

e Water enters a house through a pipe with
ID = 2.0 cm and pressure of 4.0 x 10> Pa.
An ID = 1.0 cm pipe leads to second floor
bathroom 5.0 m above.

' To second &1
e When the flow speed at the inlet pipe is t‘?lo.gtcmpipe')
1.5 m/s, what is:
(a) flow speed, Joll
(b) pressure, S ¢
(c) and volume flow rate 1\\\\
in bathroom? S

metler

Hot-water I From water
tank = supply
(2.0-cm pipe)
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Example: Lift on an airplane wing

e Bernoulli’s principle helps to explain how airplanes fly.

Flow lines are crowded together above the wing, so
flow speed 1s higher there and pressure 1s lower.

E v

S

i ST pi
i Pt

A

Equivalent explanation: Wing imparts a
net downward momentum to the air, so

PHY 1122 — Fundament: reaction force on airplane is upward.
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