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1- Understand the basic concepts of fluid mechanics.

OBJECTIVES

2- Recognize the various types of fluid flow problems encountered in practice.

3- Understand the vapor pressure and its role in the occurrence of cavitation.

4- Gain knowledge of viscosity and the consequences of the frictional effects it

causes in fluid flow.

5- Calculate the capillary rises and drops due to the surface tension effects.



10-1 THE NO-SLIP CONDITION
A fluid in direct contact with a solid “sticks” to the surface, and there is no slip.

This is known as the no-slip condition.

The fluid property responsible for the no-slip condition and the development of

the boundary layer is viscosity.

The layer that sticks to the surface slows the adjacent

fluid layer because of viscosity, which slows the next

layer, and soon.

Thus all velocity profiles have zero values at the points

of contact between a fluid and a solid surface.
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The flow region adjacent to the wall is called the

boundary layer.



10-2 CLASSIFICATION OF FLUID FLOWS

Viscous versus Inviscid Regions of Flow

When two fluid layers move relative to each other, a friction force develops

between them and the slower layer tries to slow down the faster layer.

Viscosity is caused by cohesive forces between the molecules in liquids and by

molecular collisions in gases.

This internal resistance to flow is quantified by the fluid property viscosity.

Flows in which the frictional effects are significant are called viscous flows.

Some regions (typically regions not close to solid surfaces) where viscous forces

are negligibly small compared to inertial or pressure forces.
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There is no fluid with zero viscosity, and thus all fluid flows involve viscous effects

to some degree.



Neglecting the viscous terms in such inviscid flow regions greatly simplifies the 

analysis without much loss in accuracy.

The thin boundary layer in which the viscous effects are significant near the

plate surface is the viscous flow region.

The region of flow on both sides away from the plate and largely unaffected

by the presence of the plate is the inviscid flow region.
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Internal versus External Flow

The flow of an unbounded fluid over a surface such as a plate is external flow. The

flow in a pipe or duct is internal flow if the fluid is completely bounded by solid

surfaces.

The flow of liquids in a duct is called open-channel flow if the duct is only

partially filled with the liquid and there is a free surface.
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Compressible versus Incompressible Flow
The flow is said to be incompressible if the density remains. Therefore, the volume

remains unchanged over the course of its motion.

The densities of liquids are constant, and thus the flow of liquids is incompressible.

Therefore, liquids are incompressible substances.

When analyzing rockets and other systems that involve high speed gas flows the flow 

speed is often expressed in terms of the dimensionless Mach number:  

where c is the speed of sound whose value is 346 m/s in air at room temperature at sea 

level. 

A flow is called sonic when Ma = 1, subsonic when Ma < 1, supersonic when Ma > 1, 

and hypersonic when Ma >>  1.



Liquid flows are incompressible to a high level of accuracy, but the level of

variation of density in gas flows on the Mach number.

Gas flows can be approximated as incompressible if the density changes are

under 5%, which is when Ma < 0.3. Therefore, the compressibility effects of air

at room temperature can be neglected at speeds under about 100 m/s.
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Laminar versus Turbulent Flow

The highly ordered fluid motion characterized by smooth layers of fluid is called

laminar.

The flow of high viscosity fluids such as oils at low

velocities is typically laminar.

The highly disordered fluid motion that occurs at high

velocities and is characterized by velocity fluctuations is

called turbulent.

The flow of low-viscosity fluids such as air at high

velocities is typically turbulent.

A flow that alternates between being laminar and

turbulent is called transitional.

Reynolds number, Re, is the key parameter for the

determination of the flow regime in pipes.D. Enshirah Da'na 9



Natural (or Unforced) versus Forced Flow

In forced flow, a fluid is forced to flow over a surface or in a pipe by external

means such as a pump or a fan.

In natural flows, fluid motion is due to natural means such as the buoyancy

effect, which manifests itself as the rise of warmer (and thus lighter) fluid and

the fall of cooler (and thus denser) fluid.

Steady versus Unsteady Flow

The term steady implies no change of properties, velocity, temperature, etc., at a 

point with time.

The opposite of steady is unsteady.

The term uniform implies no change with location over a specified region.
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Unsteady applies to any flow that is not steady, but transient is typically used

for developing flows.

Many devices such as turbines, compressors, boilers, condensers, and heat

exchangers operate for long time under the same conditions, and they are

classified as steady-flow devices.

