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1.0 INTRODUCTION

The flow of ideal non-viscous fluids was extensively studied and mathematical theories were
developed during the last century. The field of study was called as ‘Hydrodynamics’. However
the results of mathematical analysis could not be applied directly to the flow of real fluids.
Experiments with water flow resulted in the formulation of empirical equations applicable to
engineering designs. The field was called Hydraulics. Due to the development of industries
there arose a need for the study of fluids other than water. Theories like boundary layer
theory were developed which could be applied to all types of real fluids, under various conditions
of flow. The combination of experiments, the mathematical analysis of hydrodynamics and
the new theories is known as ‘Fluid Mechanics’. Fluid Mechanics encompasses the study
of all types of fluids under static, kinematic and dynamic conditions.

The study of properties of fluids is basic for the understanding of flow or static condition
of fluids. The important properties are density, viscosity, surface tension, bulk modulus
and vapour pressure. Viscosity causes resistance to flow. Surface tension leads to capillary
effects. Bulk modulus is involved in the propagation of disturbances like sound waves in fluids.
Vapour pressure can cause flow disturbances due to evaporation at locations of low pressure.
It plays an important role in cavitation studies in fluid machinery.

In this chapter various properties of fluids are discussed in detail, with stress on their
effect on flow. Fairly elaborate treatment is attempted due to their importance in engineering
applications. The basic laws used in the discussions are:

(i) Newton’s laws of motion,

(ii) Laws of conservation of mass and energy,

(iii) Laws of thermodynamics, and

(iv) Newton’s law of viscosity.

A fluid is defined as a material which will continue to deform with the
application of shear force however small the force may be.

1 Physical Properties of Fluids
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1.1 THREE PHASES OF MAT TER

Generally matter exists in three phases namely (i) Solid (ii) Liquid and (iii) Gas (includes
vapour). The last two together are also called by the common term fluids.

In solids atoms/molecules are closely spaced and the attractive (cohesive) forces between
atoms/molecules is high. The shape is maintained by the cohesive forces binding the atoms.
When an external force is applied on a solid component, slight rearrangement in atomic positions
balances the force. Depending upon the nature of force the solid may elongate or shorten or
bend. When the applied force is removed the atoms move back to the original position and the
former shape is regained. Only when the forces exceed a certain value (yield), a small
deformation called plastic deformation will be retained as the atoms are unable to move to
their original positions. When the force exceeds a still higher value (ultimate), the cohesive
forces are not adequate to resist the applied force and the component will break.

In liquids the inter molecular distances are longer and the cohesive forces are smaller
in magnitude. The molecules are not bound rigidly as in solids and can move randomly. However,
the cohesive forces are large enough to hold the molecules together below a free surface that
forms in the container. Liquids will continue to deform when a shear or tangential force is
applied. The deformation continues as long as the force exists. In fluids the rate of deformation
controls the force (not deformation as in solids). More popularly it is stated that a fluid (liquid)
cannot withstand applied shear force and will continue to deform. When at rest liquids will
assume the shape of the container forming a free surface at the top.

In gases the distance between molecules is much larger compared to atomic dimensions
and the cohesive force between atoms/molecules is low. So gas molecules move freely and fill
the full volume of the container. If the container is open the molecules will diffuse to the
outside. Gases also cannot withstand shear. The rate of deformation is proportional to the
applied force as in the case of liquids.

Liquids and gases together are classified as fluids. Vapour is gaseous state near the
evaporation temperature. The state in which a material exists depends on the pressure and
temperature. For example, steel at atmospheric temperature exists in the solid state. At higher
temperatures it can be liquefied. At still higher temperatures it will exist as a vapour.

A fourth state of matter is its existence as charged particles or ions known as plasma.
This is encountered in Magneto Hydro Dynamic (MHD) power generation. This phase is not
considered in the text.

1.2 COMPRESSIBLE AND INCOMPRESSIBLE FLUIDS

If the density of a fluid varies significantly due to moderate changes in pressure or
temperature, then the fluid is called compressible fluid. Generally gases and vapours
under normal conditions can be classified as compressible fluids. In these phases the distance
between atoms or molecules is large and cohesive forces are small. So increase in pressure or
temperature will change the density by a significant value.

If the change in density of a fluid is small due to changes in temperature and
or pressure, then the fluid is called incompressible fluid. All liquids are classified under

this category. For liquids 
∂ρ
∂T

 and 
∂ρ
∂P

 are very small.
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In processes or flow if the change in pressure and temperature is small, gases and
vapours can be treated as incompressible fluids. For certain applications like propagation of
pressure disturbances, liquids should be considered as compressible.

