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Fluid Mechanics and Fluid Machines

1.1 The Viscosity of Fluids

Of all the fluid properties, viscosity requires the greatest
consideration in the study of fluid flow. The nature and characteristics
of viscosity are discussed in this section,as well as dimensions and
conversion factors for both absolute and kinematic viscosity. Viscosity
is that property of a fluid by virtue of which it offers resistance to
shear. Newton’s law of viscosity states that for a given rate of angular
deformation of fluid the shear stress is directly proportional to the
viscosity. Molasses and tar are examples of highly viscous liquids;
water and air have very small viscosities.

The viscosity of a gas increases with temperature , but the viscosity
of a liquid decreases with temperature. The variation in temperature
trends can be explained by examining the causes of viscosity. The
resistance of a fluid to shear depends upon its cohesion and upon its
rate of transfer of molecular momentum. A liquid , with molecules much

more closely spaced than a gas, has cohesive forces much larger than a
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gas.

Cohesion appears to be the predominant cause of viscosity in a
liquid ; and since cohesion decreases with temperature, the viscosity
does likewise. A gas, on the other hand, has very small cohesive
forces. Most of its resistance to shear stress is the result of transfer of
molecular momentum.

As a rough model of the way in which momentum transfer gives
rise to an apparent shear stress, consider two.idealized railroad cars
loaded with sponges and on parallel tracks, as in Fig. 1. 1. Assume
each car has a water tank and pump so arranged that the water is
directed by nozzles at right angles to the track. First, consider A
stationary and B moving to the right, with the water from its nozzles
striking A and being absorbed by the sponges. Car A will be set in
motion owing to the component of the momentum of the jets which is
parallel to the tracks, giving rise to an apparent shear stress between A
and B. Now if A is pumping water back into B at the same rate, its
action tends to slow down B and equal and opposite apparent shear
forces result. When both A and B are stationary or have the same
velocity , the pumping does not exert an apparent shear stress on either

car.

Fig. 1.1 Model illustrating transfer of momentum

Within fluid there is always a transfer of molecules back and forth
across any fictitious surface drawn in it. When one layer moves relative
to an adjacent layer, the molecular transfer of momentum brings

momentum from one side to the other so that an apparent shear stress
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is set up that resists the relative motion and tends to equalize the
velocities of adjacent layers in a manner analogous to that of Fig. 1. 1.
The measure of the motion of one layer relative to an adjacent layer is
du
dy’

Molecular activity givesthe rise to an apparent shear stress in
gases which is more important than the cohesive forces and since
molecular activity increases with temperature, the viscosity of a gas
also increases with temperature.

For ordinary pressures viscosity is independent of pressure and
depends upon temperature only. For very great pressures, gases and
most liquids have shown erratic variations of viscosity with pressure.

A fluid at rest or in motion so that no layer moves relative to an
adjacent layer will not have apparent shear forces set up,regardless of
the viscosity ,because du/dy is zero throughout the fluid. Hence, in the
study fluid static,no shear forces can be considered because they do
not occur in a static fluid, and the only stresses remaining are normal
stresses , or pressures. This greatly simplifies the study of fluid static,
since any free body of fluid can have only gravity forces and normal
surface forces acting on it.

The dimensions of viscosity are determined from Newton’s law of
viscosity. Solving for the viscosity u,and inserting dimensions F,L,T
for force, length, and time, shows that z has the dimensions FL™T.
With the force dimension expressed in terms of mass by use of
Newton’s second law of motion, F = M + LT, the dimensions of
viscosity may be expressed as ML™'T"'.

The SI unit of viscosity, the Newton-second per square meter
((N +s)/m’)or the kilogram per meter per second (kg/(m - s)),has

no name. The U. S. customary unit of viscosity ( which has no name ) is
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1(Ib - s)/ft* or 1 slug/(ft « s) (these are identical ). A common unit of
viscosity is the cgs unit, called the poise;it is 1 (dyne  s)/em® or
1 g/(cm - s). The SI unit is 10 times larger than the poise unit.

The viscosity w is frequently referred to as the absolute viscosity
or the dynamic viscosity to avoid confusing it with the kinematic
viscosity v which is the ratio of viscosity to mass density:

v=£ (1.1)
P

The kinematic viscosity occurs in many applications,e. g. in the
dimensionless Reynolds number for motion of a body through fluid,
VL/v,in which V is the body velocity and L is a representative linear
measure of the body size. The dimensions of v are L’T"". The SI unit of
kinematic viscosity is 1 m’/s,and the U. S. customary unit is 1 ft*/s.
The cgs unit,called the Stoke,is 1 cm’/s.

In SI units, to convert from » to y it is necessary to multiply v by
p,the mass density in kilograms per cubic meter. In U. S. customary
units g is obtained from v by multiplying by the mass density in slugs
per cubic foot. To change from the Stokes to the poise,one multiplies
by mass density in grams per cubic centimeter, which is numerically
equal to specific gravity.

