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Floveones]

Have a working knowledge of the basic properties of fluids and
understand the continuum approximation.

Have a working knowledge of viscosity and the consequences of the

frictional effects it causes in fluid flow.

Calculate the capillary rise (or drop) in tubes due to the surface
tension effect.
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* Property: Any characteristic of a system.

* Some familiar properties are pressure P,
temperature T, volume V, and mass m.

* Properties are considered to be either intensive
or extensive.

T oM<

* Intensive properties: Those that are
independent of the mass of a system, such as l
temperature, pressure, and density.

* Extensive properties: Those whose values | T %
depend on the size -or extent - of the system. THM | T Extensive
| . -
*  Specific properties: Extensive properties per ;v | 3V | | properties
unit mass. r , T
- | s
specific volume (v=V/m) P | P Intensive
| properties
specific energy (e=E/m) P l P
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Matter is made up of atoms that are widely
spaced in the gas phase. Yet it is very O, 1 atm, 20°C
convenient to disregard the atomic nature of a O
substance and view it as a continuous, P4
homogeneous matter with no holes, that is, a 3 x 10! molecules/mm?
continuum.

The continuum idealization allows us to treat
properties as point functions and to assume /
the properties vary continually in space with O VOID O
no jump discontinuities.

N

This idealization is valid as long as the size of
the system we deal with is large relative to the
space between the molecules.

This is the case in practically all problems.

In this text we will limit our consideration to
substances that can be modeled as a
continuum.
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The diameter of the oxygen molecule is about 3x101° m and its mass is
5.3x107%% kg. Also, the mean free path of oxygen at 1 atm pressure and 20°C
is 6.3x10® m.

That is, an oxygen molecule travels, on average, a distance of 6.3x10® m
(about 200 times its diameter) before it collides with another molecule.

Also, there are about 2.5x101® molecules of oxygen in the tiny volume of 1

mm?3 at 1 atm pressure and 20°C. The continuum model is applicable as long
as the characteristic length of the system (such as its diameter) is much
larger than the mean free path of the molecules.

At very high vacuums or very high elevations, the mean free path may
become large (for example, it is about 0.1 m for atmospheric air at an
elevation of 100 km).
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. 2—2 DENSITY AND SPECIFIC GRAVITY _

Density

Specific gravity: The ratio of the density of

Density is mass per unit volume; a substance to the density of some
specific volume is volume per unit standard substance at a specified
Mass. temperature (usually water at 4°C).
_ P
=7 (kg/m?) PH,0
Specific gravities of some
substances at 0°C
Substance SG
Water 1.0
Blood 1.05
Seawater 1.025
Gasoline 0.7
Specific weight: The weight IE/Ithyl alcohol (1)-372
- ercury .
ofs unit volume of a Wood 03.0.9
substance. Gold 19.2
- Bones 1.7-2.0
— N/m: Ice 0.92
Ys — PS ( / ) Air (at 1 atm) 0.0013
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Property tables provide very accurate and precise information about the
properties, but sometimes it is convenient to have some simple relations
among the properties that are sufficiently general and accurate.

Equation of state: Any equation that relates the pressure, temperature, and
density (or specific volume) of a substance.

Ideal-gas equation of state: The simplest and best-known equation of state for
substances in the gas phase.

Pv = RT or P = pRT where R = R, /M

P is the absolute pressure, v is the specific volume, T is the thermodynamic

(absolute) temperature, p is the density, and R is the gas constant.

The thermodynamic temperature scale in the Sl is the Kelvin scale.
In the English system, it is the Rankine scale.

T(K) = T(°C) + 273.15
T(R) = T(°F) + 459.67
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An ideal gas is a hypothetical substance
that obeys the relation Pv = RT.

The ideal-gas relation closely
approximates the P-v-T behavior of real
gases at low densities.

At low pressures and high temperatures,
the density of a gas decreases and the
gas behaves like an ideal gas.

In the range of practical interest, many
familiar gases such as air, nitrogen,
oxygen, hydrogen, helium, argon, neon,
and krypton and even heavier gases
such as carbon dioxide can be treated as
ideal gases with negligible error.