In this chapter some of the properties relevant to fluid mechanics are discussed with a
view to bring out their influence on the design and operation of fluid machinery and equipments.

1.3 DIMENSIONS AND UNITS

It is necessary to distinguish clearly between the terms “Units” and “Dimensions”. The word
“dimension” is used to describe basic concepts like mass, length, time, temperature and force.
“Large mass, long distance, high temperature” does not mean much in terms of visualising the
quantity. Dimension merely describes the concept and does not provide any method for the
quantitative expression of the same. Units are the means of expressing the value of the
dimension quantitatively or numerically. The term “second” for example is used to quantify
time. “Ten seconds elapsed between starting and ending of an act” is the way of expressing the
elapsed time in numerical form. The value of dimension should be expressed in terms of units
before any quantitative assessment can be made.

There are three widely used systems of units in the world. These are (1) British or
English system (it is not in official use now in Briton) (2) Metric system and (3) SI system
(System International d’Unites or International System of Units).

The basic units required in Fluid Mechanics are for mass, length, time and temperature.
These are kilogram (kg), metre (m), second (s) and kelvin (K). The unit of force is defined
using Newton’s second law of motion which states that applied force is proportional to the
time rate of change of momentum of the body on which the force acts.

For a given mass m subjected to the action of a force F, resulting in an acceleration a,
Newton’s law can be written in the form

 F = (1/go) m a (1.3.1)
where go is a dimensional constant whose numerical value and units depend on those selected
for force, F, mass, m and acceleration, a. The unit of force is newton (N) in the SI system.

One newton is defined as the force which acting on a mass of one kilogram will produce
an acceleration of 1 m/s2. This leads to the relation

 1 N = (1/go) ××××× 1 kg ××××× 1 m/s2 (1.3.2)
Hence   go = 1 kg m/N s2 (1.3.3)
The numerical value of go is unity (1) in the SI system and this is found advantageous in

numerical calculations. However this constant should necessarily be used to obtain dimensional
homogeneity in equations.

In Metric system the unit of force is kgf defined as the force acted on one kg mass
by standard gravitational acceleration taken as 9.81 m/s2. The value of go is 9.81 kg m/kgf s2.

In the English system the unit of force is lbf  defined as the force on one lb mass due to
standard gravitational acceleration of 32.2 ft/s2.

The value of go is 32.2 ft lb/lbf s2.
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Some of the units used in this text are listed in the table below:

Quantity Unit symbol Derived units

mass kg ton (tonne) = 1000 kg

time s min (60s), hr (3600s)

length m mm, cm, km

temperature K, (273 + °C) °C

force N (newton) kN, MN (106 N)

energy, work, heat Nm, J kJ, MJ, kNm

power W = (Nm/s, J/s) kW, MW

pressure N/m2, (pascal, pa) kPa, MPa, bar (105Pa)

Conversion constants between the metric and SI system of units are tabulated elsewhere
in the text.

1.4 CONTINUUM

As gas molecules are far apart from each other and as there is empty space between molecules
doubt arises as to whether a gas volume can be considered as a continuous matter like a solid
for situations similar to application of forces.

Under normal pressure and temperature levels, gases are considered as a continuum
(i.e., as if no empty spaces exist between atoms). The test for continuum is to measure properties
like density by sampling at different locations and also reducing the sampling volume to low
levels. If the property is constant irrespective of the location and size of sample volume, then
the gas body can be considered as a continuum for purposes of mechanics (application of force,
consideration of acceleration, velocity etc.) and for the gas volume to be considered as a single
body or entity. This is a very important test for the application of all laws of mechanics to a
gas volume as a whole. When the pressure is extremely low, and when there are only few
molecules in a cubic metre of volume, then the laws of mechanics should be applied to the
molecules as entities and not to the gas body as a whole. In this text, only systems satisfying
continuum requirements are discussed, that is pressure, temperature and density are
independent location in uniform fluid body.

1.5 DEFINITION OF SOME COMMON TERMINOLOGY

Density (mass density): The mass per unit volume is defined as density. The unit used is
kg/m3. The measurement is simple in the case of solids and liquids. In the case of gases and
vapours it is rather involved. The symbol used is ρ. The characteristic equation for gases
provides a means to estimate the density from the measurement of pressure, temperature and
volume.
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Specific Volume: The volume occupied by unit mass is called the specific volume of the
material. The symbol used is v, the unit being m3/kg. Specific volume is the reciprocal of
density.

In the case of solids and liquids, the change in density or specific volume with changes
in pressure and temperature is rather small, whereas in the case of gases and vapours, density
will change significantly due to changes in pressure and/or temperature.