Viscosity is practically independent of pressure and depends upon
temperature only. The kinematic viscosity of liquids,and of gases at a
given pressure is substantially a function of temperature.

Words and Expressions
viscosity [ vi'skasatr] n. ##:
characteristic [ karikta'ristik] n/adj. #EIE HEH
dimension [di'menfn] n/v. ¥ Rt - FERRT
resistance [ r1'zistons| n. ®LFH,BHA,HEHLHLA
shear [ [1o(r)] o/n. ByY), %8k, K39 7]



Fluid Mechanics and Fluid Machines 5

angular [ 'engjola(r) | adj. #faky, FfmMRL, fEN
deformation - [ (di:fo>:'meifn] n. B ESHH
proportional [ pro’po:fonl] n/adj. Hli, BT, H6lE
cohesion [kou'hi:zn] n. BEE,AEK,(SHK)ES
molecular [ma’lekjalo(r) ] adj. 578, d4FHARM
stationary [ steifonri] n/adj. BEEY, R, AEE
momentum [ mo'mentom] n. #HE , EX

velocity [vo'lasoti] n. @i wipE %

apparent [o'peront] adj. 5F LK, TTHRM, BA
kinematic [ kini'metik] adj. ZEHH,BEHE
dimensionless [ do'menfanlas] adj. TRAM, TEKH

1.2 The Continuum Hypothesis, Density and Specific
Volume of Fluid

Obviously there are gaps between the fluid and all substances
molecules. In fluid mechanics, the macrofluid is consisted of a large
number of molecules, the physical quantities of macrofluid ( such as
pressure , velocity and density ) is the statistical average of the action
and the behavior of most fluid molecules. In 1753, the continuous
media was first proposed as macrofluid model by Euler. The real fluid
is considered as no-gap continuous media,called the basic assumption
of continuity fluid of fluid or the continuum of fluid.

In dealing with fluid-flow relations on a mathematical or analytical
basis, it is necessary to consider that the actual molecular structure is
replaced by a hypothetical continuous medium, called the continuum,
for example, velocity at a point in space is indefinite in a molecular
medium, as it would be zero at all times except when a molecule
occupied this exact point, and then it would be the velocity of the

molecule and not the mean mass velocity of the particles in the
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neighborhood. This dilemma is avoided if one considers velocity at a
point to be the average or mass velocity of all molecules surrounding the
point,say, within a small sphere with radius large compared with the
mean distance between molecules. With n molecules per cubic
centimeter,the mean distance between molecules is of the order n™"*
cm. Molecular theory, however, must be used to calculate fluid
properties( e. g. viscosity ) which are associated with molecular motions,
but continuum equations can be employed with the results of molecular
calculations.

In rarefied gases such as the atmosphere at 50 mi above sea level
the ratio of the mean free path or the gas to a characteristic length for a
body or conduit is used to distinguish the type of flow, The flow regime
is called gas dynamics for very small values of the ratio ;the next regime
is called slip flow;and for large values of the ratio it is free molecule
flow. In this text only the gas-dynamics regime is studied.

The quantities density, specific volume, pressure, velocity and
acceleration are assumed to vary continuously throughout a fluid(or be

constant ) .

The density p of a fluid is defined as its mass per unit volume.

Density p:v:;i:e,that is Eq. (1.2).
m
=7 (1.2

To define density at a point, the mass Am of fluid in a small
volume AV surrounding the point is divided by AV and the limit is
becomes a value &’ in which ¢ is still large compared with the mean
distance between molecules. For water at standard pressure ( 760

mmHg)and 4 °C(39.2 °F) ,p=1.94(slug - s)/ft’ ,or 1 000 kg/m’.
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The specific volume v, is the reciprocal of the density p ;it is the
volume occupied by unit mass of fluid. Hence
st & (1.3)
P

Words and Expressions

hypothesis [ har'pa@osis | n. &%, {Eik

gap [gep]| n. (B

macrofluid [ ‘'maekra’flo(:)1d] n. FEWFE

continuity [ kpntr'nju:oti| n. Lt ks

analytical [ @na’litikl] adj. Zp4ify, A7, # T
structure [ 'straktfo(r) ] n. Z5H,HzE

radius [ 'rerdios ]| n. }RVEHE,KZ

continuum [ kon'tinjuom] n. %E%4% ik

rarefied [ 'rearifard]| adj. 4y, #EM

1.3 Prefect Gas

In this treatment, thermodynamic relations and compressible-
fluid-flow cases have been limited generally to perfect gases. The
perfect gas is defined in this section.

