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1. INTRODUCTION
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Physical Characteristics of Fluids

 Fluid mechanics is the science that deals with the action
of forces on fluids.

. Fluid is a substance
* The particles of which easily move and change position
e That will continuously deform



Distinction Between Solids, Liquids & Gases

* A fluid can be either gas or liquid.

* Solid molecules are arranged in a specific lattice
formation and their movement is restricted.

* Liguid molecules can move with respect to each
other when a shearing force is applied.

* The spacing of the molecules of gases is much wider
than that of either solids or liquids and it is also
variable.



Flow Classification

The subject of Fluid Mechanics

Hydrodynamics deal with the flow of fluid with no density

change (incompressible fluid), hydraulics, the study of fluid
force on bodies immersed in flowing liquids or in low
speed gas flows.

Gas Dynamics deals with the flow of fluids that undergo
significant density change (compressible fluid: PV=mRT:
equation of states).

P: pressure (Pa)

V:volume (m3)

m: mass (Kg)

T: temperature (K) (K=C+273.15)
Rair=287 J/Kg.K




UNIT SYSTEMS

We will work with two unit systems in FLUID MECHANICS:

International System (SI)
U.S. Customary (USCS) (used in the United States)

In the Sl system, the unit of force, the Newton, is derived unit. The
meter, second and kilogram are base units.

In the US Customary system, the unit of mass, the slug, is a derived
unit. The foot, second and pound are base unit.


https://en.wikipedia.org/wiki/United_States

Basic Unit System & Units

The Sl system consists of SIX primary units, from which all

guantities may be described but in fluid mechanics we are
generally only interested in the top four units from this table.

Quantity SI Unit | Dimension
lengtll metre, m L
1mass kilogram. kg M

. i ——
fime second. s T
temperature Kelvin, K 5
current ampere, A I
luminosity candela Cd

There are many derived units all obtained from combination of the above
primary units. Those most used are shown in the table below:



Derived Units

Quantity SI Unit Dimension
velocity /s ms” LT™
acceleration m/s” ms™ LT~
force N
kg m s kg ms™ M LT
energv (or work) Joule T
N m.
27 4 4 S
kg m™/s” kg m’s " ML'T™
power Wartt W
Nm's Nms™
2,3 -3 2-3
kg m/s kg m™s MLT
pressure ( or stress) Pascal P.
N/m®. Nm™
kg/'m 5> kg m s MLIT
density lﬁc:g-m3 kg m™ ML™
specific weight N/m”
kg m*/s” kg me MLT™
relative density a ratio 1

no units

no dimension

VISCOSITY N s/m” N sm™
L:g m kg m s M LT
surface tension N/m Nm
o /s” kg s~ MT™

I
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Secondary dimension SI unit BG unit Conversion factor
Area {L?} m’ fit? 1 m* = 10.764 ft*
Volume {L°} m’ ft® 1 m® = 35315 ft’
Velocity {LT '} m/s ft/s 1 ft/s = 0.3048 m/s
Acceleration {LT ?} m/s’ ft/s* 1 ft/s*> = 0.3048 m/s’
Pressure or stress {ML 'T"%} Pa = N/m? 1bf/ft? 1 Ibf/ft> = 47.88 Pa
Angular velocity {7 "} s ! s ! lgte=Tg™"

Energy, heat, work {ML’T™?} J=N-m ft - 1bf 1 ft - Ibf = 1.3558 J
Power {ML*T?} W = J/s ft - Ibf/s 1 ft - Ibf/s = 1.3558 W
Density {ML ™} kg/m? slugs/ft’ 1 slug/ft® = 515.4 kg/m’
Viscosity {ML™'T"} kg/(m - s) slugs/(ft - s) 1 slug/(ft - s) = 47.88 kg/(m - s)

Specific heat {L’T 7?0~} m*/(s* - K) ft*/(s* - °R) 1 m*/(s*> - K) = 5.980 ft*/(s* - °R)




SI System of Units

 The corresponding unit of force derived from
Newton’s second law:

“the force required to accelerate a kilogram at one
meter per second is defined as the Newton (N)”

The acceleration due to gravity at the earth’s surface:
9.81 m/s?.

Thus, the weight of one kilogram at the earth’s
surface:

W=mg

= (1) (9.81) kg m / s?

=9.81N



DIMENSIONAL HOMOGENEITY

e All theoretically derived equations are dimensionally
homogeneous: dimensions of the left side of the equation must be the

same as those on the right side.

* Some empirical formulas used in engineering practice are not dimensionally
homogeneous

o All equations must use consistent units: each term must
have the same units. Answers will be incorrect if the units in
the equation are not consistent. Always chose the system of

units prior to solving the problem



4. FLUID PROPERTIES

Every fluid has certain characteristics by which its physical
conditions may be described.

We call such characteristics as the fluid properties.

Specific Weight

Mass Density
Viscosity

Vapor Pressure
Surface tension
Capillarity

cp & cv, Specific heats

e, Specific internal
energy

h, Specific enthalpy
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Properties involving the Mass or Weight of the Fluid

Mass Density (or density), p

The “mass per unit volume” is mass density.
Hence it has units of kilograms per cubic meter.