Weight Density or Specific Weight: The force due to gravity on the mass in unit
volume is defined as Weight Density or Specific Weight. The unit used is N/m3. The symbol
used is γ. At a location where g is the local acceleration due to gravity,

Specific weight,  γ  γ  γ  γ  γ = g ρρρρρ (1.5.1)
In the above equation direct substitution of dimensions will show apparent non-

homogeneity as the dimensions on the LHS and RHS will not be the same. On the LHS the
dimension will be N/m3 but on the RHS it is kg/m2 s2. The use of go will clear this anomaly. As
seen in section 1.1, go = 1 kg m/N s2. The RHS of the equation 1.5.1 when divided by go  will
lead to perfect dimensional homogeneity. The equation should preferably be written as,

Specific weight, γ γ γ γ γ = (g/go) ρρρρρ (1.5.2)
Since newton (N) is defined as the force required to accelerate 1 kg of mass by 1/s2,  it

can also be expressed as kg.m/s2. Density can also be expressed as Ns2/m4 (as kg = Ns2/m).
Beam balances compare the masses while spring balances compare the weights. The mass is
the same (invariant) irrespective of location but the weight will vary according to the local
gravitational constant. Density will be invariant while specific weight will vary with variations
in gravitational acceleration.

Specific Gravity or Relative Density: The ratio of the density of the fluid to the
density of water—usually 1000 kg/m3 at a standard condition—is defined as Specific Gravity
or Relative Density δ of fluids. Specific gravity is also equal to the ratio of weight density of
the material to the weight density of water. This is a ratio and hence no dimension or unit is
involved.

Example 1.1. The specific weight of water at normal temperature and pressure is 9.81 kN/m3. The
specific gravity of mercury is 13.55. Calculate the density of water and specific weight and density
of mercury.  g = 9.81 m/s2

Density of water = 
Specific weight of water

g
= 

1000 9 81

9 81
1000 2× =.

.

N/m

m/s
s N/m

3

2
4

As the dimension of N is kg m/s2,

 substituting ρw = 
1000

4 2
s kgm

m s

2
 = 1000 kg/m3

Specific gravity of mercury = 
Density of mercury

Density of water
 = 

Specific weight of mercury
Specific weight of water

∴ Density of mercury = 13.55 × 1000 = 13550 kg/m3.

Specific weight of mercury = 13.55 × 9.81 kN/m3 = 132.93 kN/m3.
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Example 1.2. The weight of an object measured on ground level where ge = 9.81 m/s2  is 35,000 N.
Calculate its weight at the following locations (i) Moon, gm = 1.62 m/s2 (ii) Sun, gs =  274.68 m/s2

(iii) Mercury, gme = 3.53 m/s2 (iv) Jupiter, gj = 26.0 m/s2 (v) Saturn, gsa = 11.2 m/s2 and (vi) Venus,
gv = 8.54 m/s2.

Mass of the object, me = weight × (go/g) = 35,000 × (1/9.81) =  3567.8 kg

Weight of the object on a planet, p = me × (gp/go) where me is the mass on earth, gp is gravity on the
planet and go has the usual meaning, force conversion constant.

Hence the weight of the given object on,

(i) Moon = 3567.8 × 1.62 = 5,780 N

(ii) Sun = 3567.8 × 274.68 = 9,80,000 N

(iii) Mercury = 3567.8 × 3.53 = 12,594 N

(iv) Jupiter = 3567.8 × 26.0 = 92,762 N

(v) Saturn = 3567.8 × 11.2 = 39,959 N

(vi) Venus = 3567.8 × 8.54 = 30,469 N

Note that the mass is constant whereas the weight varies directly with the gravitational constant.
Also note that the ratio of weights will be the same as the ratio of gravity values.

1.6 VAPOUR AND GAS

When a liquid is heated under a constant pressure, first its temperature rises to the boiling
point (defined as saturation temperature). Then the liquid begins to change its phase to the
gaseous condition, with molecules escaping from the surface due to higher thermal energy
level. When the gas phase is in contact with the liquid or its temperature is near the
saturation condition it is termed as vapour.

Vapour is in gaseous condition but it does not follow the gas laws. Its specific heats will
vary significantly. Moderate changes in temperature may change its phase to the liquid state.

When the temperature is well above the saturation temperature, vapour begins to behave
as a gas. It will also obey the characteristic equation for gases. Then the specific heat will be
nearly constant.