Dense gases such as water vapor in
steam power plants and refrigerant vapor
in refrigerators, however, should not be
treated as ideal gases since they usually
exist at a state near saturation.
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EXAMPLE 2-1 P 6 m
Determine the density, specific gravity, and mass of the air in a room

5m
whose dimensions are 4x5x6m at 100 kPa and 25°C. p j{iﬁkpa
I'=25°C
Solution: The density, specific gravity, and mass of the airin a
room are to be determined.
Assumptions: At specified conditions, air can be treated as an
ideal gas.
Properties: The gas constant of air is R= 0.287 kPa.m3/kg.K.
P 100 kP
. : = 1.17 kg/m’

B E‘ B (0.287 kPa - m’/kg - K)(25 + 273) K

p .17 kg/m*
SG = — = - = 0.00117
Pu,o 1000 kg/m

V=4 m)5m)(6m)=120m’
m = pV = (1.17 kg/m>)(120 m’) = 140 kg

Discussion Note that we converted the temperature to the unit K from °C

before using it in the ideal-gas relation.
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. 2—3 VAPOR PRESSURE AND CAVITATION _

- Saturation temperature T, The temperature at which a pure substance

changes phase at a given pressure.

- Saturation pressure P, The pressure at which a pure substance changes

phase at a given temperature.

« Vapor pressure (P,): The pressure exerted by its vapor in phase
equilibrium with its liquid at a given temperature. It is identical to the
saturation pressure P of the liquid (P, = P.,)-

« Partial pressure: The pressure of a gas or vapor in a mixture with other
gases. For example, atmospheric air is a mixture of dry air and water
vapor, and atmospheric pressure is the sum of the partial pressure of dry
air and the partial pressure of water vapor.

The partial pressure of a vapor must be less than or equal to the vapor
pressure if there is no liquid present. However, when both vapor and liquid are

present and the system is in phase equilibrium, the partial pressure of the
vapor must equal the vapor pressure, and the system is said to be saturated.

i3
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Saturation (or vapor) pressure of

Water molecules vapor phase water at various temperatures
Saturation
© B Temperature Pressure
Nad S T, °C P kP2
& P ~10 0.260
/ P -5 0.403
0 0.611
EPQ" ‘5’8058 gft?&ﬂ%" Ve 5 0.872
9%%3 33 ot 83%’ Q@D 10 1.23
\\alu mnlu,ulu—hquld phase ég égi
20 3. 17
30 4.25
40 7.38
50 12.35
100 101.3 (1 atm)
150 475.8
200 1554
250 3973
300 8581
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There is a possibility of the liquid pressure in liquid-flow systems dropping below the
vapor pressure at some locations, and the resulting unplanned vaporization.

The vapor bubbles (called cavitation bubbles since they form “cavities” in the liquid)
collapse as they are swept away from the low-pressure regions, generating highly
destructive, extremely high-pressure waves.

This phenomenon, which is a common cause for drop in performance and even the
erosion of impeller blades, is called cavitation, and it is an important consideration in
the design of hydraulic turbines and pumps.
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EXAMPLE 2-2

In a water distribution system, the temperature of water is observed to be as high as
30°C. Determine the minimum pressure allowed in the system to avoid cavitation.

Solution: The minimum pressure in a water distribution system to avoid
cavitation is to be determined.

Properties: The vapor pressure of water at 30°C is 4.25 kPa.

Analysis: To avoid cavitation, the pressure anywhere in the flow should not

be allowed to drop below the vapor (or saturation) pressure at the given
temperature.

Pmin — PSM@BD"C = 4,25 kPa

Discussion: Note that the vapor pressure increases with increasing temperature,

and thus the risk of cavitation is greater at higher fluid temperatures.
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. 2—4 ENERGY AND SPECIFIC HEATS _

* Energy can exist in numerous forms such as thermal, mechanical, kinetic, potential,
electric, magnetic, chemical, and nuclear, and their sum constitutes the total
energy, E of a system.

 Thermodynamics deals only with the change of the total energy.

* Macroscopic forms of energy: Those a system possesses as a whole with respect to
some outside reference frame, such as kinetic and potential energies.

* Microscopic forms of energy: Those related to the molecular structure of a system
and the degree of the molecular activity.

* Internal energy, U: The sum of all the microscopic forms of energy.

The energy that a
system possesses as a result of its
motion relative to some reference
frame.