- The mass density of water at 4 °C is 1000 kg/m?3

while it is 1.20 kg/m3 for air at 20 °C at standard

pressure.

Specific Gravity, SG
The specific gravity is the ratio of density of a given fluid to
the density of water at a standard reference temperature (4
°C). It is defined as specific gravity, SG.

The specific gravity of mercury at 20 °C is

sG =P w;wfpmf_mm“‘é 18 62.40m g 3310
Pref m> cm? fr- gal



Specific Weight, y
The gravitational force per unit volume of fluid, or simply “weight per unit volume”:
y =W/V=mg/V=p g
where
v = specific weight (N/m?3, Ib/ft3)

p = density (kg/m3, slugs/ft3)
g = acceleration of gravity (9.81 m/s?, 32.174 ft/s?)

Specific volume, v=1/p (m3/kg)

Example - Specific Weight Water
Specific weight for water at 4 °C is 62.4 Ib/ft3 (9.81 kN/m?3) in US units.
With a density of water 1000 kg/m? - specific weight in Sl units can be calculated as
Vv = (1000 kg/m?3) (9.81 m/s?)
= 9810 (N/m’)
= 9.81 (kN/m>)
With a density of water 1.940 slugs/ft3 - specific weight in US units can be calculated as
Vv = (1.940 slugs/ft3) (32.174 ft/s?)
= 62.4 (Ib/ft3)



http://www.engineeringtoolbox.com/accelaration-gravity-d_340.html
http://www.engineeringtoolbox.com/water-density-specific-weight-d_595.html
http://www.engineeringtoolbox.com/water-density-specific-weight-d_595.html

NEWTONIAN AND NON-NEWTONIAN
FLUIDS

A fluid is defined as a material that can not support a stress or as a material that
is continuously deformed by the application of a stress.

i

Figure 1.1: A fluid element before deformation.

F
§ X

Figure 1.2: Fluid element after the application of a force acting
tangentially on the top of the element.




Viscosity

Newton first proposed that the shear stress could be related to the
shear rate by

e . .
T = Constant ¥ — # . For Newtonian fluids

The constant is termed the viscosity (u). It is a constant of
proportionality between shear stress and shear rate. Viscosity 1s
analogous to a modulus.

. T Unit F-t dyne-s N-s P (7D
T = — — — : : : . .
Ky K ¥ s area’  cm? 2 or s

The unit (‘—‘r-'::"—’:'i—"'} is called a Poise. It is more common to use
centipoise (cp) or 0.01 Poise. Water has a viscosity of 1 ¢p while
honey has a viscosity of about 400 c¢p. It is easy to confuse Poise and
centipoise when making calculations. Remember, a Poise 1s equal to

1 d—w—']":;;’. A Pa-sis equal to 0.1 Poise. Viscosity can also be

. b . : : :
expressed in T{; The viscosity of water in the AES system of units

. [y . . Ib - :
is 2. 1x10° T{; Converting from Peoise to ?’i is accomplished by
Ib‘,r 5

multiplying Poise by 1 —=~ /478.8 Poise. The equivalents for
viscosily are

2 = 4T78.8 Poise = 47880 centipoise
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EXAMPLE 1.7

Suppose that the fluid being sheared in Fig. 1.7 is SAE 30 oil at 20°C. Compute the shear
stress in the oil if V = 3 m/s and 4 = 2 cm.

Solution

» System sketch: This is shown earlier in Fig. 1.7.

» Assumptions: Linear velocity profile, laminar newtonian fluid, no slip at either plate surface.
* Approach: The analysis of Fig. 1.7 leads to Eq. (1.26) for laminar flow.

 Property values: From Table 1.4 for SAE 30 oil, the oil viscosity p = 0.29 kg/(m-s).
* Solution steps: 1In Eq. (1.26), the only unknown is the fluid shear stress:

kg \ (3 m/s) kg - m/s” N
=435——— = 435 —; ~ 44P Ans.
m-s/(0.02 m) e e : "

vV
T = /.l,; = (0.29

» Comments: Note the unit identities, 1 kg-m/s> = 1 N and 1 N/m? = 1 Pa. Although oil
is very viscous, this shear stress is modest, about 2400 times less than atmospheric pres-
sure. Viscous stresses in gases and thin (watery) liquids are even smaller.
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MNon-Newtonian Fluids

Fluids that exhibit a nonlinear relationship between stress and strain
rate are termed non-Newtonian fluids. Many common fluids that we
see everyday are non-Newtonian. Paint, peanut butter, and toothpaste
are gcood examples. High viscosity does not always imply
non-Newton behavior. Honey 1s viscous and Newtonian while a
SW30 motor o1l is not very viscous, but it 1s non-Newtonian. There
are several types of non-Newtonian fluids. Figure 1.3 shows several
of the more common types.

Herschel = Bul kley

)

=

=
|

ANl — _—
EBingham FPlastic

300 —

200 Dilantant

Shear Stress {u\,'rmsmn2 )

Hewtonian———m"""

1 ] | 1 1
0 Z00 400 00 800 1000

Shear Rate (s '}

Figure 1.3: Types of non-Newtonian fluids.



