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\\ 

 Basic concepts : 

Elasticity 

     That property of a body by which it experiences a change in size or shape whenever 

a deforming force acts on the body. 

     The elastic properties of matter are a manifestation of the molecular forces that hold 

solids together . 

 

Lattice structure of a solid 

      A regular, periodically repeated, three-dimensional array of the atoms or molecules 

comprising the solid . 

Stress 

     For a body that can be either stretched or compressed,  the stress is the ratio of the 

applied force acting on a body to the cross-sectional area of the body . 

Strain 

      For a body that can be either stretched or compressed, the ratio of the change in 

length to the original length of the body is called the strain . 

Hooke’s law 

     In an elastic body, the stress is directly proportional to  the strain . 

Young’s modulus of elasticity 

     The proportionality constant in Hooke’s law.  It is equal to the ratio of the stress to 

the strain . 

Elastic limit 

     The point where the stress on a body becomes so great that the atoms of the body 

are pulled permanently away from their equilibrium position in the lattice structure. 

 Chapter (2) : Elasticity 
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      When the stress exceeds the elastic limit, the material  will not return to its original 

size or shape when the stress is  removed.    Hooke’s law is no longer valid above the 

elastic limit . 

Shear 

     That elastic property of a body that causes the shape of  the body to be changed 

when a stress is applied. 

     When the stress is removed the body returns to its  original shape . 

Shearing strain 

     The angle of shear, which is a measure of how much  the body’s shape has been 

deformed . 

Shearing stress 

      The ratio of the tangential force acting on the body to  the area of the body over 

which the tangential force acts . 

Shear modulus 

      The constant of proportionality in Hooke’s law for shear.    It is equal to the ratio of 

the shearing stress to the  shearing strain . 

Bulk modulus 

      The constant of proportionality in Hooke’s law for volume  elasticity.    It is equal 

to the ratio of the compressional stress to the  strain.   The strain for this case is equal 

to the change in volume  per unit volume . 

Elasticity of volume 

      When a uniform force is exerted on all sides of an object,  each side of the object 

becomes compressed.   Hence, the entire volume of the body decreases.     When the 

force is removed the body returns to its original volume . 

Compressibility 

     The reciprocal of the bulk modulus (B).- 
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2.1 The Atomic Nature of Elasticity 

Elasticity is that property of a body by which it experiences a change in size or shape 

whenever a deforming force acts on the body. 

       When the force is removed the body returns to its original size and shape.  

       Most people are familiar with the stretching of a rubber band. 

All materials, however, have this same elastic property, but in most materials it is not 

so pronounced.   The explanation of the elastic property of solids is found in an atomic 

description of a solid. 

       Most solids are composed of a very large number of atoms or molecules arranged 

in a fixed pattern called the lattice structure of a solid and shown schematically in 

figure (1). 

 

 

Figure (1) : Lattice structure of a solid. 

These atoms or molecules are held in their positions by electrical forces.  The electrical 

force between the molecules is attractive and tends to pull the molecules together.  

Thus, the solid resists being pulled apart.  Any one molecule in figure (1.1) has an 

attractive force pulling it to the right and an equal attractive force pulling it to the left.  

There are also equal attractive forces pulling the molecule up and down, and in and 

out.   A repulsive force between the molecules also tends to  repel the molecules if they 
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get too close together.    This is why solids are difficult to compress.   The net result of 

all these molecular forces is that each molecule is in a position of equilibrium. 

      If we try to pull one side of a solid material to the right, let us say, then we are in 

effect pulling all these molecules slightly away from their equilibrium position. 

        The displacement of any one molecule from its  equilibrium position is quite 

small, but since there are billions of molecules, the total molecular displacements are 

directly measurable as a change in length of the material. 

          When the applied force is removed, the attractive molecular forces pull all the 

molecules back to their original positions, and the material returns to its original 

length.   If we now exert a force on the material in order to compress it, we cause the 

molecules to be again displaced from their equilibrium position, but this time they are 

pushed closer together. 

         The repulsive molecular force prevents them from getting  too close together, but 

the total molecular displacement is directly measurable as a reduction in size of the 

original material. 

          When the compressive force is removed, the repulsive molecular force causes 

the atoms to return to their equilibrium position and the solid returns to its original 

size.  Hence, the elastic properties of matter are a manifestation of the molecular 

forces that hold solids together. 

 

2.2 Hooke’s Law — Stress and Strain 

If we apply a force to a rubber band, we find that the rubber band stretches. 

Similarly, if we attach a wire to a support, as shown in figure (2.2), and sequentially 

apply forces of magnitude F, 2F, and 3F to the wire, we find that the wire stretches by 

an amount ΔL, 2ΔL, and 3ΔL, respectively.  (Note that the amount of stretching is 

greatly exaggerated in the diagram for illustrative purposes.) 
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Figure (2.2) : Stretching an object. 

The deformation, (ΔL), is directly proportional to the magnitude of the applied force 

(F) and is written mathematically as: 

 

This aspect of elasticity is true for all solids. 

        It would be tempting to use equation (1.1) as it stands to formulate a theory of 

elasticity, but with a little thought it becomes obvious that although it is correct in its 

description,  it is incomplete. 

Let us consider two wires, one of cross-sectional area A, and another with twice that 

area, namely 2A, as shown in figure (2.3). 

 

Figure (2.3): The deformation is inversely proportional to the cross-sectional area 

of the wire 

When we apply a force F to the first wire, that force is distributed over all the atoms in 

that cross-sectional area A.   If we subject the second wire to the same applied force F,  
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then this same force is distributed over twice as many atoms in the area 2A as it was in 

the area A.   Equivalently we can say that each atom receives only half  the force in the 

area 2A that it received in the area A.  Hence, the total stretching of the 2A wire is only 

1/2 of what it was in wire A. 

       Thus, the elongation of the wire (ΔL) is inversely proportional to the cross-

sectional area (A) of the wire, and this is written: 

 

Note also that the original length of the wire must have something to do with the 

amount of stretch of the wire.  For if a force of magnitude F is applied to two wires of 

the  same cross-sectional area, but one has length L0 and the other  has length 2L0, the 

same force is transmitted to every molecule in the length of the wire.    But because 

there are twice as many molecules to stretch  apart in the wire having length 2L0, there 

is twice the 

deformation, or 2ΔL, as shown in figure (2.4).  We write this as the proportion: 

 

 The results of equations (1.1), (1.2 ) and (1.3) are, of  course, also deduced 

experimentally. 

The deformation (ΔL) of the wire is thus directly proportional to the magnitude of the 

applied force (F)  (equation 1.1),inversely proportional to the cross-sectional  area 

(A) (equation 1.2), and directly proportional to the 

original length of the wire (L0) (equation 1.3). 
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Figure (2.4) : The deformation is directly proportional to the original 

length of the wire. 

These results can be incorporated into the one proportionality: 

 

which we rewrite in the form: 

 

The ratio of the magnitude of the applied force to the cross-sectional area of 

the wire is called the stress acting on the wire, while the ratio of the change in 

length to the original length of the wire is called the strain of the wire. 

      Equation (1.4) is a statement of Hooke’s law of elasticity, which says 

that in an elastic body the stress is directly proportional to the strain, that is: 

Stress Strain...(15) 

The stress is what is applied to the body, while the resulting effect is called 

the strain.    To make an equality out of this proportion, we must  introduce a 
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constant of proportionality.    This constant depends on the type of material used,  since 

the molecules, and hence the molecular forces of each material, are different. 

       This constant, called Young’s modulus of elasticity is denoted by the letter (Y) . 