The energy that

a system possesses as a result of its The macroscopic energy of an object
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m Enrgy of a fwing fluid |

h=u-+Pv=u+ - Criowine — P/p +e=h+ke +pe=h+ T + g2
F - Z

du = ¢, dT and dh = c,dT Au = ¢y e AT and AR = Cyove AT

P/pis the flow energy, also called the
flow work, which is the energy per unit
mass needed to move the fluid and

For incompressible substances, the constant-volume
and pressure specific heats are identical. Therefore,

o and c, for liquids, and the change in the internal
energy of liquids can be expressed as Au = ¢4, AT maintain flow.

Ah = Au + APlp = ¢, AT + APlp

1 = = ¢ for a P=cnst. proc.
Ah Au = Cave AT K cnst. proc — Flowing = Energy = h

, fluid
Ah = APlp IRJEREEKee] S M olfelel-SS -

The internal energy u represents the microscopic
energy of a nonflowing fluid per unit mass, whereas

Stationary

Enerey = u
fTuid =

enthalpy h represents the microscopic energy of a
flowing fluid per unit mass.
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Specific heat at constant volume, c: The energy required to raise the temperature of the
unit mass of a substance by one degree as the volume is maintained constant.

Specific heat at constant pressure, c,: The energy required to raise the temperature of
the unit mass of a substance by one degree as the pressure is maintained constant.

(D)
m=1kg
AT = 1°C V/ = constant P = constant
m=1lkg m=1kg
Specific heat = 5 kJ/kg -°C WIE= e A= e
» = kJ i kJ
cy=0d2 kg-°C cp=3.19 ke-°C
5kJ
3.12 k] 5.19kJ

Specific heat

20
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l 2—5 COMPRESSIBILITY AND SPEED OF SOUND -

We know from experience that the volume (or
density) of a fluid changes with a change in its
temperature or pressure.

Fluids usually expand as they are heated or
depressurized and contract as they are cooled or
pressurized.

But the amount of volume change is different for
different fluids, and we need to define properties
that relate volume changes to the changes in
pressure and temperature.

Two such properties are:

the bulk modulus of elasticity x

when the applied pressure is
increased from P, to P,.
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| aP aP Coefficient of compressibility (also called
K= —V E = p g (Pa) the bulk modulus of compressibility or
| r . bulk modulus of elasticity) for fluids

AP AP
Aviv  Aplp

K= — (7 = constant)

the change in pressure
corresponding to a fractional change in volume or density of the fluid while the
temperature remains constant.

that a large change in pressure is needed to cause
a small fractional change in volume, and thus a fluid with a large «is
essentially incompressible.

This is typical for liquids, and explains why liquids are usually considered to be
Incompressible.
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For an ideal gas, P = pRT and (dP/dp); = RT = Plp, and thus

Kideal gas — P (Pa)

The coefficient of compressibility of an ideal gas is equal to its absolute pressure, and the
coefficient of compressibility of the gas increases with increasing pressure.

Ap AP
p P

Ideal gas: (T = constant)

to the percent increase in pressure.

Isothermal compressibility: The inverse of the coefficient of compressibility.

The isothermal compressibility of a fluid represents the fractional change in
volume or density corresponding to a unit change in pressure.

| | [ov | [op
g === ===} === (1/Pa)
K v\dP/r p\IdP/y
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. Coefficient of Volume Expansion _

The density of a fluid depends more strongly
on temperature than it does on pressure.

The variation of density with temperature is
responsible for numerous natural
phenomena such as winds, currents in
oceans, rise of plumes in chimneys, the
operation of hot-air balloons, heat transfer
by natural convection, and even the rise of
hot air and thus the phrase “heat rises”.

To quantify these effects, we need a property
that represents the variation of the density
of a fluid with temperature at constant
pressure.
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The coefficient of volume expansion (or volume expansivity):

changes as

_Aviv_ Aplp
AT AT

(at constant P)

A large value of g for a fluid means

a large change in density with temperature,

and the product S AT represents the fraction of volume change
of a fluid that corresponds to a temperature change of T at
constant pressure.

