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Phases of matter

gas
‘ ve:;».m melting
B e
solid solidification

> solid = has definite shape and size
> liquid = has fixed volume but can be any shape

> gas=  can be any shape and also can be easily compressed

Liquids and gases both flow and are called fluids
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Density and Specific Gravity

Density P of an object is its mass per unit volume:

’OZV

ST unit for density is kg/m”

Water at 4° C' has a density of 1g/cm”® = 1.000 kg/m?

Specific gravity of a substance W ratio of its density to that of water
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Densities of selected substances

105

Osmium, 22.5 x 103

Gold, 19.3 x 103
— / Mercury, 13.6 x 103

Lead, 11.3 x 103

L ITHI]

104 Copper, 8.93 x103

Iron, 7.96 x 103

Earth (average), 5.52 x 103
Cement, 2.7-3.0 x 103

- Aluminum, 2.70 x 103

| LTI

Glass (common), 2.4-2.8 x 103

Bone, 1.7-2.0 x 103

Brick, 1.4-2.2 x 103

Seawater, 1.025 x 103

Water, 1.00 x 103
\"\. Ice, 0.92 x103
\\"— Alcohol (ethanol), 0.806 x 10
\ " Gasoline, 0.68 x 10

- Wood (0ak), 0.6-0.9 x 103

103
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3
3

kg/m3 102

-
3

LTI

10—
1 - Air, 1.293
— Steam, 0.6 (100°C)
Helium, 0.1786
01 — Hydrogen, 0.08994

M solid; M liquid; M gas

Density values exceed five orders of magnitude
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Pressure

Pressure = force applied perpendicular to surface of an object
per unit area over which that force is distributted

P =F/A

Pressure is a scalar

Units of pressure in SI system are pascals

2
1 Pa=1N/m
Force i1s distributed over Force i1s directed to one
a wider area: Lower pressure point: Higher pressure
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Pressure in Fluids
For fluid at rest

1- Pressure is same in every direction in a fluid at a given depth
if it were not fluid would flow

2- There is no component of force parallel to any solid surface

again = if there were fluid would flow

Luis Anchordoqui

Thursday, November 4, 21 7



Pressure in Fluids (cont’d)

Pressure at depth i below surface of liquid

is due to weight of liquid above it

=

We can quickly calculate :

P =mg/A = pgh

/

This relation is valid for any liquid whose density does not change with depth
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Pressure in Fluids (cont’d)

To a good approximation liquids can be considered incompressible

- Gases on other hand are very compressible
‘ PA and density can vary significantly
i [T TSy % Ah
mg‘ Forces on a thin slab of fluids
(shown as a liquid but it could instead be a gas)
(P+ AP)A

We assume fluid is at rest so net force on slab is zero

(P 4+ AP)A — PA — pAAhg = 0
AP = pgAh
p =~ constant over Ah
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Atmospheric Pressure and Gauge Pressure

At sea level atmospheric pressure is about
Pt = 1.013 x 10° N/m”
this is called one atmosphere (atm)

Another unit of pressure is bar:

1 bar = 1.00 x 10° N/m”

Standard atmospheric pressure is just over 1 bar

This pressure does not crush us
because our cells maintain an internal pressure that balances it
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Measurement of Pressure manometer

There are a number of different types of pressure gauges
P, atm

1 This one is an open-tube manometer

pressure measured

LLLILLLlLLlLLLlll
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-

Pressure in open end is atmospheric pressure

Pressure being measured will cause fluid
to rise until pressures on both sides at same height are equal
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Gauge Pressure

Most pressure gauges measure pressure above atmospheric pressure

this is called gauge pressure

Absolute pressure is sum of atmospheric pressure and gauge pressure

Scale
reading

)
o

Atmospheric
pressure |}

P — Patm —I— Pgauge - Spring

Pressure of
air in tire
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Measurement of Pressure Barometer

This is a mercury barometer

developed by Torricelli to measure atmospheric pressure

P=0
- Height of column of mercury is such that pressure
in tube at surface level is 1 atm
76 cm
P=1atm pressure is often quoted in millimeters of mercury
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Measurement of Pressure Barometer (Cont’d)

Any liquid can serve in a Torricelli-style barometer

but most dense ones are most convenient

% This barometer uses water 10.3m high!
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Pascal’s Principle

If an external pressure is applied to a confined fluid
pressure at every point within fluid increases by that amount