Equation (1.4) thus becomes: 

 

The value of (Y) for various materials is given in table (1.1). 

         

The applied stress on the wire cannot be increased indefinitely if the wire is to remain 

elastic. 

       Eventually a point is reached where the stress becomes so great that the atoms are 

pulled permanently away from their equilibrium position in the lattice structure. 

        This point is called the elastic limit of the material and is shown in figure (2.5). 

       When the stress exceeds the elastic limit the material does not return to its original 

size or shape when the stress is removed.   The entire lattice structure of the material 

has been altered. 
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Figure (2.5) : Stress-strain relationship. 

       If the stress is increased beyond the elastic limit, eventually the ultimate stress 

point is reached. 

      This is the highest point on the stress-strain curve and represents the greatest stress 

that the material can bear.    Brittle materials break suddenly at this point, while some 

ductile materials can be stretched a little more due to a decrease in the cross-sectional 

area of the material.     But they too break shortly thereafter at the breaking point. 

      Hooke’s law is only valid below the elastic limit, and it is only that region that will 

concern us. 

      Although we have been discussing the stretching of  an elastic body, a body is also 

elastic under compression. 

       If a large load is placed on a column, then the column is compressed, that is, it 

shrinks by an amount (ΔL). 

When the load is removed the column returns to its original length. 

 

1.3 Hooke’s Law for a Spring 

A simpler formulation of Hooke’s law is sometimes useful and can be found from 

equation (1.6) by a slight rearrangement of terms. 

That is, solving equation (1.6) for (F) gives: 
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Because (A), (Y), and (L0) are all constants, the term (AY/L0) can be set equal to a new 

constant (k), namely: 

 

We call (k) a force constant or a spring constant.   Then: 

 

The change in length (ΔL) of the material is simply the final length (L) minus the 

original length (L0). 

We can introduce a new reference system to measure the elongation, by calling the 

location of the end of the material in its un stretched position, (x = 0). 

       Then we measure the stretch by the value of the  displacement (x) from the un 

stretched position, as seen in figure (2.6). 

 

Figure (2.6) : Changing the reference system. 

Thus, (ΔL) = x, in the new reference system, and we can write equation (1.8) as: 

 

Equation (1.9) is a simplified form of Hooke’s law that we use in vibratory motion 

containing springs. 
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      For a helical spring, we cannot obtain the spring constant from equation (1.7) 

because the geometry of a spring is not the same as a simple straight wire. 

        However, we can find (k) experimentally by adding  various weights to a spring 

and measuring the associated elongation x, as seen in figure 2.7(a). 

      A plot of the magnitude of the applied force (F) versus the elongation (x) gives a 

straight line that goes through the origin, as in figure (1.7(b)). 

 

Figure (2.7): Experimental determination of a spring constant. 

      Because Hooke’s law for the spring, equation (1.9), is an equation of the 

form of a straight line passing through the  origin, that is: 

 

the slope (m) of the straight line is the spring constant (k).   

      In this way, we can determine experimentally the spring constant for 

any spring. 

 

1.4 Elasticity of Shape - Shear 

In addition to being stretched or compressed, a body can be deformed by changing the 

shape of the body. 
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       If the body returns to its original shape when the distorting stress is removed, the 

body exhibits the property of elasticity of shape, sometimes called shear. 

      As an example, consider the cube fixed to the surface in figure (2.8(a)). 

      A tangential force (Ft) is applied at the top of the cube,  a distance (h) above the 

bottom. 

 

Figure (2.8) : Elasticity of shear. 

The magnitude of this force (Ft) times the height (h) of the cube would normally cause 

a torque to act on the cube to rotate it. 

       However, since the cube is not free to rotate, the body  instead becomes deformed 

and changes its shape, as shown in  figure (2.8(b)). 

        The normal lattice structure is shown in figure (2.8(c)), and the deformed lattice 

structure in figure (2.8(d)). 

       The tangential force applied to the body causes the layers  of atoms to be displaced 

sideways; one layer of the lattice  structure slides over another. 

       The tangential force thus causes a change in the shape of  the body that is 

angle of shear. 

         original position of the body by 

noting from (figure 1.8(b)) that: 



42 
Lectures in Properties of Mater – Dr. Badry. Abdalla  -Phys. Dept.- Faculty of Science in Qena-  

 

 

Because the deformations are usually quite small, as a first approximation the tan 

can be replaced by the angle   Thus: 

 

        Equation (1.10) represents the shearing strain of the body. 

The tangential force (Ft)   body and we find 

experimentally that: 

 

That is, the angle of shear is directly proportional to the  magnitude of the applied 

tangential force (Ft). 

      We also find the deformation of the cube experimentally to be inversely 

proportional to the area of the top of the cube. 

      With a larger area, the distorting force is spread over  more molecules and hence 

the corresponding deformation  is less.   Thus: 

 

Equations (1.11) and (1.12) can be combined into the single equation: 

 

Note that (Ft/A) has the dimensions of a stress and it is  now defined as the shearing 

stress: 
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Since (Φ ) is the shearing strain, equation (1.13) shows the familiar proportionality that 

stress is directly proportional to the strain.   Introducing a constant of proportionality 

(S), called the  shear modulus, Hooke’s law for the elasticity of shear is given  by: 

 

Values of (S) for various materials are given in  table (1.1). 

       The larger the value of (S) , the greater the resistance to  shear.   Note that the 

shear modulus is smaller than Young’s modulus (Y).  This implies that it is easier to 

slide layers of molecules over each other than it is to compress or stretch them. 

         The shear modulus is also known as the torsion modulus and the modulus of 

rigidity. 

1.5 Elasticity of Volume 

If a uniform force is exerted on all sides of an object,  as in figure (2.9), such as a block 

under water, each side of the  block is compressed.  Thus, the entire volume of the 

block decreases. 

 

Figure (2.9) : Volume elasticity. 

The compressional stress is defined as: 

 



44 
Lectures in Properties of Mater – Dr. Badry. Abdalla  -Phys. Dept.- Faculty of Science in Qena-  

 

where (F ) is the magnitude of the normal force acting on  the cross-sectional area (A) 

of the block. 

     The strain is measured by the change in volume per unit  volume, that is: 

 

Since the stress is directly proportional to the strain,  by Hooke’s law, we have: 

 

To obtain an equality, we introduce a constant of  proportionality (B), called the bulk 

modulus, and Hooke’s law for elasticity of volume becomes: 

 

       The minus sign is introduced in equation (1.19) because an increase in the stress 

(F/A) causes a decrease in the volume, leaving (ΔV) negative. 

       The bulk modulus is a measure of how difficult it is to compress a substance. 

        The reciprocal of the bulk modulus (B) , called the  compressibility (k) , is a 

measure of how easy it is to  compress the substance. 

       The bulk modulus (B) is used for solids, while the compressibility (k) is usually 

used for liquids. 

       Quite often the body to be compressed is immersed in  a liquid.  In dealing with 

liquids and gases it is convenient to deal  with the pressure exerted by the liquid or gas. 

       We will see in detail in Lecture 2 that pressure is defined  as the force that is acting 

over a unit area of the body, that is: 
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For the case of volume elasticity, the stress (F/A), acting  on the body by the fluid, can 

be replaced by the pressure of the fluid itself. 

       Thus, Hooke’s law for volume elasticity can also be  written as: 
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3.1 Introduction 

Matter is usually said to exist in three phases: solid,  liquid, and gas. Solids are hard 

bodies that resist deformations, whereas liquids and gases have the characteristic of 

being able to flow. 

      A liquid flows and takes the shape of whatever container  in which it is placed. 