The perfect gas, as used herein, is defined as a substance that
satisfied the perfect-gas law. And that has constant specific heats p is
the absolute pressure;v_ is the specific volume ;R is the gas constant;
and T is the absolute temperature.

pv,=RT (1.4)

The perfect gas must be distinguished from the ideal fluid. An
ideal fluid is frictionless and incompressible. The perfect gas has
viscosity and can therefore develop shear stresses, and it is
compressible according to Eq. (1.4).

Equation (1.4 )is the equation of state for a perfect gas. It may be
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written Eq. (1.5).
p=pRT (1.5)

The units of R can be determined from the equation when the
other units are known. For p in pascals, p in kilograms per cubic
meter,and T in degrees Kelvin(K) (“C+273).

Real gases below critical pressure and above the critical
temperature tend to obey the perfect-gas law.

As the pressure increase ,the discrepancy increases and becomes
serious near the critical point.

The perfect-gas law encompasses both Charles’ law and Boyle’s
law states that for constant pressure the volume of a given mass of gas
varies as its absolute temperature. Boyle’s law ( Isothermal law ) states
that for constant temperature the density varies directly as the absolute
pressure. The volume V of m mass units of gas is mv, ; hence

pV=mRT (1.6)

Certain simplications result from writing the perfect-gas law on a

mole basis. A kilogram mole of gas is the number of kilograms mass of

gas equal to the molecular weight. e. g, a kilogram mole of oxygen O, is
32 kg. With v_s being the volume per mole,the perfect-gas law becomes
pv,=MRT (1.7)

If m is the molecular weight. In general , if n is the number of
moles of the gas in volume V.

pV=nMRT (1.8)

Since nM=m Now, from Avogadro’s law, equal volumes of gases

at the same absolute temperature and pressure have the same number

of molecules; hence their masses are proportional to the molecular

weights. From Eq. (1. 8) it is seen that MR must be constant, since

pV/nT is the same for any perfect gas. The product MR, called the
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universal gas constant, has a value depending only upon the units
employed.

The specific heat Cy of a gas is the number of units of heat added
per unit mass to raise the temperature of the gas one degree when the
volume is held constant. The specific heat C, is the number of heat

units added per unit mass to raise the temperature one degree when

the temperature is hold constant. The specific heat ratio k is —-. The

Cy
intrinsic energy U( dependent upon p,p,and T)is the energy per unit
mass due to molecular spacing and forces. The enthalpy (h)h is an
important property of a gas given by Eq. (1.9).

h=U+pV (1.9)
Cp and C, have the units kilocalorie per kilogram per Kelvin
(keal/(kg + K)) or Btu per pound mass per degree Rankine. One
kilocalorie of heat added raises the temperature of one kilogram of
water one degree Celsius at standard conditions. One Btu of heat added
raises the temperature of one pound mass of water one degree
Fahrenheit. Because of these definitions of kilocalorie and Btu, the
numerical values of Cy and C, are the same in both systems of units. R
is related to Cy and C, by Eq. (1.10).
Cp=Cy+R (1.10)
In which all quantities must be in either mechanical or thermal
units. If the slug unit is used,C,,Cy,and R are 32. 174 times greater

than with the pound mass unit.
Words and Expressions

thermodynamic [ @e:moudar’'nemik | adj. AR, @RS H
substance [ ’sabstons]| n. #FE, MR, LE,NE

frictionless [ f'rikfnles] adj. TEEHEM, LM

incompressible [ inkom’presabl ]| adj. A E4EH
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Kelvin [ 'kelvin] n. #xtiEts, FEREAR

discrepancy [ 'diskrepansi] n. F&, %% A AEEZh
kilocalorie [ 'kiloukalor1] n. T,k (L)
prefect gas FifES (K

1.4 Fluid Flow

Fluid mechanics deals with the behaviour of liquids and gases.
The liquid is either at rest or in motion. Fluid at rest is fluid statics;
examples such as water in a container or reservoir of water behind a
dam. Fluid at rest has weight and exerts pressure. Fluid in motion is
fluid dynamics. Examples are rivers, flow in pipes, flow in pumps and
turbines. The fluids that are commonly studied are air and water.
External flow is study of fluid flow over car, aeroplane, ships and
rockets. Flow in pipes, impellers of pumps are referred to as internal
flow. Compressible flow is when density does not remain constant with
application of pressure. Incompressible flow is the density remains
constant with application of pressure. Water is incompressible whereas
air is compressible. Compressibility criteria is Mach number.

The chapter deals with the concept of momentum and Newton’s
second and third law of motion. With the knowledge of continuity
equation and momentum equation , Bernoullis and Eulers equations are
derived. With the help of second law of Newton force acting by a jet on
stationary and moving plate is obtained. The impact of jet on vanes has

direct application on hydraulic turbines.
Scope of Fluid Mechanics

The dimensional analysis deals with the units of measurement in
SI units both fundamental and derived units, and non-dimentional

quatities.