20°C
100 kPa
1 kg

—_——— e ——

21°C
100 kPa
1 kg

(a) A substance with a large 3

v
oT Jp

The volume expansion coefficient of an ideal gas (P = pRT ) at a absolute
temperature T is equivalent to the inverse of the temperature:

I
fgidea]gns:} (1/K)

20°C
100 kPa
| kg

S
21°C
100 kPa
| ke

(b) A substance with a small 3
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In the study of natural convection currents, the condition of the main fluid body that
surrounds the finite hot or cold regions is indicated by the subscript “infinity” to
serve as a reminder that this is the value at a distance where the presence of the
hot or cold region is not felt. In such cases, the volume expansion coefficient can
be expressed approximately as

(p. — p)f
B=— ﬁTx, _’DTP or P — p = pp(T — T)

The combined effects of pressure and temperature changes on the volume change of a
fluid can be determined by taking the specific volume to be a function of T and P.

v av
dv = (—) dT + (—) dP = (B dT — a dP)v
'HT P aP T

The fractional change in volume (or density) due to changes in pressure and temperature
can be expressed approximately as
Av i\.p

7: —? = BAT — a AP
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. Speed of Sound and Mach Number _

The speed at which an infinitesimally small pressure

wave travels through a medium.

) Moving
Piston wave front Control volume
traveling with
the wave front

Q
| -
-}
(%]
(%p]
Q
| -
o
©
=
(%p]
©
(T
(@)
C
°
+—
©
Q0
©
o
(@)
| -
o

= Control volume moving with the small
o pressure wave along a duct.
3
9
m -
v 5 (0P |
S C" =K\ — ¢ = VKRT
P/
P+ dP

P

1

For any fluid For an ideal gas




Mach Number Bullet

Mach Numbser
Mare 1)

1,043+l

[N - 15
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Mach number Ma: The ratio of the actual speed
of the fluid (or an object in still fluid) to the

AIR HELIUM speed of sound in the same fluid at the same
state.

24mis 2K g3 Ma = \4

C

The Mach number depends on the speed of

347 m/s 300 K 1019 /s sound, which depends on the state of the fluid.
_ 7 —19 -
1000 K AIR V =320 nh:.:

: 220 K e |
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When two solid bodies in contact move relative to each
other, a friction force develops at the contact surface in
the direction opposite to motion.

To move a table on the floor, for example, we have to
apply a force to the table in the horizontal direction
large enough to overcome the friction force.

The magnitude of the force needed to move the table
depends on the friction coefficient between the table
and the floor.

Viscosity: A property that represents the internal
resistance of a fluid to motion or the “fluidity”.

Drag force: The force a flowing fluid exerts on a body
in the flow direction. The magnitude of this force
depends, in part, on viscosity

The viscosity of a fluid is a measure of its “

Viscosity is due to the internal frictional force that develops between different layers of

fluids as they are forced to move relative to each other.
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Newtonian fluids: Fluids for which the rate of deformation is proportional to the shear stress.

da
R Area A dfs du
. ;o T o — or T o€ —
N Nu=v ) Force F " A
4 Velocity V

d -

, B/ e du 5

T ' T = U (N/m~)

= N dy
M u=0 N\

Velocity profile

u(y) = iv Shear force

du
F=17A=uA— (N)
dy

u coefficient of viscosity, Dynamic (absolute) viscosity

(kg/m-s or N-s/m? or Pa.s) 1 poise =0.1 Pas
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The force F required to move the upper plate at a constant
velocity of V while the lower plate remains stationary is;

F=uA— (N)

the shear stress

velocity profile and the velocity gradient
)

d V
uy) ==V and i —
' t dy {
da Vdt du
I = tan 5 = = = —dt
B _ du
dr dy
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Shear stress, T

Viscosity = Slope
T a

H = = —
du [ dy b

Water

Air

Rate of deformation, du/dy

Shear stress. 7

Bingham
plastic

Pseudoplastic

Newtonian

Dilatant

Rate of deformation, du/dy

For non-Newtonian fluids, the relationship between shear stress and rate of

deformation is not linear. The slope of the curve on the t versus du/dy chart is
referred to as the apparent viscosity of the fluid.

RS
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'x Non_Newtoinan Fluid

Fluids for which shearing stress is not linearly related to the rate of shearing
strain are designated as non-Newtonian fluids.
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| 24

7.8 2/ or stoke 1 stoke =1 cm?/s

For liquids, both the dynamic and kinematic viscosities are - ®
practically independent of pressure and any small
variation with pressure is usually disregarded, except at

extremely high pressures.