During steady flow, the fluid properties can change from point to point

within a device, but at any fixed point they remain constant. Therefore, the

volume, the mass, and the total energy content of a steady-flow device or

flow section remain constant in steady operation.

Some cyclic devices, such as compressors, do not satisfy the steady-flow

conditions since the flow at the inlets and the exits is not steady. However, the

fluid properties vary with time in a periodic manner, and the flow through

these devices can still be analyzed as a steady-flow process by using time-

averaged values for the properties.
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10-3 VAPOR PRESSURE AND CAVITATION

Temperature and pressure are dependent properties for pure substances during

phase-change processes.

At a given pressure, the temperature at which a

pure substance changes phase is called the

saturation temperature Tsat.

Likewise, at a given temperature, the pressure at

which a pure substance changes phase is called

the saturation pressure Psat.

At an absolute pressure of 1 standard

atmosphere (1 atm or 101.325 kPa), for

example, the saturation temperature of water is

100°C. Conversely, at a temperature of 100°C,

the saturation pressure of water is 1 atm.
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Vapor pressure Pv of a pure substance is defined as the pressure exerted by its 

vapor in phase equilibrium with its liquid at a given temperature (Fig.10–14).

Pv is a property of the pure substance, and turns out to be identical to the 

saturation pressure Psat of the liquid (Pv =Psat). 

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 water vapor constitutes a small fraction (usually

under 3%) of the atmospheric pressure since air is mostly nitrogen and

oxygen. The partial pressure of a vapor must be less than or equal to the

vapor pressure if there is no liquid present.
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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.

For example, the vapor pressure of water at 20°C is 2.34 kPa. Therefore, a

bucket of water at 20°C left in a room with dry air at 1 atm will continue

evaporating until one of two things happens: the water evaporates away

(there is not enough water to establish phase equilibrium in the room), or the

evaporation stops when the partial pressure of the water vapor in the room

rises to 2.34 kPa at which point phase equilibrium is established.
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For phase-change processes between the liquid and vapor phases of a pure

substance, the saturation pressure and the vapor pressure are equivalent

since the vapor is pure.



Vapor pressure increases with temperature. Thus, a

substance at higher pressure boils at higher

temperature. The saturation pressures are given in

Appendices 1 and 2 for various substances.

It is the possible that liquid pressure in liquid-flow

systems drop below the vapor pressure at some

locations resulting in unplanned vaporization.
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For example, water at 10°C may vaporize and form bubbles at locations (such

as the tip regions of impellers or suction sides of pumps) where the pressure

drops below 1.23 kPa. The vapor bubbles 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.

Cavitation must be avoided (or minimized) in most flow

systems since it reduces performance, generates

annoying vibrations and noise, and causes damage to

equipment.
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10-4 VISCOSITY

Viscosity is internal resistance of a fluid to motion or the “fluidity,”

The force a flowing fluid exerts on a body in the flow direction is called the drag

force, and the magnitude of this force depends on viscosity.
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Consider a fluid layer between two very large parallel plates separated by a

distance.

Now a constant parallel force F is applied to the upper

plate while the lower plate is held fixed.

After the initial transients, the upper plate moves

continuously under the influence of this force at a

constant speed V.



The fluid in contact with the upper plate sticks to the plate surface and moves

with it at the same speed, and the shear stress τ acting on this fluid layer is:

where A is the contact area between the plate and the fluid. 
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The fluid layer deforms continuously under the influence of shear stress.

The fluid in contact with the lower plate assumes the velocity of that plate,

which is zero (because of the no-slip condition). In steady laminar flow, the

fluid velocity between the plates varies linearly between 0 and V, and thus the

velocity profile and the velocity gradient are:



where y is the vertical distance from the lower plate.

Further, for most fluids the velocity gradient is directly proportional to the

shear stress τ:

Fluids for which the rate of deformation is linearly proportional to the shear

stress are called Newtonian fluids.
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Water, air, gasoline, and oils are Newtonian fluids. Blood and liquid plastics are

non-Newtonian fluids.

In one-dimensional shear flow of Newtonian fluids, shear stress can be

expressed by the linear relationship:



where the constant of proportionality µ is called the coefficient of viscosity or

the dynamic (or absolute) viscosity of the fluid, whose unit is kg/m·s, or

equivalently, N·s/m2.

A common viscosity unit is poise, which is =  0.1 Pa.s (or centipoise, poise/100). 

The viscosity of water at 20°C is 1.002 centipoise. 
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A plot of shear stress versus the rate of deformation

(velocity gradient) for a Newtonian fluid is a straight line

whose slope is the Viscosity of the fluid, as shown in Fig.