This principle is used in hydraulic lifts

Pows = P
Fous  Fin
Aot Ain
Fow  Aout
Fiy Ain

Quantity Fout/Fin is called mechanical advantage of hydraulic lift

For example if area of output piston is 20 times that of input cylinder

force is multiplied by a factor of 20
Force of 200 1b could lift 4,000 1b car

Luis Anchordoqui

Thursday, November 4, 21 15




Buoyancy and Archimedes’ Principle

Consider an object submerged in a fluid
There is a net force on object

because pressures at top and bottom of it are different

Buoyant force is found to be upward force on same volume of water

FB — F2 — F1 — ngA(hQ — hl)
h . — AAh
F PEF g
4 l,' &
Ah = hy— h — PF Vg
‘rz - g

2 Py

' mm————
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Archimedes principle
We can derive Archimedes’ principle in general

by following simple but elegant argument
Irregularity shaped object D shown in figure

is acted on by force of gravity and buoyant force

To determine buoyant force we next consider a body D' this time made of

fluid itself with shape and size of original object and located at same depth

You might think of this body of fluid as being separated from rest of fluid
by an imaginary membrane

i} /S W) S

(a) Ymi (b) ™8
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Archimedes principle (Cont’d)

Buoyant force on this body of fluid will be exactly same as that on original
object since surrounding fluid which exerts F is in exactly same configuration

Body of fluid D' is in equilibrium

Buoyant force is equal to weight of body of fluid whose volume
equals volume of original submerged object

T—= T

sl S s e TNV

(<

(a) Ymg (b) "®
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Buoyancy and Archimedes’ principle

Net force on object is then difference between buoyant force
F,, and gravitational force
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Buoyancy and Archimedes’ principle (cont’d)
For a floating object

fraction that is submerged
is given by ratio of object's density to that of fluid

Fg = pPrVisp1 8
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Fluids in Motion
Flow Rate and Equation of Continuity

If flow of fluid is smooth = it is called streamline or laminar flow ?
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Fluids in Motion
Flow Rate and Equation of Continuity

We will deal with laminar flow

Mass flow rate is mass that passes a given point per unit time

Flow rates at any two points must be equal

as long as no fluid is being added or taken away

This gives us equation of continuity
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Equation continuty

Consider a steady laminar flow of a fluid through an enclosed pipe

»{A/l

Mass flow rate = ——

At
Volume of fluid passing point 1 (that is through area A1) ina time At is

AV, = Ay All

Distance fluud moves in time A\t

Since velocity of fluid passing through point 1 is v = Al /At

I
Amy  p1AVE p1 A1 AL
At At At
H
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Eguation continuty (cont’d)
Amg
At

Similarly at point 2 flow rate is w

— ,OQAQUQ

Since no fluid flows in or out sides flow rates through A1and Ay must be equal

Aml Amg

At At

p1 A1 vy = pa Az v

If p = constant continuity equation becomes
Al U1 — AQ ()
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In humans w blood flows from heart into aorta
from which it passes into major arteries

These branch into small arteries (arterioles)
which in turn branch into myriads of tiny capilars

Blood returns to heart via veins

Radius of aorta is about 1.2 cm ,

Head

and blood passing through it has a speed of about 40 cm/s
A typical capilar has a radius of about 0.0004 cm

Heart

and blood flows through it at a speed of about 0.0005 m/s

A Body organs

Arteries
Veins

Estimate number of capillars that are in body

V = valves
¢ = capillaries
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2 2
VoA = v1 A1y = VaNTre,, = V1T 51¢a

2
<
v X Tgorta 9
N = 5 =7 x 10
Vo X Tcap
Vv = valves
¢ = capillaries
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Bernoulli’s equation
Consider a small parcel of air moving along a streamline

Parcel « ).L. into a region of reduced pressure

PA Tl (P+AP)A

Streamline / ol r =18 1 F " dt

A
F =PA—- (P+ AP)A = —AAP
Parcel is so small that AP can be accurately expressed using

differential approximation

AP dP dP
— = — AP = — A
Al dr iz~
Substituting
P
—Ad—Al = pAAZ@
dx o dt
dP = —padaj = —pvdv
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Bernoulli’s equation (Cont’d)

Integrating both sides

Po V2
/ dP = —p/ v dv
P4 V1

We obtain Bernoulli equation

1 1
P, — P = 5,0'0% — 5,0@3

or equivalently

1 1
Py + 5,01}% = P + 5,02}%
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Bernoulli’s equation (Cont’d)

A fluid can also change its height
By looking at work done as it moves we find:

1
P + = pv® + pgy = constant

2
- A,z -
Al AN Bernoulli's equation tells us that
»! - - | q
Y o ' as speed goes up = pressure goes down
|\ %
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Figure shows tropicdl storm Kafmna as observed by NASA's QuukS’GA:l‘ﬂ
sa?ell§e on Augu§1' 25 ~at+4:37 am in Florida
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Applications of Bernoulli’s Principle: Hurricanes
Pinside + §pvi2nside + PGdYinside = L outside + §pvgutside -+ PYYoutside
measurement taken @ same altitude
Yinside — Youtside
VUoutside ~ 0
storm Piside = 1.013 x 10° Pa
hurricane Piiige = 9.7 X 10* Pa ~ 0.96 atm
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Viscosity