1.7 CHARACTERISTIC EQUATION FOR GASES

The characteristic equation for gases can be derived from Boyle’s law and Charles’ law. Boyle’s
law states that at constant temperature the volume of a gas body will vary inversely with
pressure. Charles’ law states that at constant pressure, the temperature will vary inversely
with volume. Combining these two, the characteristic equation for a system containing m kg
of a gas can be obtained as (where R is a constant for a gas)

 PV = mRT (1.7.1)

This equation when applied to a given system leads to the relation 1.7.2 applicable for
all equilibrium conditions irrespective of the process between the states.

(P1V1/T1) = (P2V2/T2) = (P3 V3/T3) = (PV/T) = Constant (1.7.2)
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In the SI system, the units to be used in the equation are Pressure, P → N/m2, volume,
V → m3, mass, m → kg, temperature, T → K and gas constant, R → Nm/kgK or J/kgK
(Note: K = (273 + °C), J = Nm).

This equation defines the equilibrium state for any gas body. For a specified gas body
with mass m, if two properties like P, V are specified then the third property T is automatically
specified by this equation. The equation can also be written as,

Pv = RT (1.7.3)

where v = V/m or specific volume. The value for R for air is 287 J/kgK.

Application of Avogadro’s hypothesis leads to the definition of a new volume measure
called molal volume. This is the volume occupied by the molecular mass of any gas at standard
temperature and pressure. This volume as per the above hypothesis will be the same for all
gases at any given temperature and pressure. Denoting this volume as Vm and the pressure as
P and the temperature as T,

For a gas a,  PVm = Ma Ra T (1.7.4)

For a gas b,  PVm = Mb Rb T (1.7.5)

As P, T and Vm are the same in both cases.

MaRa = MbRb = M ××××× R = Constant (1.7.6)

The product M ××××× R is called Universal gas constant and is denoted by the symbol R.
Its numerical value in SI system is 8314 J/kg mole K. For any gas the value of gas constant
R is obtained by dividing universal gas constant by the molecular mass in kg of that gas. The
gas constant R for any gas (in the SI system, J/kg K) can be calculated using,

R = 8314/M (1.7.7)

The characteristic equation for gases can be applied for all gases with slight
approximations, and for practical calculations this equation is used in all cases.

Example 1.3. Determine the specific volume of air at 4 bar and 100°C. For air R = 287 J/kgK.

The characteristic equation is P
ρ

 = RT.

∴ ρ = 
P

RT
, P = 4 × 105 N/m2 , T = 373 K.

∴ ρ = 4 × 105/(287 × 373) =  3.7365 kg/m3.

Specific volume is  = 
1 1

3 7365ρ
=

.
 = 0.2676 m3 /kg.

Example 1.4. The density of air at 15°C was found to be 1.246 kg/m3. Determine the pressure.
R = 287 J/kg K.

P = ρ RT, T = 273 + 15 = 288 K.

P = 1.246 × 287 × 288 N/m2

 = 1.03 × 105 N/m2.
Example 1.5. Determine the specific volume of Hydrogen at P = 1.03 × 105 N/m2 and 15°C. R = 4157
J/kg K.

ρ = 1.03 × 105 /(4157 × 288) = 0.086 kg/m3

v = 11.62 m3 /kg.
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Example 1.6. A balloon is filled with 6 kg of hydrogen at 2 bar and 20°C. What will be the
diameter of the balloon when it reaches an altitude where the pressure and temperature are 0.2
bar and –60°C. Assume that the pressure and temperature inside are the same as that at the outside
at this altitude.

The characteristic equation for gases PV = mRT is used to calculate the initial volume,

 V1 = [(m RT1)/P1]. For hydrogen, molecular mass = 2, and so

RH = 8314/2 = 4157 J/kgK, ∴ V1 = 6 × 4157 × (273 + 20)/2 × 105 = 36.54 m3

Using the general gas equation the volume after the balloon has reached the altitude, V2 is
calculated. [(P1V1)/T1] = [(P2V2)/T2]

[(2 × 105 × 36.54)/(273+20)] = [(0.2) × 105 × V2)/(273 – 60)] solving,

  V2 =  265.63 m3. Considering the shape of the balloon as a sphere of radius r,

Volume = (4/3) π r3  = 265.63 m3, solving

Radius, r = 3.99 m and diameter of the balloon = 7.98 m

(The pressure inside the balloon should be slightly higher to overcome the stress in the wall material)

1.8 VISCOSITY

When a shear force is applied to a solid it will deform and the deformation will stop at a
certain level depending upon the force. But a fluid will continue to deform with the application
of a shear force. However, different fluids deform at different rates when the same shear
stress (force/area) is applied.