      A gas also flows into a container and spreads out until it occupies the entire volume 

of the container. 

      A fluid is defined as any substance that can flow, and hence liquids and gases are 

both considered to be fluids. 

      Liquids and gases are made up of billions upon billions of  molecules in motion 

and to properly describe their behavior,  Newton’s second law should be applied to 

each of these molecules. 

       However, this would be a formidable task, if not outright impossible, even with the 

use of modern high-speed computers.  Also, the actual motion of a particular molecule 

is  sometimes not as important as the overall effect of all those  molecules when they 

are combined into the substance that is 

called the fluid. 

       Hence, instead of using the microscopic approach of  dealing with each molecule, 

we will treat the fluid from a macroscopic approach. That is, we will analyze the fluid 

in terms of its large scale characteristics, such as its mass, density, pressure, and its 

distribution in space. 

        The study of fluids will be treated from two different  approaches. 

         First, we will consider only fluids that are at rest.   This portion of the study of 

fluids is called fluid statics or hydrostatics. 

Chapter (3): Static Fluids 
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         Second, we will study the behavior of fluids when they are  in motion.      This 

part of the study is called fluid dynamics or  hydrodynamics.  

      Let us start the study of fluids by defining and analyzing the macroscopic variables. 

 

3.2 Density 

The density of a substance is defined as the amount of  mass in a unit volume of that 

substance. 

     We use the symbol (ρ) (the lower case Greek letter rho) to  designate the density 

and write it as: 

 

A substance that has a large density has a great deal of mass in a unit volume, whereas 

a substance of low density has  a small amount of mass in a unit volume. 

       Density is expressed in SI units as (kg/m3), and occasionally in the laboratory as 

(g/cm3). 

       Densities of solids and most liquids are very nearly constant but the densities of 

gases vary greatly with temperature and pressure. 

                Table (2.1) is a list of densities for various materials. 

        We observe from the table that in interstellar space the densities are 

extremely small, of the order of 10−18 to 10−21  kg/m3.  That is, interstellar 

space is almost empty space.  The density of the proton and neutron is of 

the order of  1017 kg/m3, which is an extremely large density. Hence, the 

nucleus of a chemical element is extremely  dense. 

        Because an atom of hydrogen has an approximate density  of 2680 

kg/m3, whereas the proton in the nucleus of that  hydrogen atom   as a 
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density of about 1.5 x 1017 kg/m3,  we see that the density of the nucleus is 

about 1013 times as great as the density of the atom. 

Hence, an atom consists almost entirely of empty space with the greatest 

portion of its mass residing in a very small nucleus. 

 

3.3 Pressure 

Pressure is defined as the magnitude of the normal force acting per unit 

surface area. 

       The pressure is thus a scalar quantity. We write this mathematically 

as: 
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       The SI unit for pressure is newton/meter2, which is given  the special 

name Pascal, in honor of the French mathematician, physicist, and 

philosopher, Blaise Pascal (1623-1662) and is abbreviated (Pa).    Hence, 1 

Pa = 1 N/m2. 

      Pressure exerted by a fluid is easily determined with the  aid of figure 

(2.1), which represents a pool of water. 

 

Figure (2.1) : Pressure in a pool of water. 

       We want to determine the pressure(p) at the bottom of  the pool caused by the 

water in the pool. 

      By our definition, equation (2.2), the pressure at the  bottom of the pool is the 

magnitude of the force acting on a unit  area of the bottom of the pool. 

       But the force acting on the bottom of the pool is caused by  the weight of all the 

water above it.   Thus: 
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       We have set the weight w of the water equal to (mg) in  equation (2.3). 

The mass of the water in the pool : 

 

       The volume of all the water in the pool is just equal to the area (A) of the bottom 

of the pool times the depth (h) of the  water in the pool, that is: 

 

        Substituting equations (2.4) and (2.5) into equation (2.3) gives for the pressure at 

the bottom of the pool: 

 

Thus, 

 

(Although we derived equation (2.6) to determine the water pressure at the bottom of a 

pool of water, it is completely general and gives the water pressure at any depth (h) in 

the pool.) 

      Equation (2.6) says that the water pressure at any  depth (h) in any pool is given by 

the product of the density of the water in the pool, the acceleration due to gravity ( g), 

and the depth (h) in the pool.   Equation (2.6) is sometimes called the hydrostatic  

equation. 

       Just as there is a water pressure at the bottom of  a swimming pool caused by the 

weight of all the water above  the bottom, there is also an air pressure exerted on every 
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object  at the surface of the earth caused by the weight of all the air  that is above us in 

the atmosphere.    That is, there is an atmospheric pressure exerted on us,  given by 

equation (2.2) as: 

 

      However we cannot use the same result obtained for the  pressure in the pool of 

water, the hydrostatic equation (2.6),  because air is compressible and hence its density 

(ρ) is not  constant with height throughout the vertical portion of the atmosphere. 

       The pressure of air at any height in the atmosphere can  be found if we know the 

density variation in the atmosphere. 

       However, the variation in density is also a function of the  temperature of the air 

and can be found by use of the ideal gas equation . 

        Until then we will revert to the use of experimentation to determine the pressure 

of the atmosphere. 

       The pressure of the air in the atmosphere was first measured by Evangelista 

Torricelli (1608-1647), a student of Galileo, by the use of a mercury barometer. 

      A long narrow tube is filled to the top with mercury,  chemical symbol Hg.    It is 

then placed upside down into a reservoir filled with  mercury, as shown in figure (2.2) . 

 

Figure (2.2) : A mercury barometer. 
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      The mercury in the tube starts to flow out into the  reservoir, but it comes to a stop 

when the top of the mercury  column is at a height (h) above the top of the mercury 

reservoir, as also shown in figure (2.2). 

      The mercury does not empty completely because the  normal pressure of the 

atmosphere (p0) pushes downward on  the mercury reservoir. 

      Because the force caused by the pressure of a fluid is the same in all directions, 

there is also a force acting upward inside  the tube at the height of the mercury 

reservoir, and hence there  is also a pressure p0 acting upward as shown in figure (2.2). 

      This force upward is capable of holding the weight of the  mercury in the tube up to 

a height (h). 

     Thus, the pressure exerted by the mercury in the tube is  exactly balanced by the 

normal atmospheric pressure on the  reservoir, that is: 

 

But the pressure of the mercury in the tube (pHg), given by equation (2.6), is: 

 

Substituting equation (2.9) back into equation (2.8),  gives: 

 

Equation (2.10) says that normal atmospheric pressure  can be determined by 

measuring the height (h) of the column of  mercury in the tube. 

       It is found experimentally, that on the average, normal atmospheric pressure can 

support a column of mercury (76.0 cm) high, or (760 mm) high. 

      The unit of (1.00 mm) of Hg is sometimes called a torr in honor of Torricelli.  

Hence, normal atmospheric pressure can also be given as (760 torr). 

      Using the value of the density of mercury of  1.360 x 104 kg/m3, found in table 

(2.1), normal atmospheric pressure, determined from equation (2.10), is: 
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       Now that we have discussed atmospheric pressure,  it is obvious that the total 

pressure exerted at a depth (h) in a  pool of water must be greater than the value 

determined  previously, because the air above the pool is exerting an  atmospheric 

pressure on the top of the pool. 

      This additional pressure is transmitted undiminished  throughout the pool. 