Air at 20°C and 1 atm:
pu=1.83x 10 kg/m - s
v =1.52 %107 m¥s

For gases, this is also the case for dynamic viscosity (at

. . Air at 20°C and 4 atm:
low to moderate pressures), but not for kinematic

w=1.83x107 kg/m - s

viscosity since the density of a gas is proportional to its » = 0380 % 10-5 m2/s
pressure.
- : /
{ITUE w = ﬂloflf{T—C}
ST,

T is absolute temperature and a, b, and c are experimentally determined constants.
For water, using the values a= 2.414x10°° N s/m?, b=247.8 K, and c=140 K results

in less than 2.5 % error in viscosity in the temperature range of 0°C to 370°C
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Viscosity -_—
The viscosity of a fluid is directly related to the
pumping power needed to transport a fluid in a pipe

or to move a body through a fluid.

| Viscosity is caused by the cohesive forces between the
Liquids molecules in liquids and by the molecular collisions in
gases, and it varies greatly with temperature.

the molecules possess more energy at

higher temperatures, and they can oppose the large
cohesive intermolecular forces more strongly. As a
result, the energized liguid molecules can move more
freely.

the intermolecular forces are negligible, and
the gas molecules at high temperatures move
randomly at higher velocities. This results in more
molecular collisions per unit volume per unit time and
therefore in greater resistance to flow.
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Absolute viscosity o, N - s/m”

Castor oil
SAE 10 oil

Glycerin

SAE Z}D oil

6

4 . Ethvl alcohol
Benzene 4

4 \ Water

2 Gasoline (SG 0.68)

1x 107
5]
4
3 Helium
’{ﬂn Dioxide/
1= 1070 "

40 60 20 100 120
Temperature, °C

The viscosities of
different fluids differ by
several orders of
magnitude. Also it is
more difficult to move
an object in a higher-
viscosity fluid such as

engine oil than it is in
a lower-viscosity fluid
such as water.
Liquids, in general,
are much more
viscous than gases.

Dynamic viscosities of some fluids
at 1 atm and 20°C (unless
otherwise stated)

Dynamic Viscosity

Fluid w, kg/m - s
Glycerin:
—20°C 134.0
0°C 10.5
20°C 1.52
40°C 0.31
Engine oil:
SAE 10W 0.10
SAE 10W30 0.17
SAE 30 0.29
SAE 50 0.86
Mercury 0.0015
Ethyl alcohol 0.0012
Water:
0°C 0.0018
20°C 0.0010
100°C (liquid) 0.00028
100°C (vapor) 0.000012
Blood, 37°C 0.00040
Gasoline 0.00029
Ammonia 0.00015
Air 0.000018
Hydrogen, 0°C 0.0000088
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Stationary

Considera fluid layer of thickess within a
cylinder

small gap between two concentric cylinders,
such as the thin layer of oil in a journal
bearing. The gap between the cylinders can
W, be modeled as two parallel flat plates
separated by a fluid. Noting that torque is T=
FR (force times the moment arm, which is the
radius R of the inner cylinder in this case), the

tangential velocity is V=wR (angular velocity
times the radius), and taking the wetted
surface area of the inner cylinder to be

Fluid A=2nRL by disregarding the shear stress
acting on the two ends of the inner cylinder,
torque can be expressed as

L length of the cylinder 27Rwl. A7 2R3 0L
T=FR=pu 0 v A

This equation can be used to calculate the viscosity of a fluid by measuring torque at a
specified angular velocity. Therefore, two concentric cylinders can be used as a viscometer, a

n number of revolutions per unit time

device that measures viscosity.
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'm Capilar tube Viscometer

Most devices (called
viscometers) used to
determine viscosity do not
measure it directly, but
instead measure some
characteristic with a known
relationship to viscosity. The
capillary tube viscometer
involves the laminar flow of
a fixed volume of fluid
through a capillary tube. The
time required for the fluid to
pass through the tube is a
measure of the kinematic
viscosity of the fluid. As
shown with the four tubes,
the drain times can vary
depending on the viscosity of
the fluid and the diameter of
the capillary tube.
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EXAMPLE 2-4

The viscosity of a fluid is to be measured by a viscometer constructed of two
40-cm-long concentric cylinders. The outer diameter of the inner cylinder is 12 cm, and
the gap between the two cylinders is 0.15 cm. The inner cylinder is rotated at 300 rpm,
and the torque is measured to be 1.8 N m. Determine the viscosity of the fluid.