Consider two sufficiently large parallel plates placed at a small distance y apart with
the space between them filled with a fluid. With the lower plate stationary the upper plate
moves with a velocity u, by the application of a force F, the area of the plate being A. While the
fluid layer in contact with the upper plate moves with velocity u, the layers below will move
with reduced velocities due to the frictional effect between the layers. The layer adjacent to
the lower plate will be at rest or zero velocity. The frictional effect is due to the cohesive forces
between molecules and also due to momentum interchange between layers.

Viscosity is that property of a real fluid by virtue of which it offers resistance
to shear force. It is a measure of its resistance to shear or angular deformation (∂u/∂y)

For a given fluid the force required varies directly as the rate of deformation. As the
rate of deformation increases the force required also increases.

The force required to cause the same rate of movement depends on the nature of the
fluid. The resistance offered for the same rate of deformation varies directly as the viscosity of
the fluid. As viscosity increases the force required to cause the same rate of deformation
increases.

Newton’s law of viscosity states that the shear force to be applied for a deformation rate
of (du/dy) over an area A is given by,

F = µ µ µ µ µ A (du/dy) (1.8.1)

or   (F/A) = τ τ τ τ τ =  µ µ µ µ µ (du/dy) (1.8.2)
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where F is the applied force in N, A is area in m2, du/dy is the velocity gradient (or rate of
deformation), 1/s, perpendicular to flow direction, µ is the proportionality constant in 1.8.2
and is defined as the dynamic or absolute viscosity of the fluid.

In case the variation of velocity with distance is linear, (F/A) = τ = µ(u/y) (1.8.2a)

uu

dy

du

F

(a) General variation

uu

y

F

F = Am du
dy

F = Am u
y

(b) Linear variation

y
uy

Figure 1.8.1 Concept of viscosity

From the definition, the dimension of µ = (F/A)(y/u) = N
m

. ms
m

Ns
m2 2=

The dimensions, for dynamic viscosity µ  can be obtained from the definition as Ns/m2 or
kg/ms. The first dimension set is more advantageously used in engineering problems. However,
if the dimension of N is substituted, then the second dimension set, more popularly used by
scientists can be obtained. The numerical value in both cases will be the same.

  N = kg m/s2 ; µ = (kg m/s2) (s/m2) = kg/ms

The popular unit for viscosity is Poise named in honour of Poiseuille.

Poise is basically defined as dyne s/cm2, dyne is defined by, gram cm/s2 (the force required
to accelerate one gram by 1 cm/s2)

∴  dyne = kg m
s

1
2

1000 100
.  = 10–5 kg m/s2 = 10–5 N

∴ Poise = 10–5 Ns/cm2 = 
1

10
Ns
m2 .

Poise = 0.1 Ns/m2 (1.8.3)

Centipoise (cP) is also used more frequently as,

cP = 0.001 Ns/m2 (1.8.3a)

For water the viscosity at 20°C is nearly 1 cP. The ratio of dynamic viscosity to the
density is defined as kinematic viscosity, ν, having a dimension of m2/s. Later it will be seen to
relate to momentum transfer. Because of this kinematic viscosity is also called momentum
diffusivity. The popular unit used is stokes (in honour of the scientist Stokes). Centistoke is
also often used.

 ν = µ/ρ = 
kg
ms

. m
kg

m
s

3 2

= (1.8.3b)

 1 stoke = 1 cm2/s = 10–4  m2/s (1.8.3c)
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Of all the fluid properties, viscosity plays a very important role in fluid flow problems.
The velocity distribution in flow, the flow resistance etc. are directly controlled by viscosity. In
the study of fluid statics (i.e., when fluid is at rest), viscosity and shear force are not generally
involved. In this chapter problems are worked assuming linear variation of velocity in the
fluid filling the clearance space between surfaces with relative movement.

The viscosity of liquids generally decrease with temperature while that of gases increase

with temperature. This is due to the reduction of cohesive forces in liquids with increase in
temperature. In gases the higher velocities of molecules with increase of temperature causes
large transfer of momentum and increase in viscosity.

Example 1.7. The space between two large inclined parallel planes is 6 mm and is filled with a
fluid. The planes are inclined at 30° to the horizontal. A small thin square plate of 100 mm side
slides freely down parallel and midway between the inclined planes with a constant velocity of
3 m/s due to its weight of 2 N. Determine the viscosity of the fluid.

The vertical force of 2 N due to the weight of the plate can be resolved along and perpendicular to
the inclined plane. The force along the inclined plane is equal to the drag force on both sides of the
plane due to the viscosity of the oil.