      Hence, the total or absolute pressure observed at the depth (h) in the pool is the 

sum of the atmospheric pressure plus the pressure of the water itself, that is: 

 

Using equation (2.6), this becomes 

 

3-4: SURFACE TENSION  

  Intermolecular forces  

       The force between two molecules of a substance is called 

intermolecular force. This intermolecular force is basically electric in 

nature. When the distance between two molecules is greater, the 

distribution of charges is such that the mean distance between opposite 

charges in the molecule is slightly less than the distance between their like 

charges. So a force of attraction exists. When the intermolecular distance is 

less, there is overlapping of the electron clouds of the molecules resulting 

in a strong repulsive force.  

         The intermolecular forces are of two types. They are  

(i) cohesive force and  
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(ii) adhesive force.  

 Cohesive force  

         Cohesive force is the force of attraction between the molecules of the 

same substance. This cohesive force is very strong in solids, weak in liquids 

and extremely weak in gases.  

 

Adhesive force  

       Adhesive force is the force of attraction between the molecules of two 

different substances. For example due to the adhesive force, ink sticks to 

paper while writing. Fevicol, gum etc exhibit strong adhesive property.  

       Water wets glass because the cohesive force between water molecules 

is less than the adhesive force between water and glass molecules. 

Whereas, mercury does not wet glass because the cohesive force between 

mercury molecules is greater than the adhesive force between mercury 

and glass molecules.  

Molecular range and sphere of influence  

       Molecular range is the maximum distance upto which a molecule can 

exert force of attraction on another molecule. It is of the order of 10–9 m 

for solids and liquids.  

      Sphere of influence is a sphere drawn around a particular molecule as 

center and molecular range as radius. The central molecule exerts a force 

of attraction on all the molecules lying within the sphere of influence. 
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T = F / L 
           Surface tension is defined as the force per unit length acting 

perpendicular on an imaginary line drawn on the liquid surface, tending to 

pull the surface apart along the line. Its unit is N m–1 and dimensional 

formula is MT–2.  

      It depends on temperature. The surface tension of all liquids decreases 

linearly with temperature.     It is a scalar quantity and become zero at 

critical temperature 

 

Molecular theory of surface tension  
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        The surface tension of liquid arises out of the attraction of its 

molecules. Molecules of fluid ( liquid and gas) attract one another with a 

force. If any other molecule is within the sphere of influence of first 

molecule it will experience a force of attraction . 

          Consider three molecules A, B, C having their spheres of influence as 

shown in the figure. The sphere of influence of A is well inside the liquid, 

that of B partly outside and that of  C   exactly half of total  molecules like A 

do not experience any resultant force, as they are attracted equally in all 

directions.    Molecules like B or C will experience a resultant force directed 

inward. Thus the molecules will inside the liquid will have only kinetic 

energy but the molecule near surface will have kinetic as well as potential 

energy which is equal o the work done in placing them near the surface 

against the force of attraction directed inward 

Surface energy 

 

Any Strained body possesses potential energy, which is equal to the work 

done in bringing it to the present state from its initial unstained state. The 
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surface of liquid is also a strained system and hence the surface of a liquid 

also has potential energy, which is equal to the work done increasing the 

surface. This energy per unit area of the surface is called surface energy  

To derive an expression for surface energy consider a wire frame equipped 

with a sliding wire AB as shown in figure. A film of soap solution is formed 

across ABCD of the frame. The side AB is pulled to the left due to surface 

tension. To keep the wire in position a force F has to be applied to the 

right. If T is the surface tension and l is the length of AB, then the force due 

to surface tension over AB is 2lT to the left because the film has two 

surfaces ( upper and lower) .    Since the film is in equilibrium     F = 2lT 

        Now, if the wire AB is pulled down, energy will flow from the agent to 

the film and this energy is stored as potential energy of the surface created 

just now. Let the wire be pulled slowly through x.  

Then the work done = energy added to the film from above agent  

W=Fx = 2lTx 

Potential energy per unit area ( surface energy) of the film  

 

Thus surface energy numerically equal to its surface tension .   Its unit is 

Joule per square metre ( Jm-2)  
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Solved Numerical 

Qe) Calculate the work done in blowing a soap bubble of radius 10cm, 

surface tension being 0.08 Nm-1. What additional work will be done in 

further blowing it so that its radius is doubled?  

Solution 

In case of a soap bubble, there are two free surfaces  

Surface tension = Work done per unit area  

∴ Work done in blowing a soap bubble of radius R is given by = Surface 

tension × Area  

W = T ×(2×4πR2) = (0.06)×(8×3.14×0.12) = 1.51 J 

Similarly, work done in forming a bubble of radius 0.2 m is : 

W’ = (0.06)×(8×3.14×0.22) = 60.3 J 

Additional work done in doubling the radius of the bubble is given by  

W’ – W = 60.3 – 1.51 = 5.42J . 

--------------------------------------------------------------- 

Qe) A mercury drop of radius 1cm is sprayed into 106 droplets of equal 

size. Calculate the energy expended if surface tension of mercury is 35×10-

3 N/m  

Solution 

Since total volume of 106 droplet has remains same  

If radius small droplet is r’ and big drop is r then r = (106)1/3 r’  

1 = 102r’ or r’ = 0.01 cm = 10-4 m  
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Since surface area is increased energy should be supplied to make small 

small drops.  

Total energy of small droplet =[ T (4πr’2)] 106  

Total energy of big droplet = [T(44πr2)]  

Spending of energy = Total energy of small droplets - Total energy of big 

droplet  

Spending of energy = [ T (4πr’2)] 106 - [T(4πr2)]  

Spending of energy = T×4π [106× r’2 – r2]  

Spending of energy = 35×10-3×4×3.14 [106×(10-4)2 –(10-2)2]  

Spending of energy =0.44[10-2 – 10-4]  

Spending of energy = 4.356×10-3 J 

 

Angle of contact 

 

When the free surface of a liquid comes in contact with a solid, it becomes 

curved at the point of contact. The angle between the tangent to the liquid 

surface at the point of contact of the liquid with the solid and the solid 
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surface inside the liquid is called angle of contact. In Fig., QR is the tangent 

drawn at the point of contact Q. The angle PQR is called the angle of 

contact. When a liquid has concave meniscus, the angle of contact is acute. 

When it has a convex meniscus, the angle of contact is obtuse. The angle of 

contact depends on the nature of liquid and solid in contact. For water and 

glass, θ lies between 8o and 18o. For pure water and clean glass, it is very 

small and hence it is taken as zero. The angle of contact of mercury with 

glass is 138o. 

  

Pressure difference across a liquid surface  

If the free surface of a liquid is plane, then the surface tension acts 

horizontally (Fig. a). It has no component perpendicular to the horizontal  

 

surface. As a result, there is no pressure difference between the liquid side 

and the vapour  side.  

         If the surface of the liquid is concave (Fig. b), then the resultant force 

R due to surface tension on a molecule on the surface act vertically 

upwards. To balance this, an excess of pressure acting downward on the 

concave side is necessary.  
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       On the other hand if the surface is convex (Fig.c), the resultant R acts 

downward and there must be an excess of pressure on the concave side 

acting in the upward direction.  

         Thus, there is always an excess of pressure on the concave side of a 

curved liquid surface over the pressure on its convex side due to surface 

tension. 

 Excess pressure  

        The pressure inside a liquid drop or a soap bubble must be in excess of 

the pressure outside the bubble or drop because without such pressure 

difference a drop or a bubble cannot be in state of equilibrium. Due to 

surface tension the drop or bubble has got the tendency to contract and 

disappear altogether.  

         To balance this, there must be an excess of pressure inside the 

bubble.    To obtain a relation between the excess pressure and the surface 

tension, consider a water drop of radius r and surface tension T, 

            The excess of pressure P inside the drop provides a force acting 

outwards perpendicular to the surface, to balance the resultant force due 

to surface tension.  