Real fluids have some internal friction called viscosity
Viscosity can be measured

It is found from relation
FF=nA

l

coefficient of viscosity

MOVlIlg p]ate V ) I—» F

=  Velocity

R = gradient

z
z

— S~ P

Stationary plate
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Coefficients of Viscosity for Various Fluids
Fluid t, °C n, mMPa-s
Water 0 1.8

20 1.00

60 0.65
Blood (whole) 37 4.0
Engine oil (SAE 10W) 30 200
Glycerin 0 10,000

20 1,410

60 81
Air 20 0.018
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Coronavirus Airborne Transmission

Respiratory particles of all sizes containing the virus
World Health Organization convention

Droplets m diameter > 5 pm

Aerosols m diameter < 5 pm

"Two major questions of 2020 pandemic have been:

1) How long does it take for virus-containing droplet of given size
to fall to ground by gravity to potentially contaminate surface?

2) For given relative humidity = how much time does it take

for water evaporation to reduce virus-containing droplet
to size that leaves it floating in air for sufficiently long time
to allow direct transmission of virus to another person?

Answer to first guestion is easily obtained by simply eguating
grawvitational and Stokesian viscous forces on falling object

to obtain its terminal velocity
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Consider spherical particle of radius R moving with velocity v through air
aerodynamic drag force
Fstokes = 67777RU

air viscosity @ 25°(C = n =~ 1.86 X 10_8 g - ,um_l . S_1

counterbalanced by excess of gravitational attraction over air buoyancy force

4
Fg — Fb — gﬂ-RS(pHQO — pair)g
pHQO >> pair
pu,0 = 107 g/pm? g=9.8 x 10° pm/s?

terminal velocity

2 R? pu,0 g
Y

Uterminal —
9
mean time for particle to reach ground from height 2

9 1N <o
Tsed = =
sed 9 R2 PO ¢
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Evaporation rate of respiratory particles is proportional to exposed surface area

Time it takes for complete evaporation of pure water droplet/aerosol of initial radius Ry
2
RO
§(1 — Cru)
@ 25°C = § = 4.2 X 1O2ILLIH2/S CRH w relative humidity

Tev —

Mean time for dFOPth/&GI'OSOl of initial RO to shrink to Req — RO/S from water evaporation
2 2
R - RO o Req
t( eCl) ~ 1

§(1 — Cru)

Critical initial radius for which evaporation and settling times are equal
1/4

81 nzo&(1 — Eru)
16 pm,0 9
0.5 and 2o = 1.5 m = R{™ ~ 42 pm

t(Reg) = Tsed = RE™ =

FOI C RH

This means that droplets with radii > 42 um will fall to the ground before drying out
whereas droplets/aerosols with radii < 42 pum will remain floating in the air in a dry state
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Coronavirus Airborne Infection

L

| &

7 x 10 -5 2 X ](0)3

3 30 6 x 10+ 20 200

5 400 2 x 1073 8 30

10 3 x 103 7 % 103 ) 20

20 2 x 10* 3 x 102 0.5 5

5 . . doi:10.1056/NEJMc2007800
A a = 10° particles/min
3 doi:10.1073/pnas.2006874117
= —7TROCL b

3

Number of wvirions required for infection = unknown

b — 7 X 10_6 ViI‘iOHS/IumS doi:10.1038/s41586-020-2196-x
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Poiseuille’s Equation

Rate of flow in a fluid in a round tube depends on viscosity of fluid
pressure difference and dimensions of tube

Volume flow rate is proportional to pressure difference
inversely proportional to length of tube L
and proportional to fourth power of radius R of tube

7TR4(P1 — PQ)
8n L

Q) =
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If cholesterol build-up reduces diameter of an artery by 15%
what will be effect on blood flow?

le artery

4
Qﬁnal Qinitial Qﬁnal Rﬁnal 4
e = = = 0.85' = 0.52
Rﬁnal initial Qinitial initial

Flow rate is 52% of original value
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Turbulence: Reynolds Number

When flow speed of a fluid becomes sufficiently great
laminar flows breaks down and turbulence flow sets in

Critical speed above which flow through a tube is turbulent
depends on density and viscosity of fluid and on radius of tube

Flow of a fluid can be characterized
by a dimensionless number called Reynolds number

21 pU
Uy

Np =

Experiments have shown that

flow will remain laminar if Reynolds number is less than about 2000
and turbulent if it is greater than 3000
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Smoke from a burning cigarrete

//

At first
smoke rises in a regular stream
but simple streamline quickly becomes turbulent
and smoke begins to swirl irregularly
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