Force due to the weight of the sliding plane along the direction of motion

= 2 sin 30 = 1N

Viscous force, F = (A × 2) × µ × (du/dy) (both sides of plate). Substituting the values,

1 = µ ×  [(0.1 × 0.1 × 2)] × [(3 – 0)/6/(2 × 1000)}]

Solving for viscosity, µ µ µ µ µ = 0.05 Ns/m2 or 0.5 Poise

30°

30°2 N

Sliding plate
100 mm sq.

Oil 6 mm gap

2 sin 30 N

30°

2 N

Figure Ex. 1.7

Example 1.8. Calculate the dynamic viscosity of a liquid having kinetic viscosity of 8.5 stokes and
specific gravity of 1.65.

 Density of the liquid = density of water × specific gravity

= 1000 × 1.65 = 1650 kg/m3.

 ν = 8.5 stokes  = 8.5 × 10–4 m2/s

 µ = ρν = 1650 × 8.5 × 10–4

= 1.4 Ns/m2 or 14 poise.
Example  1.8A. Determine the viscosity of an oil with a density of 960 kg/m3. The shear stress at
a layer where the velocity gradient is 0.125/s is 0.25 N/m2.
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du
dy

, τ = 0.25 N/m2, 
du
dy

 =  0.125/s

 µ = τ du
dy
F
HG
I
KJ

= 0 25
0 125

.
.

 Ns/m2 = 2 Ns/m2.

 ν = µ/ρ = (2/960) = 2.083 × 10–3 m2/s.

= 2.083 × 10–3 × 104 cm2/s

= 20.83 cm2/s or 20.83 stokes.
Example 1.9. The velocity of the fluid filling a hollow cylinder of radius 0.1 m varies as
u = 10 [1 – r/0.1)2] m/s along the radius r. The viscosity of the fluid is 0.018 Ns/m2. For 2 m length
of the cylinder, determine the shear stress and shear force over cylindrical layers of fluid
at r = 0 (centre line), 0.02, 0.04, 0.06, 0.08 and 0.1 m (wall surface.)

Shear stress = µ (du/dy) or µ (du/dr), u = 10 [1 – (r/0.1)2] m/s

∴    du/dr = 10  (– 2r/0.12 ) = – 2000 r

The – ve sign indicates that the force acts in a direction opposite to the direction of velocity, u.
Shear stress = 0.018 ×  2000 r = 36 rN/m2

Shear force over 2 m length = shear stress × area over 2m

        = 36r × 2πrL = 72 πr2 × 2 = 144 πr2

The  calculated values are tabulated below:

Radius, m Shear stress, N/m2 Shear force, N Velocity, m/s

0.00 0.00 0.00 0.00

0.02 0.72 0.18 9.60

0.04 1.44 0.72 8.40

0.06 2.16 1.63 6.40

0.08 2.88 2.90 3.60

0.10 3.60 4.52 0.00

Example 1.10. The 8 mm gap between two large vertical parallel plane surfaces is filled with a
liquid of dynamic viscosity 2 × 10–2  Ns/m2. A thin sheet of 1 mm thickness and 150 mm × 150 mm
size, when dropped vertically between the two plates attains a steady velocity of 4 m/s. Determine
weight of the plate. Assume that the plate moves centrally.

F = τ (A × 2) = µ × (du/dy) (A × 2) = weight of the plate.

Substituting the values, dy = [(8 – 1)/(2 × 1000)] m and du = 4 m/s

F = 2 × 10–2 [4/{(8 – 1)/(2 × 1000)}] [0.15 × 0.15 × 2] = 1.02 N  (weight of the plate)

Example 1.11. The velocity distribution over a plate is given as u = 0.7y – 0.8 y2. Determine the
shear stress at y = 0, and y = 0.2 m. µ = 8.63 poise.

µ = 8.63 poise = 0.863 Ns/m2.

du
dy

 = 0.7 – 1.6 y
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At  y = 0,   
du
dy  = 0.7/s.

∴  τ = 0.863 × 0.7 = 0.6031 N/m2.

At y = 0.2 m,  
du
dy  = 0.7 – 1.6 × 0.2 = 0.38/s

∴  τ = 0.863 × 0.38 = 0.3279 N/m2.
Example 1.12. Determine the resistance offered to the downward sliding  of a shaft of
400 mm dia and 0.1 m length by the oil film between the shaft and a bearing of ID 402 mm. The
kinematic viscosity is 2.4 × 10–4 m2/s and density is 900 kg/m3. The shaft is to move centrally and
axially at a constant velocity of 0.1 m/s.