Power Law Fluids

Power law fluids are fluids that follow the power law (Equation 1.8)
over part or all of the shear rate range. These fluids are also known as
pseudoplastic fluids. Where m is the consistency index (K is also used
in the literature) with units of E?j;;' and rn i1s the power law or flow
behavior index. For power law fluids, » ranges from O to 1. While it 1s
greater than one for dilatant fluids. The value of m or K depends upon
the system of units. Viscosity of a power law fluid is obviously a
function of shear rate and not constant as it is for Newtonian fluids.
There are two different ways to describe the viscosity: the slope of the

tangent line at any point on the curve and the slope of the line drawn

from the origin to the shear rate of interest (Figure 1.4). The latter is
the preferred method and is termed the apparent viscosity and given
the symbol (1, ). This is short for the apparent Newtonian viscosity
because it 1s the viscosity that a Newton fluid would have if the line is
based on a single point measurement. Because the viscosity is a
function of shear rate it is necessary to specify the shear rate at which
the viscosity is reported (n.(¥)).

Na(¥) =~ =221 —_ (1.9)
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Figure 1.4: Apparent Newtonian viscosity.

Bingham Plastic

Bingham plastic fluids are fluids that exhibit a yield stress (Figure 1.3.
This means that the fluid will support a stress up to a point before flow
begins. Good paints are Bingham plastics. The flow behavior of
Bingham plastic fluids is described by

T= 1+, 7 (1.10)

Where 1 1s the yield stress (the stress that must be exceeded before
flow begins) and p, 1s the plastic viscosity.



Herschel-Bulkley Fluids

The Herschel-Bulkley formulation is a generalization of the Bingham
plastic equation. In the Bingham plastic model., the viscosily is
constant after the yield stress i1s exceeded while the Herschel-Bulkley
maodel allows for power law behavior.

T = T0+mP" (1.11)

L.ooking at the various parameters in the Herschel-Bulkley equation,
we can make the following observations for

T = tTn +mP"

when
0 — O — T = my" PowerlLaw
Tn = 0 artd n = 1 — T — WY N ewt oricr
n—1 — T — T+ Up¥ BinghamPlastic

The Herschel-Bulkley fluid model can be reduced to the three other
models and is therefore the most general of the simple fluid models.

Dilatant Fluids

Dilatant fluids are shear thickening fluids. This means that the
viscosity increases with shear. There are few examples of dilatant
fluids. Most dilatant fluids are concentrated slurries. The power law
can be used to describe dilatant fluid behavior (n > 1).



Kinematic Viscosity

m2/s
The kinematic viscosity, (v). is derived from gravity driven flow

measurements. Usually a glass capillary viscomer is used. Kinematic
viscosity can be derived from the shear viscosity (u) by dividing u by
the fluid density. Pa.s

I
Kg/m3

.7 2
- area ¢ i ot
Units are 7-2(<—, =, efc).

Surface Tension

Surface tension. (o), is a property of a liguid surface. It describes the
strength of the surface interactions. The units on surface tension are
iﬂ—?ﬁ- Surface tension is the driving force for water beading on a
waxy surface and free droplets of liguid assuming a spherical shape.
Lowering of surface tension can be accomplished by adding species
that tend collect at the surface. This breaks up the interactions
between the molecules of the liquid and reduces the strength of the
surface. Pure water has a surface tension that approaches ’}’25‘:{%.
Surface tension can be reduced by adding surface active agents

(surfactants) to the liguid.
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Capillary Action

CAPILLARY ACTION

Capillary action is the ability of a fluid to flow in
narrow spaces without the assistance of, and in
opposition to, external forces like gravity.




E1.8
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EXAMPLE 1.8

Derive an expression for the change in height % in a circular tube of a liquid with surface
tension Y and contact angle 6, as in Fig. E1.8.

Solution

The vertical component of the ring surface-tension force at the interface in the tube must
balance the weight of the column of fluid of height 4:

27RY cos O = ymR*h
Solving for A, we have the desired result:
o 2Y cos 0
MR

Thus the capillary height increases inversely with tube radius R and is positive if 8 < 90°
(wetting liquid) and negative (capillary depression) if 6 > 90°.

Suppose that R = 1 mm. Then the capillary rise for a water—air—glass interface, 6 =~ 0°,
Y = 0.073 N/m, and p = 1000 kg/m’ is

_ 2(0.073 N/m)(cos 0°)
(1000 kg/m*)(9.81 m/s*)(0.001 m)

Ans.

= 0.015 (N - s®)/kg = 0.015m = 1.5cm

For a mercury—air—glass interface, with # = 130°, Y = 0.48 N/m, and p = 13,600 kg/m3, the
capillary rise is
2(0.48)(cos 130°)

= = — 04
13,.600(9.81)(0.001) 0046 m = ~0.46cm

When a small-diameter tube is used to make pressure measurements (Chap. 2), these capillary
effects must be corrected for.




Pvs kPa

VAPOR PRESSURE
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