 

          Imagine the drop to be divided into two equal halves. Considering the 
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equilibrium of the upper hemisphere of the drop, the upward force on the 

plane face ABCD due to excess pressure P is P π r 2  

If T is the surface tension of the liquid, the force due to surface tension 

acting downward along the circumference of the circle ABCD is T 2πr. 

 

Excess pressure inside a soap bubble  

A soap bubble has two liquid surfaces in contact with air, one inside the 

bubble and the other outside the bubble. Therefore the force due to 

surface tension = 2 × 2πrT  

∴ At equilibrium,             P πr 2 = 2 × 2πrT 𝑃 = 4𝑇 𝑟  

 

Thus the excess of pressure inside a drop is inversely proportional to its 

radius  the pressure needed to form a very small bubble is high. This 

explains why one needs to blow hard to start a balloon growing. Once the 

balloon has grown, less air pressure is needed to make it expand more.  
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Solved Numerical 

Qe) An air bubble of radius R is formed on a narrow tube having a radius r 

where R>>r. Air of density ρ is blown inside the tube with velocity V. The 

air molecules collide perpendicularly with the wall of bubble and stop. Find 

the radius at which the bubble separates from the tube. Take surface 

tension of bulb as T  

Solution: 

Air molecules collides at stops thus force exerted on the soap bubble  

Mass of air = Volume × ρ  

Volume of air = velocity of air × area of hole = v (πr2)  

Mass of air = v ρ(πr2)  

Force exerted by the air = change in momentum of air molecules  

Force due to air molecule = (v ρπr2) v = ρπr2v2  

Pressure of blown air in side the bubble = ρv2  

Now Force due to surface tension of bubble of radius R  

Pressure difference in bubble = 4T/R  

Bubble gets separated when pressure difference in bubble = pressure of blown air 

 

----------------------------------------------------- 
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Q) Two spherical soap bubbles coalesce to form a single bubble. If V is the 

consequent change in volume of the contained air and S the change in the 

total surface area, show that 3PV+4ST = 0, where T is the surface tension of 

the soap bubble and P the atmospheric pressure  

Solution: 

 

 

 

Surface tension by capillary rise method  



68 
Lectures in Properties of Mater – Dr. Badry. Abdalla  -Phys. Dept.- Faculty of Science in Qena-  

 

 

Let us consider a capillary tube of uniform bore dipped vertically in a 

beaker containing water. Due to surface tension, water rises to a height h 

in the capillary tube as shown in Fig.. The surface tension T of the water 

acts inwards and the reaction of the tube R outwards. R is equal to T in 

magnitude but opposite in direction. This reaction R can be resolved into 

two rectangular components.  

(i) Horizontal component R sin θ acting radially outwards  

(ii) Vertical component R cos θ acting upwards.  

The horizontal component acting all along the circumference of the tube 

cancel each other whereas the vertical component balances the weight of 

water column in the tube.  

Total upward force = R cos θ × circumference of the tube 

F = 2πr R cos θ or F = 2πr T cos θ ………….(1) 

[∵ R = T ]  
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This upward force is responsible for the capillary rise. As the water column 

is in equilibrium, this force acting upwards is equal to weight of the water 

column acting downwards.  

(i.e) F = W ...(2) 

Now, volume of water in the tube is assumed to be made up of : 

(i) a cylindrical water column of height h and (ii) water in the meniscus 

above the plane CD.  

Volume of cylindrical water column = πr2h  

Volume of water in the meniscus = (Volume of cylinder of height r and 

radius r) – (Volume of hemisphere) 

∴Volume of water in the meniscus= 
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Solved Numerical 

Qe) An U-tube with limbs of diameter 5mm and 2mm contains water of 

surface tension 7×10-2 N/m, angle of contact zero and density 1×103 

kg/m3. Find the difference in levels ( g= 10 m/s2)  

Solution: 

If the menisci are spherical, they will be hemispheres Since angle of contact 

is zero, their radii will then equal to radii of the limbs. The pressure on the 

concave side of : 

 

Qe) A mercury barometer has a glass tube with an inside diameter equal to 

4mm. Since the contact angle of mercury with glass is 140o, capiliary 

depresses the column. How many millimeters of mercury must be added to 
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the reading to correct for capillarity ( Assume surface tension of mercury T 

= 0.545 N/m, density of mercury = 13.6×103)  

Solution: 

The height difference due to capillarity give by : 

 

Factors affecting surface tension  

Impurities present in a liquid appreciably affect surface tension. A highly 

soluble substance like salt increases the surface tension whereas sparingly 

soluble substances like soap decreases the surface tension.  

The surface tension decreases with rise in temperature. The temperature at 

which the surface tension of a liquid becomes zero is called critical 

temperature of the liquid.  

Applications of surface tension  

(i) During stormy weather, oil is poured into the sea around the 

ship. As the surface tension of oil is less than that of water, it 

spreads on water surface. Due to the decrease in surface 

tension, the velocity of the waves decreases. This reduces the 

wrath of the waves on the ship. 
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(ii) Lubricating oils spread easily to all parts because of their low surface 

tension.  

(iii) Dirty clothes cannot be washed with water unless some detergent is 

added to water. When detergent is added to water, one end of the hairpin 

shaped molecules of the detergent get attracted to water and the other 

end, to molecules of the dirt. Thus the dirt is suspended surrounded by 

detergent molecules and this can be easily removed. This detergent action 

is due to the reduction of surface tension of water when soap or detergent 

is added to water.  

(iii) Cotton dresses are preferred in summer because cotton dresses 

have fine pores which act as capillaries for the sweat. 

3.4 Pascal’s Principle 

The pressure exerted on the bottom of a pool of water by the water itself is given by 

(ρgh).   However, there is also an atmosphere over the pool, and, as we saw in section 

(2.3), there is thus an additional pressure,  normal atmospheric pressure (p0), exerted 

on the top of the pool.      This pressure on the top of the pool is transmitted  through 

the pool waters so that the total pressure at the bottom  of the pool is the sum of the 

pressure of the water plus the  pressure of the atmosphere, equations (2.11) and (2.12). 

The addition of both pressures is a special case of  a principle, called Pascal’s 

principle and it states that if the  pressure at any point in an enclosed fluid at rest is 

changed  (Δp), the pressure changes by an equal amount (Δp),  at all points in the 

fluid. 

        As an example of the use of Pascal’s principle, let us consider the hydraulic lift 

shown in figure (2.3). 
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Figure (2.3) : The hydraulic lift. 

         A noncompressible fluid fills both cylinders and the connecting pipe.  The 

smaller cylinder has a piston of cross-sectional  area (a), whereas the larger cylinder 

has a cross-sectional area (A). 

        As we can see in the figure, the cross-sectional area (A) of  the larger cylinder is 

greater than the cross-sectional area (a)  of the smaller cylinder. 

       If a small force (f) is applied to the piston of the small  cylinder, this creates a 

change in the pressure of the fluid  given by: 

 

       But by Pascal’s principle, this pressure change occurs at  all points in the fluid, and 

in particular at the large piston on the right.  This same pressure change applied to the 

right piston gives: 

 

        where (F) is the force that the fluid now exerts on the large piston of area (A). 

Because these two pressure changes are equal by Pascal’s principle, we can set 

equation (2.14) equal to equation  (2.13). Thus: 
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The force (F ) on the large piston is therefore: 

 

      Since the area (A) is greater than the area (a), the  force (F) will be greater than (f). 