Force, F opposing the movement of the shaft = shear stress × area

F = µ (du/dy) ( π × D × L )

µ  =  2.4 × 10–4 × 900 Ns/m2, du = 0.1 m/s, L = 0.1 m, D= 0.4 m

 dy = (402 – 400)/(2 × 1000)m, substituting,

F = 2.4 × 10–4 × 900 × {(0.1 – 0)/[(402 – 400)/ (2 × 1000)]} ( π × 0.4 × 0.1) = 2714 N

1.8.1 Newtonian and Non-Newtonian Fluids
An ideal fluid has zero viscosity. Shear force is not involved in its deformation. An ideal fluid
has to be also incompressible. Shear stress is zero irrespective of the value of du/dy. Bernoulli
equation can be used to analyse the flow.

Real fluids having viscosity are divided into two groups namely Newtonian and non-
Newtonian fluids. In Newtonian fluids a linear relationship exists between the magnitude of
the applied shear stress and the resulting rate of deformation. It means that the proportionality
parameter (in equation 1.8.2, τ = µ (du/dy)), viscosity, µ is constant in the case of Newtonian
fluids (other conditions and parameters remaining the same). The viscosity at any given
temperature and pressure is constant for a Newtonian fluid and is independent of the rate of
deformation. The characteristics is shown plotted in Fig. 1.8.2. Two different plots are  shown
as different authors use different representations.
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Figure 1.8.2 Rheological behaviour of fluids
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Non-Newtonian fluids can be further classified as simple non-Newtonian, ideal plastic
and shear thinning, shear thickening and real plastic fluids. In non-Newtonian fluids the
viscosity will vary with variation in the rate of deformation. Linear relationship between shear
stress and rate of deformation (du/dy) does not exist. In plastics, up to a certain value of
applied shear stress there is no flow. After this limit it has a constant viscosity at any given
temperature. In shear thickening materials, the viscosity will increase with (du/dy) deformation
rate. In shear thinning materials viscosity will decrease with du/dy. Paint, tooth paste, printers
ink are some examples for different behaviours. These are also shown in Fig. 1.8.2. Many
other behaviours have been observed which are more specialised in nature. The main topic of
study in this text will involve only Newtonian fluids.

1.8.2 Viscosity and Momentum Transfer
In the flow of liquids and gases molecules are free to move from one layer to another. When
the velocity in the layers are different as in viscous flow, the molecules moving from the layer
at lower speed to the layer at higher speed have to be accelerated. Similarly the molecules
moving from the layer at higher velocity to a layer at a lower velocity carry with them a higher
value of momentum and these are to be slowed down. Thus the molecules diffusing across
layers transport a net momentum introducing a shear stress between the layers. The force
will be zero if both layers move at the same speed or if the fluid is at rest.

When cohesive forces exist between atoms or molecules these forces have to be overcome,
for relative motion between layers. A shear force is to be exerted to cause fluids to flow.

Viscous forces can be considered as the sum of these two, namely, the force due to
momentum transfer and the force for overcoming cohesion. In the case of liquids, the viscous
forces are due more to the breaking of cohesive forces than due to momentum transfer (as
molecular velocities are low). In the case of gases viscous forces are more due to momentum
transfer as distance between molecules is larger and velocities are higher.

1.8.3 Effect of Temperature on Viscosity
When temperature increases the distance between molecules increases and the cohesive force
decreases. So, viscosity of liquids decrease when temperature increases.

In the case of gases, the contribution to viscosity is more due to momentum transfer
than cohesive forces. As temperature increases, more molecules cross over with higher
momentum differences. Hence, in the case of gases, viscosity increases with temperature.

The viscosity variation with temperature can be approximated by the equations 1.8.4
and 1.8.4a.

For liquids, µ = µ0 
1

1 2+ +
F

HG
I

KJat bt
(1.8.4)

µ0 is the viscosity at 0°C in Ns/m2

µ is the viscosity at t°C, a, b are constants

For water  µ0 = 1.79 × 10–3 Ns/m2

a = 0.03368, b = 0.000221.
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For gases:  µ = µ0 + at – bt2 (1.8.4a)

For air,

 µ µ µ µ µ0 = 17 × 10–6 Ns/m2, a = 56 × 10–9

b = 0.1189 × 10–9.

Example 1.13. Determine the value of viscosity of water at 100°C. Using equation 1.8.4. Check the
value with available tables.

 µ100 = 1.79 × 10–6 / (1 + 0.3368 × 100 + 0.000221 × 1002)

= 1.79 × 10–6/6.578 = 0.272 × 10–6 Ns/m2

Tabulated value from Heat Transfer tables is 0.293 × 10–6 Ns/m2.