10–18.

The shear force acting on a Newtonian fluid layer (or, by

Newton’s third law, the force acting on the plate) is:



where A is the contact area between the plate and the fluid. Then the force F

required to move the upper plate at a constant speed of V while the lower plate

remains stationary is:

This relation can alternately be used to calculate µ when the force F is

measured.
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For non-Newtonian fluids, the relationship between

shear stress and rate of deformation is not linear, as

shown in Fig. 10–19.

The slope of the curve on the τ versus du/dy chart is 

referred to as the apparent viscosity of the fluid. 



Fluids with apparent viscosity increases with the rate of deformation (such as

solutions with suspended starch or sand) are dilatant or shear thickening fluids,

and those that exhibit the opposite behavior (the fluid becoming less viscous as it

is sheared harder, such as some paints, polymer solutions, and fluids with

suspended particles) are pseudoplastic or shear thinning fluids.

Some materials such as toothpaste can resist a finite shear stress and thus behave

as a solid, but deform continuously when the shear stress exceeds the yield Stress

and behave as a fluid. Such materials are referred to as Bingham plastics.
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kinematic viscosity ʋ and is expressed as ʋ = µ/ρ. 

The viscosity of a fluid depends on both temperature and pressure, although the

dependence on pressure is rather weak.

Two common units of kinematic viscosity are m2/s and stoke (1stoke = 1 cm2/s = 

0.0001 m2/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.

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

pressures), but not for kinematic viscosity since the density of a gas is

proportional to its pressure.
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The viscosity of a fluid is a measure of its “resistance to deformation.”

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 (such as a car in air or a submarine in the sea)

through a fluid.



Viscosity is caused by the cohesive forces between the molecules in liquids and by the

molecular collisions in gases, and it varies greatly with temperature.
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The viscosity of liquids decreases with temperature, whereas the viscosity of gases

increases with temperature (Fig. 10–21).

In a gas the intermolecular forces are negligible, and the gas

molecules at high temperatures move randomly at higher

velocities resulting in more molecular collisions per unit

volume per unit time and greater resistance to flow.

The viscosity of gases is expressed as a function of temperature as:

This is because in a liquid the molecules possess more energy at

higher temperatures, and they can oppose the large cohesive

intermolecular forces more strongly.

where a and b are experimentally determined constants.



Measuring viscosity at two different temperatures is sufficient to determine

these constants. For air at atmospheric conditions, the values of these constants

are a = 1.458 × 10-6 kg/(m.s.K1/2) and b = 110.4 K. The viscosity of gases is

independent of pressure at low to moderate pressures (from a few percent of 1

atm to several atm). But it increases at high pressures due to the increase in

density.
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For liquids, the viscosity is approximated as:

where T is absolute temperature and a, b, and c are experimentally determined

constants. For water, using the values a = 2.414 ×10-5, 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.



The viscosities of some fluids at room temperature are listed

in Table 10–2. They are plotted against temperature in Fig.

10–22.

Note that the viscosities of

different fluids differ by several

orders of magnitude. Also note

that 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.
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Consider a fluid layer of thickness l, within a small gap between two concentric

cylinders. The gap between the cylinders can be modeled as two parallel flat

plates separated by the fluid. Noting that torque is T = FR (force times the radius

R of the inner cylinder), the tangential velocity is V = ωR (angular velocity times the

radius), and taking the wetted surface area of the inner cylinder to be A = 2ЛRL by

disregarding the shear stress acting on the two ends of the inner cylinder, torque

can be expressed as:

where L is the length of the cylinder and ń is the number of revolutions per unit 

time, which is usually expressed in rpm (revolutions per minute). 
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Note that the relation between the angular velocity in rad/min and the rpm is:

ω = 2Лń

Therefore, two concentric cylinders can be used as a viscometer, a device that 

measures viscosity.
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10-5 SURFACE TENSION AND CAPILLARY EFFECT

A soap bubble released into the air forms a nearly spherical shape.

The surface of the liquid acts like a stretched elastic membrane under tension.
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A drop of blood forms a hump on a horizontal glass.

A drop of mercury forms a sphere over a smooth surface.

Water droplets from dew hang from branches or leaves of trees.

Water falls as nearly spherical droplets.

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.

This force per unit length is called surface tension or coefficient of surface tensions

σs and is expressed in N/m (or lbf/ft).