Thus, the hydraulic lift is a device that is capable of  multiplying forces.   It is 

interesting to compute the work that is done when  the force (f) is applied to the small 

piston in figure (2.3). 

        When the force (f) is applied, the piston moves through  a displacement (y1), such 

that the work done is given by: 

 

But from equation (2.13) : 

 

Hence, the work done is : 

 

When the change in pressure is transmitted through the  fluid, the force (F) is exerted 

against the large piston and the  work done by the fluid on the large piston is: 

 

where (y2) is the distance that the large piston moves and is  shown in figure (2.3).    

But the force (F), found from equation (2.14), is: 

 

The work done on the large piston by the fluid becomes: 
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      Applying the law of conservation of energy to a frictionless  hydraulic lift, the 

work done to the fluid at the small piston  must equal the work done by the fluid at the 

large piston, hence: 

 

        Substituting equations (2.16) and (2.17) into equation  (2 .18), gives: 

 

Because the pressure change (Δp) is the same throughout the fluid, it cancels out of 

equation (2.18), leaving: 

 

       Solving for the distance (y1) that the small piston moves 

 

      Since (A) is much greater than (a), it follows that (y1) must be much greater than 

(y2). 

 

3.5 Archimedes’ Principle 

The variation of pressure with depth has a surprising consequence, it allows the fluid to 

exert buoyant forces on bodies immersed in the fluid.   If this buoyant force is equal to 

the weight of the body,  the body floats in the fluid. 

      This result was first enunciated by Archimedes  (287-212 BC) and is now called 

Archimedes’ principle. 

Archimedes’ principle states that a body immersed in  a fluid is buoyed up by a force 

that is equal to the weight of the fluid displaced.   This principle can be verified with 

the help of figure (2.4). 
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Figure 2.4 : Archimedes’ principle. 

If we submerge a cylindrical body into a fluid, such as  water, then the bottom of the 

body is at some depth (h1) below the surface of the water and experiences a water 

pressure (p1) given by : 

 

where (ρ) is the density of the water. 

       Because the force due to the pressure acts equally in all  directions, there is an 

upward force on the bottom of the body.   The force upward on the body is given by : 

 

where (A) is the cross-sectional area of the cylinder.  

        Similarly, the top of the body is at a depth (h2) below the  surface of the water, 

and experiences the water pressure (p2)  given by : 

 

        However, in this case the force due to the water pressure  is acting downward on 

the body causing a force downward given by : 
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        Because of the difference in pressure at the two depths, (h1) and (h2), there is a 

different force on the bottom of  the body than on the top of the body.   Since the 

bottom of the submerged body is at the greater  depth, it experiences the greater force.  

Hence, there is a net force upward on the submerged body  given by : 

 

Replacing the forces (F1) and (F2) by their values in  equations (2.22) and (2.24), this 

becomes : 

 

       Replacing the pressures (p1) and (p2) from equations  (2.21) and (2.23), this 

becomes : 

 

But : 

 

the volume of the cylindrical body, and hence the volume of  the water displaced.  

Equation (2.25) thus becomes : 

 

       But (ρ) is the density of the water and from the definition  of the density : 

 

Substituting equation (2.1) back into equation (2.26)  gives: 

 

But mg = w, the weight of the water displaced.   Hence: 
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The net force upward on the body is called the buoyant  force (BF). 

When the buoyant force on the body is equal to the weight  of the body, the body does 

not sink in the water but rather  floats. 

        Since the buoyant force is equal to the weight of the  water displaced, a body 

floats when the weight of the body  is equal to the weight of the fluid displaced. 
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Chapter (4) 

 

"Dynamic Fluids" 
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4.1 The Equation of Continuity 

In the previous chapter , we have studied only fluids at rest.  Let us now study fluids in 

motion, the subject matter of hydrodynamics. The study of fluids in motion is relatively 

complicated,  but the analysis can be simplified by making a few assumptions. 

        Let us assume that the fluid is incompressible and flows  freely without any 

turbulence or friction between the various parts of the fluid itself and any boundary 

containing the fluid,  such as the walls of a pipe.  A fluid in which friction can be 

neglected is called  a nonviscous fluid. 

        A fluid, flowing steadily without turbulence, is usually  referred to as being in 

streamline flow. 

      The rather complicated analysis is further simplified  by the use of two great 

conservation principles: the  conservation of mass, and the conservation of energy. 

        The law of conservation of mass results in a mathematical equation, usually 

called the equation of continuity. 

       The law of conservation of energy is the basis of Bernoulli’s  theorem, the subject 

matter of section (3.2). 

      Let us consider an incompressible fluid flowing in the  pipe of figure (3.1). 

 

Figure (4.1) : The law of conservation of mass and the equation of continuity. 

Chapter (4): Dynamic Fluids 
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        At a particular instant of time the small mass of fluid (Δm) , shown in the left-

hand portion of the pipe will be considered.  This mass is given by a slight 

modification of  equation (3.1), as: 

 

        Because the pipe is cylindrical, the small portion of  volume of fluid is given by 

the product of the cross-sectional area (A1) times the length of the pipe (Δx1) 

containing the  mass (Δm) , that is: 

 

       The length (Δx1) of the fluid in the pipe is related to the  velocity (v1) of the fluid 

in the left-hand pipe.  Because the fluid in (Δx1) moves a distance (Δx1) in  time (Δt) .   

Thus: 

 

      Substituting equation (3.3) into equation (3.2), we get for the volume of fluid: 

 

      Substituting equation (3.4) into equation (3.1) yields the mass of the fluid as : 

 

      We can also express this as the rate at which the mass is flowing in the left-hand 

portion of the pipe by dividing both sides of equation (3.5) by (Δt) , thus : 

 

       When this fluid reaches the narrow constricted portion of the pipe to the right in 

figure (3.1), the same amount of mass (Δm) is given by : 
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But since (ρ) is a constant, the same mass (Δm) must occupy the same volume (ΔV) . 

However, the right-hand pipe is constricted to the narrow cross-sectional area (A2) . 

       Thus, the length of the pipe holding this same volume  must increase to a larger 

value (Δx2 ), as shown in figure (3.1). 

       Hence, the volume of fluid is given by : 

 

The length of pipe (Δx2) occupied by the fluid is related to  the velocity of the fluid by: 

 

      Substituting equation (3.9) back into equation (3.8) , we get for the volume of fluid: 

 

         It is immediately obvious that since (A2) has decreased, v2 must have increased 

for the same volume of fluid to flow. 

       Substituting equation (3.10) back into equation (3.7) ,  the mass of the fluid 

flowing in the right-hand portion of  the pipe becomes: 

 

Dividing both sides of equation (3.11) by (Δt) yields the rate at which the mass of fluid 

flows through the right-hand  side of the pipe, that is: 

 

But the law of conservation of mass states that mass is  neither created nor destroyed 

in any ordinary mechanical or  chemical process. 

        Hence, the law of conservation of mass can be written as : 

 

or 
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Thus, setting equation (3.6) equal to equation (3.12)  yields: 

 

       Equation (3.14) is called the equation of continuity  and is an indirect statement 

of the law of conservation of mass. 

       Since we have assumed an incompressible fluid, the densities on both sides of 

equation (3.14) are equal and can be canceled out leaving : 

 

      Equation (3.15) is a special form of the equation of continuity for incompressible 

fluids (i.e., liquids). 

      Applying equation (3.15) to figure (3.1), we see that the  velocity of the fluid (v2) 

in the narrow pipe to the right  is given by : 

 

    Because the cross-sectional area (A1) is greater than the  cross-sectional area (A2) , 

the ratio (A1/A2) is greater than one and thus the velocity (v2) must be greater than 

(v1) . 