Example 1.14. Determine the value of viscosity of air at 100°C and check the value available in
standard tables. Use equation 1.8.4a.

 µ100 = 17 × 10–6 + 56 × 10–9  × 100 – 0.1189 × 10–9  × 104

= 17 × 10–6  + 5.6 × 10–6 – 1.189 × 10–6

= 21.411 × 10–6 Ns/m2

Standard tabulated value is 21.87 × 10–6 Ns/m2.

1.8.4 Significance of Kinematic Viscosity
Kinematic viscosity,  ν = µ/ρ , The unit in SI system is m2/s.

 (Ns/m2) (m3/ kg) = [(kg.m/s2) (s/m2)] [m3/kg] = m2/s

Popularly used unit is stoke (cm2/s) = 10–4 m2/s named in honour of Stokes.

Centi stoke is also popular = 10–6 m2/s.

Kinematic viscosity represents momentum diffusivity. It may be explained by modifying
equation 1.8.2

 τττττ = µµµµµ (du/dy) = (µµµµµ/ρρρρρ) × {d (ρρρρρu/dy)} =  ν ν ν ν ν × {d(ρρρρρu)/dy} (1.8.5)

d(ρu)/dy represents momentum flux in the y direction.

So, (µ/ρ) = ν kinematic viscosity gives the rate of momentum flux or momentum diffusivity.

With increase in temperature kinematic viscosity decreases in the case of liquids and
increases in the case of gases. For liquids and gases absolute (dynamic) viscosity is not influenced
significantly by pressure. But kinematic viscosity of gases is influenced by pressure due to
change in density. In gas flow it is better to use absolute viscosity and density, rather than
tabulated values of kinematic viscosity, which is usually for 1 atm.

1.8.5 Measurement of Viscosity of Fluids

1.8.5.1 Using Flow Through Orifices
In viscosity determination using Saybolt or Redwood viscometers, the time for the flow through
a standard orifice, of a fixed quantity of the liquid kept in a cup of specified dimensions is
measured in seconds and the viscosity is expressed as Saybolt seconds or Redwood seconds.
The time is converted to poise by empirical equations. These are the popular instruments for
industrial use. The procedure is simple and a quick assessment is possible. However for design
purposes viscosity should be expressed in the standard units of Ns/m2.
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1.8.5.2 Rotating Cylinder Method
The  fluid is filled in the interspace between two cylinders. The outer cylinder is rotated keeping
the inner cylinder stationary and the reaction torque on the inner cylinder is measured using
a torsion spring. Knowing the length, diameter, film thickness, rpm and the torque, the value
of viscosity can be calculated. Refer Example 1.15.

Example 1.15. In a test set up as in figure to measure viscosity, the cylinder supported by a torsion
spring is 20 cm in dia and 20 cm long. A sleeve surrounding the cylinder rotates at 900 rpm and the
torque measured is 0.2 Nm. If the film thickness between the cylinder and sleeve is 0.15 mm,
determine the viscosity of the oil.

The total torque is given by the sum of the torque due to
the shear forces on the cylindrical surface and that on the
bottom surface.

Torque due to shear on the cylindrical surface
(equation 1.9.1a), Ts = µπ2 NLR3/15 h,

Torque on bottom surface (equation 1.9.3),
Tb = µπ2 NR4/60 h

Where h is the clearance between the sleeve and cylinder and also base and bottom. In this case
both are assumed to be equal. Total torque is the sum of values given by the above equations. In
case the clearances are different then h1 and h2 should be used.

Total torque = (µ π2NR3 /15.h) {L + (R/4)}, substituting,

  0.2 = [(µ × π2 900 × 0.13)/(15 × 0.0015)] × [0.2 + (0.1/4)]

Solving for viscosity,   µ  µ  µ  µ  µ = 0.00225 Ns/m2 or 2.25 cP.

This situation is similar to that in a Foot Step bearing.

1.8.5.3 Capillary Tube Method
The time for the flow of a given quantity under a constant head (pressure) through a tube of
known diameter d, and length L is measured or the pressure causing flow is maintained constant
and the flow rate is measured.

  ∆P = (32 µµµµµ VL)/d2 (1.8.6)

This equation is known as Hagen-Poiseuille equation. The viscosity can be calculated
using the flow rate and the diameter. Volume flow per second, Q = (π d2/4) V. Flow rate is
experimentally measured using the apparatus. The head causing flow is known. Hence µ can
be calculated.

Figure Ex. 1.15 Viscosity test setup
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