Surface energy or surface tension (σs): is the stretching work that needs to be done to increase the

surface area of the liquid by a unit amount and is expressed in N.m/m2 or J/m2.



Consider two liquid molecules, one at the surface and one deep.
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But the attractive forces acting on the surface molecule are not symmetric, and the attractive forces

applied by the gas molecules above are very small.

The attractive forces applied on the interior molecule by the surrounding molecules balance each

other because of symmetry.

Therefore, there is a net attractive force acting on the molecule at the surface of the liquid, tends to

pull the molecules on the surface toward the interior of the liquid.

This force is balanced by the repulsive forces from the molecules

below the surface that are trying to be compressed. The result is

that the liquid minimizes its surface area.

This is the reason for the tendency of liquid droplets to attain a

spherical shape, which has the minimum surface area for a given

volume.



Therefore, surface tension also can be defined as the work done per unit

increase in the surface area of the liquid.
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The surface tension of a substance change by impurities. Therefore, certain

chemicals, called surfactants, can be added to a liquid to decrease its surface

tension. For example, soaps and detergents lower the surface tension of water

and enable it to penetrate the small openings between fibers for more effective

washing.



The surface tension varies greatly from substance

to substance, and with temperature for a given

substance, as shown in Table 10–3. At 20°C, for

example, the surface tension is 0.073 N/m for

water and 0.440 N/m for mercury surrounded by

atmospheric air.

The surface tension of a liquid decreases with

temperature and becomes zero at the critical

point (and thus there is no distinct liquid–vapor

Interface at temperatures above the critical

point).

The effect of pressure on surface tension is

usually negligible.
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Capillary Effect

A consequence of surface tension is the capillary effect, which is the rise or fall of a

liquid in a small-diameter tube inserted into the liquid.

It is commonly observed that water in a glass container curves up slightly at the

edges where it touches the glass surface; but the opposite occurs for mercury: it

curves down at the.
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The rise of kerosene through a cotton wick inserted into the reservoir of a kerosene

lamp is due to this effect.

The capillary effect is responsible for the rise of water to the top of tall trees.

The curved free surface of a liquid in a capillary tube is called the meniscus.

This effect is usually expressed by saying that water

wets the glass (by sticking to it) while mercury does not.



A liquid is said to wet the surface when ɸ < 90° and not to wet the surface when ɸ > 90°.

The strength of the capillary effect is quantified by the contact (or wetting) angle ɸ,

defined as the angle that the tangent to the liquid surface makes with the solid surface at

the point of contact.

The contact angle of water and most organic liquids with glass is nearly zero, ɸ ~ 0°.

The contact angle is 130° for mercury–glass and 26° for kerosene–glass in air.

Therefore, the surface tension force acts upward on water in a glass tube along the

circumference, tending to pull the water up.
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As a result, water rises in the tube until the weight of the liquid in the tube above the

liquid level of the reservoir balances the surface tension force.

The contact angle, is different in different environments (such as another gas or liquid

in place of air).



Capillary effect can be explained by considering cohesive forces (forces between

water and water) and adhesive forces (the forces between water and glass).

The relative magnitudes of these forces determine whether a liquid wets a solid

surface or not.

The opposite occurs for mercury, which causes the

liquid surface near the glass wall to be suppressed.

The liquid molecules at the solid–liquid interface are subjected to both cohesive

forces by other liquid molecules and adhesive forces by the molecules of the solid.
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Water molecules are more strongly attracted to the glass molecules than they are

to other water molecules, and thus water tends to rise along the glass surface.



The magnitude of the capillary rise in a circular tube can be determined from a force

balance on the cylindrical liquid column of height h in the tube.

The weight of the liquid column is approximately:

Equating the vertical component of the surface tension force to the weight:

Solving for h gives the capillary rise to be:
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This relation is also valid for non wetting liquids (such

as mercury in glass) and gives the capillary drop.



The capillary rise is inversely proportional to the radius of the tube, the thinner

the tube is, the greater the rise (or fall) of the liquid in the tube.

The capillary effect for water is usually negligible in tubes whose diameter is

greater than 1 cm.

Capillary rise is inversely proportional to the liquid

density, lighter liquids experience greater capillary

rises.
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In this case ɸ > 90° and thus cos ɸ < 0, which makes h negative. Therefore, a

negative value of capillary rise corresponds to a capillary drop.

When pressure measurements are made using manometers and barometers, it is

important to use sufficiently large tubes to minimize the capillary effect.
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