      Therefore, as a general rule, the equation of continuity for  liquids, equation (3.15) 

, says that when the cross-sectional area of a pipe gets smaller, the velocity of the fluid 

must become  greater in order that the same amount of mass passes a given point in a 

given time. 

        Conversely, when the cross-sectional area increases,  the velocity of the fluid 

must decrease. 
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        Equation (3.15) , the equation of continuity, is sometimes  written in the 

equivalent form : 

 

4.2 Bernoulli’s Theorem 

Bernoulli’s theorem is a fundamental theory of hydrodynamics that describes a fluid in 

motion.  It is really the application of the law of conservation of energy to fluid flow. 

        Let us consider the fluid flowing in the pipe of figure (3.2).  

 

 

Figure (4.2) : Bernoulli’s theorem. 

The left-hand side of the pipe has a uniform cross sectional  area (A1), which 

eventually tapers to the uniform cross-sectional area (A2) of the right-hand side of the 

pipe. 

        The pipe is filled with a non viscous, incompressible fluid.   A uniform pressure 

(p1) is applied, such as from a piston,  to a small element of mass of the fluid (Δm) and 

causes this  mass to move through a distance (Δx1) of the pipe. 

       Because the fluid is incompressible, the fluid moves  throughout the rest of the 

pipe. 

       The same small mass (Δm) , at the right-hand side of the  pipe, moves through a 

distance (Δx2) . 
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        The work done on the system by moving the small mass  through the distance 

(Δx1 ) is given by the definition of work  as : 

 

We can express the force (F1) moving the mass to the 

right in terms of the pressure exerted on the fluid as : 

 

Hence, 

 

But 

 

the volume of the fluid moved through the pipe. 

Thus, we can write the work done on the system as : 

 

As this fluid moves through the system, the fluid itself  does work by exerting a force 

(F2) on the mass (Δm) on the  right side, moving it through the distance (Δx2) .    

Hence, the work done by the fluid system is : 

 

But we can express the force (F2) in terms of the  pressure (p2) on the right side by : 

 

Therefore, the work done by the system is : 

 

But 
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the volume moved through the right side of the pipe. 

Thus, the work done by the system becomes : 

 

But since the fluid is incompressible, 

 

Hence, we can write the two work terms, equations (3.18) and (3.19), as : 

 

The net work done on the system is equal to the difference between the work done on 

the system and the work done by the  system.    Hence: 

 

By the law of conservation of energy, the net work done on the system produces a 

change in the energy of the system. 

       The fluid at position (1) is at a height (h1) above the reference level and therefore 

possesses a potential energy  given by: 

 

Because this same fluid is in motion at a velocity (v1) , it possesses a kinetic energy 

given by: 

 

Similarly at position (2), the fluid possesses the potential energy : 
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and the kinetic energy : 

 

Therefore, we can now write the law of conservation of  energy as : 

Substituting equations (3.20) into equation (3.27) we get : 

 

But the total mass of fluid moved (Δm) is given by : 

 

Substituting equation (3.29) back into equation (3.28),  gives : 

If we 

place all the terms associated with the fluid at  position (1) on the left-hand side of the 

equation and all the terms associated with the fluid at position (2) on the right-hand  

side, we obtain : 

 

Equation (3.31) is the mathematical statement of Bernoulli’s theorem 

Bernoulli’s theorem:  It says that the sum of the pressure, the potential energy  per 

unit volume, and the kinetic energy per unit volume at any one location of the fluid is 
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equal to the sum of the pressure, the  potential energy per unit volume, and the kinetic 

energy per unit  volume at any other location in the fluid, for a nonviscous,  

incompressible fluid in streamlined flow. 

         Since this sum is the same at any arbitrary point in the fluid, the sum itself must 

therefore be a constant. 

        Thus, we sometimes write Bernoulli’s equation in the  equivalent form: 

 

 

3.3 Application of Bernoulli’s Theorem 

Let us now consider some special cases of Bernoulli’s  theorem. 

3.3.1 The Venturi Meter 

Let us first consider the constricted tube studied in  figure (3.1) and slightly modified 

and redrawn in figure (3.3(a)). 

       Since the tube is completely horizontal (h1 = h2) and there  is no difference in 

potential energy between the locations  and (2) . 

 

Figure (3.3) : A Venturi meter. 

Bernoulli’s equation therefore reduces to : 
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But by the equation of continuity, 

 

Since (A1) is greater than (A2) , (v2) must be greater than (v1) ,as shown before.       

Let us rewrite equation (3.33) as : 

 

or 

 

But since (v2) is greater than v1, the quantity (1/2)ρ(v1
2
 − v2 

2
) is a negative quantity 

and when we subtract it  from (p1) , (p2) must be less than (p1) . 

       Thus, not only does the fluid speed up in the constricted  tube, but the pressure in 

the constricted tube also decreases. 

The effect of the decrease in pressure with the increase in  speed of the fluid in a 

horizontal pipe is called the Venturi  effect, and a simple device called a Venturi 

meter, based on  this Venturi effect, is used to measure the velocity of fluids  in pipes. 

         A Venturi meter is shown schematically in figure (3.3(b)).    The device is 

basically the same as the pipe in (3.3(a))  except for the two vertical pipes connected to 

the main pipe as shown. 

        These open vertical pipes allow some of the water in the  pipe to flow upward into 

the vertical pipes. 

       The height that the water rises in the vertical pipes is a function of the pressure in 

the horizontal pipe. 

      As just seen, the pressure in pipe (1) is greater than in pipe (2) and thus the height 

of the vertical column of water  in pipe (1) will be greater than the height in pipe (2). 
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       By actually measuring the height of the fluid in the  vertical columns the pressure 

in the horizontal pipe can be  determined by the hydrostatic equation . 

      Thus, the pressure in pipe (1) is: 

 

and the pressure in pipe (2) is: 

 

where (h01) and (h02) are the heights shown in figure (3.3(b)).   We can now write 

Bernoulli’s equation (3.33) as: 

 

Replacing (v2) by its value from the continuity equation (3.16), we get: 

Solving for (v1
2
), we get: 

 

 

Equation (3.35) now gives us a simple means of  determining the velocity of fluid flow 

in a pipe. 
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     The main pipe containing the fluid is opened and the  Venturi meter is connected 

between the opened pipes. 

      When the fluid starts to move, the heights (h01) and (h02)  are measured. 

      Since the cross-sectional areas are easily determined by  measuring the diameters 

of the pipes, the velocity of the fluid  flow is easily calculated from equation (3.35). 

 

3.3.2 The Flow of a Liquid Through an Orifice 

Let us consider the large tank of water shown in  figure (3.4) .   Let the top of the fluid 

be location (1) and the orifice be  location (2). 

 

Figure (3.4) : Flow from an orifice. 

Bernoulli’s theorem applied to the tank, taken from  equation (3.31), is : 

 

But the pressure at the top of the tank and the outside pressure at the orifice are both 

(p0) , the normal atmospheric pressure. 

        Also, because of the very large volume of fluid, the small  loss through the orifice 

causes an insignificant vertical motion  of the top of the fluid. 

Thus, (v1 ≈ 0) . 

Bernoulli’s equation becomes : 
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The pressure term (p0) on both sides of the equation  cancels out.  Also (h2) is very 

small compared to (h1) and it can be  neglected, leaving; 

 

Solving for the velocity of efflux, we get : 

 

Notice that the velocity of efflux is equal to the velocity that an object would acquire 

when dropped from the  height (h1) . 