Stationary
cylinder

Solution: The torque and the rpm of a double cylinder viscometer
are given. The viscosity of the fluid is to be determined.
Assumptions 1 The inner cylinder is completely submerged in oil.
2 The viscous effects on the two ends of the inner cylinder are

negligible.

Analysis The velocity profile is linear only when the curvature effects
are negligible, and the profile can be approximated as being linear in
this case since I/R<< 1. Solving for viscosity and substituting the
given values, the viscosity of the fluid is determined to be;

T¢ (1.8 N - m)(0.0015 m)

== 5 = 0.158 N - s/m?
Am“R°nL  47(0.06 m) (300/60 1/5)(0.4 m)

I

Discussion Viscosity is a strong function of temperature, and a viscosity value without a

corresponding temperature is of little value. Therefore, the temperature of the fluid should have
also been measured during this experiment, and reported with this calculation.
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‘ 2—7 SURFACE TENSION AND CAPILLARY EFFECT

ball over a smooth surface;

Liquid droplets behave like small balloons filled with the liquid on a solid surface, and the
surface of the liquid acts like a stretched elastic membrane under tension.

The pulling force that causes this tension acts parallel to the surface and is due to the
attractive forces between the molecules of the liquid.

The magnitude of this force per unit length is called surface tension (or coefficient of
surface tension) and is usually expressed in the unit N/m.

This effect is also called surface energy [per unit area] and is expressed in the equivalent
unit of N - m/m?2.
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Surface Tension
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- A molecule Rigid wire frame
on the surface

Surface of film
il Movable

— A molecule : :
/ inside the b 1

liquid

O

Liqu id film

The work done
Oy = 7_/) per unit increase in the surface

area of the liquid.

W = Force X Distance = F Ax = 2bo; Ax = o, AA
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Surface tension of some fluids in
air at 1 atm and 20°C (unless

otherwise stated)

Surface Tension

(27R)o,

. 3.
UE.J‘t"?h}‘ﬂ“'Dd1'1[1[;|le'

Fluid 7 g, N/m*
Water:
0°C 0.076 (a) Half a droplet (b) Half a bubble
20°C 0.073
100°C 0.059
300°C 0.014
Glycerin 0.063
SAE 30 oil 0.035 Droplet:
Mercury 0.440 ] 20,
Ethyl alcohol 0.023 2mR)o; = (TR)APgopier —> APgropler = Pi — Py = —
Blood, 37°C 0.058 R
Gasoline 0.022
Ammonia 0.021 Bubble:
Soap solution 0.025 1
. T
Herosene 0-028 2(27‘_}2}0-.5' — I[.E*T*‘_RE}""jh‘J:}t‘nul‘:l‘:]ne-. — ‘ipbuhhle — P.r' o Pu — :




Capillary effect: The rise or fall of a liquid in a small-diameter tube inserted into the
liquid.

Capillaries: Such narrow tubes or confined flow channels. The capillary effect is partially
responsible for the rise of water to the top of tall trees.

Meniscus: The curved free surface of a liquid in a capillary tube.

The srgth of the capillary effect is quantifi the (o Wettin
defined as the angle that the tangent to the liquid surface makes with the solid

surface at the point of contact.

q;)/
o _A - _\Q”}
Water Mercury
(a) Wetting (b) Nonwelling
fTuid fluid
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Meniscus—
|

27Ro;
N b
1/ e 'HT
h :L 0 Meniscus .I". Yy _kjf
- “--l— _‘ II'.I /}1 i: 0 Liquid W
Water Mercury B ~—2R—

W = mg = pVg = pg(mR*h)

W= F, e — pe(mR*) = 2mRa, cos ¢

Capillary rise:

20,
h

cos & (R = constant)
pgR

 Capillary rise is inversely proportional to the radius of the tube and density of the liquid ]
49
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DENSITY

If the relative density of mercury is 13.6, the actual density of mercury is

(a)
(b)
(€)
(d)
(e)

13.6 kg/m3
136 kg/m3
1/13.6 kg/m3
1360 kg/m3
13600 kg/m3
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VISCOSITY

The dynamic viscosity of pure glycerol is 1.5 Pa.s and its density 1262 kg/m3.
The kinematic viscosity of pure glycerol is

(@) 1.5 m?/s

(b) 1893 Pa.s

(c) 1.19x 103 m?/s
(d) 1.19x 103 Pa.s
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VISCOSITY

The dynamic viscosity of pure glycerol is 1.5 Pa.s and its density 1262 kg/m3.
The kinematic viscosity of pure glycerol is

(@) 1.5 m?/s

(b) 1893 Pa.s

(c) 1.19x10° m?/s
(d) 1.19x 103 Pa.s
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VISCOSITY

Shear stress 7= 1 x velocity gradient |

)
Peak rpm for a racing engine is 18000 rpm which kL |
corresponds to a maximum piston speed of 25 m/s. \
The viscosity of the lubricating oil in the gap
between a piston and the cylinder wall is 0.016

Pa.s. If the gap width is 100 um, is the shear stress
acting on the piston at maximum speed | @
1
(a) 400 Pa
(b) 0.04 bar |
(c) 0.4 bar l \ |
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SURFACE TENSION

surface - tension force
length

surface tension o =

The tension force T in the
thread due to surface 4
tension is

(a) 2m oR
(b) ®woR
(c) oR

s
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SURFACE TENSION

surface - tension force
length

surface tension o =

The tension force T in the
thread due to surface 4
tension is

(a) 2m oR
(b) ®woR
(c) oR

s
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SURFACE TENSION

surface - tension force

surface tension o =

length
T
T
force balance in horizontél direction
2T= 0 2R _
-2T sin(00/ 2)+ o (R 66)=0
T=0R

T 00= ocR 66 T=0R
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A solid cylinder of weight W slides down in a vertical pipe which
has a diameter of D=30 mm. The length of solid cylinder is L=50
mm, the clearance between the pipe and the block is 0.1 mm and
filled with oil (p,;=890 kg/m3, u,;=0.40 kg/m s). Assuming linear e
velocity distribution in the film and neglecting the air drag, find the
terminal velocity of the solid cylinder if the density of the solid
cylinder is p,=1300 kg/m3.

L=50 mm

0.1 mm

D=30 mm

~| <
~q
*
oy
A
\4

%(0,03—0,0002)%

2
F=G=pg=-L-G=1300+9,81+ 0,05=0.44 N

0.44 = 0,0001
= -
0,40 * 3.14(0,03 — 0,0002) * 0,05
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A thin 20-cm 20-cm flat plate is pulled at 1 m/s horizontally through a 3.6-mm-thick
oil layer sandwiched between two plates, one stationary and the other moving at a
constant velocity of 0.3 m/s, as shown in Figure. The dynamic viscosity of oil is 0.027
Pa.s. Assuming the velocity in each oil layer to vary linearly,

(a) plot the velocity profile and find the location where the oil velocity is zero and

(b) determine the force that needs to be applied on the plate to maintain this motion.

Fixed wall
! ]
L
| hy =1 mm V=1m/s F
) -
. |
h, = 2.6 mm K =0.3 mis
1 -—
L |
Moving wall
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(a) plot the velocity profile and find the location where the oil velocity is zero and

26—y,
— = - — v;=0.60 mm
R 0.3
Fixed wall
| |
+
hy=1 mm el
¥ = F
A
h,=2 6 mm | 2 ‘
v .wT ‘. < V=03 mis |

| Mowving wall

(b) determine the force that needs to be applied on the plate to maintain this motion.

d V-0 1
Fshear,upper — Tw,upAs = UA; ﬁ = ‘uASh_l = 0.027-(0.2-:0.2) 1055 = 1.08 N
du V-1, 1—(-0.3)

F = Fsnearupper + Fshear,lower = 1.08 +0.54 = 1.62 N
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 Introduction
— Continuum

* Density and Specific Gravity

— Density of Ideal Gases
e Vapor Pressure and Cavitation
* Energy and Specific Heats
 Compressibility and Speed of Sound

— Coefficient of Compressibility

— Coefficient of Volume Expansion

— Speed of Sound and Mach Number
* Viscosity
e Surface Tension and Capillary Effect
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