 

4-4 : VISCOSITY 

If we pour equal amounts of water and castor oil in two identical funnels. It 

is observed that water flows out of the funnel very quickly whereas the 

flow of castor oil is very slow. This is because of the frictional force acting 

within the liquid. This force offered by the adjacent liquid layers is known 

as viscous force and the phenomenon is called viscosity.  

        Viscosity is the property of the fluid by virtue of which it opposes 

relative motion between its different layers. Both liquids and gases exhibit 

viscosity but liquids are much more viscous than gases.  
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Co-efficient of viscosity 

 

        Consider the slow and steady flow of a fluid over a fixed horizontal 

surface as shown in the Fig. Let v be the velocity of thin layer of liquid at a 

distance x from the fixed solid surface. Then according to Newton, the 

viscous force acting tangentially to the layer is proportional to the area of 

the layer and the velocity gradient at the layer. If F is the viscous force on 

the layer then ,  

(i) F ∝ A, where A is the area of the layer and : 

 

The negative sign is put to account for the fact that the viscous force is 

opposite to the direction of motion Thus  

 

Where η is a constant depending upon the nature of the liquid and is called 

the coefficient of viscosity and : 
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If A = 1 and dv/dx = 1.     We have     F=- η  

         Thus the coefficient of viscosity of a liquid may be defined as the 

viscous force per unit area of the layer where velocity gradient is unity  

The coefficient of viscosity has the dimension [ML-1T-1] and its unit is 

Newton second per square metre (Nsm-2) or kilogram per metre per 

second (kgm-1s-). In CGS, the unit of viscosity is Poise, 1kilogram per metre 

per second = 10 Poise 

 

Stroke’s Law  

When a solid moves through a viscous medium, its motion is oppsed by a 

viscous force depending on the velocity and shape and size of the body. 

The energy of the body is continuously decreases in overcoming the 

viscous resistance of the medium. This is why cars, aeroplanes etc are 

shaped streamline to minimize the viscous resistance on them  

The viscous drag on a spherical body of radius r, moving with velocity v, in 

a viscous medium of viscosity η is given by :  

F viscous = 6πηrv 

This relation is called Stoke’s law  

This law can be deduced by the method of dimensions.  

 



99 
Lectures in Properties of Mater – Dr. Badry. Abdalla  -Phys. Dept.- Faculty of Science in Qena-  

 

Terminal Velocity  

Let the body be driven by a constant force. In the beginning velocity v = 0 

and acceleration ‘a’ is max so the body experiences small viscous force. 

With increase in speed viscous force goes on increasing till resultant force 

acting on the body becomes zero, and body moves with constant speed , 

this speed is known as terminal velocity . 

         Consider the downward movement of a spherical body through a 

viscous medium such as a ball falling through a viscous medium as a ball 

falling through a liquid. If r is the radius of the body, ρ the density of the 

material of the body and ς is the density of the liquid, then : 

(i)The weight of the body down ward force 

 

(ii)The buoyancy of the body upward force 

 

Net down ward force 

 

If v is the terminal velocity of the body , then viscous force Fviscous = 

6πηrv  

When acceleration becomes zero  

upward viscous force = resultant down ward force 
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Solved Numerical 

Qe) A steel ball of diameter d = 3.0mm starts sinking with zero initial 

velocity in oil whose viscosity is 0.9P. How soon after the beginning of 

motion will the velocity of the ball differ from the steady state velocity by n 

= 1.0%? Density of steel = 7.8×103 kg/m3  

Solution: 

Initial acceleration is maximum and becomes zero thus acceleration is not 

constant:  

Viscocity = 0.9P = 0.09 kgm-1s-1
 

Net force on ball = W – FB - Fv  

FB = Buoyant force up ward  

Fv = viscous force upwards ,  

W = weight of ball down wards  

Force = ma thus : 

 

Let A = mg-FB is constant and B = 6𝜂𝜋𝑟 is another constant 
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Chapter (5)  

 

"The Ideal gas law" 
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5.1 The Ideal Gas Law 

 

Equation 6.1 is a special case of a relation known as the ideal gas law.  

         Hence, we see that the three previous laws, which were developed  

experimentally, are special cases of this ideal gas law, when either the pressure, 

volume, or temperature is held constant.  

       The ideal gas law is a more general equation in that none of the variables must be 

held constant.  

         Equation 6.1 expresses the relation between the pressure, volume, and 

temperature of the gas at one time, with the pressure, volume, and temperature at any 

other time.  

      For this equality to hold for any time, it is necessary that:  

 

This constant must depend on the quantity or mass of the gas.  

A convenient unit to describe the amount of the gas is the mole. 

Chapter (5): The Ideal gas law 
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        One mole of any gas is that amount of the gas that has a mass in grams equal to 

the atomic or molecular mass (M) of the gas.  

        The terms atomic mass and molecular mass are often erroneously called atomic 

weight and molecular weight in chemistry.  

         As an example of the use of the mole, consider the gas oxygen.  One molecule of 

oxygen gas consists of two atoms of oxygen, and is denoted by O2.  

- The atomic mass of oxygen 16.00.  

- The molecular mass of one mole of oxygen gas is therefore  MO2 = 2(16) = 32 

g/mole  

- Thus, one mole of oxygen has a mass of 32 g.  

      The mole is a convenient quantity to express the mass of a gas because one mole of 

any gas at a temperature of 0 0C and a pressure of 1 atmosphere, has a volume of 22.4 

liters.  

        Also Avogadro’s law states that every mole of a gas contains the same number of 

molecules.   This number is called Avogadro’s number NA and is equal to 6.022 × 1023 

molecules/mole.  

       The mass of any gas will now be represented in terms of the number of moles, n.     

We can write the constant in equation 6.2 as n times a new constant, which hall be 

called R, that is,   

 

     To determine this constant R let us evaluate it for 1 mole of gas at a pressure of 1 

atm and a temperature of 0 0C, or 273 K, and a volume of 22.4 L.  That is, 

 

Converted to SI units, this constant is 
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We call the constant R the universal gas constant, and it is the same for all gases.  

          We can now write equation 6.3 as:  

 

        Equation 6.4 is called the ideal gas equation.  

      An ideal gas is one that is described by the ideal gas equation.  

Remember that the temperature T must always be expressed in Kelvin units. 
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5.2 The Kinetic Theory of Gases  

Up to now the description of a gas has been on the macroscopic level, a large-scale 

level, where the characteristics of a gas, such as its pressure, volume, and temperature, 

are measured without regard to the internal structure of the gas itself.  

        In reality, a gas is composed of a large number of molecules in random motion.  

The large-scale characteristics of gases should be explainable in terms of the motion of 

these molecules.  

       The analysis of a gas at this microscopic level (the molecular level) is called the 

kinetic theory of gases.  

In the analysis of a gas at the microscopic level we make the following assumptions:  

1. A gas is composed of a very large number of molecules that are in random motion.  

2. The volume of the individual molecules is very small compared to the total volume 

of the gas.  

3. The collisions of the molecules with the walls and other molecules are elastic and 

hence there is no energy lost during a collision.  

4. The forces between molecules are negligible except during a collision.  

Hence, there is no potential energy associated with any molecule.  

5. Finally, we assume that the molecules obey Newton’s laws of motion.  
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Let us consider one of the very many molecules contained in the box shown in fig 6.1. 

  

Figure 6.1 The kinetic theory of a gas. 

         For simplicity we assume that the box is a cube of length L.   The gas molecule 

has a mass m and is moving at a velocity v.   The x-component of its velocity is vx.    

For the moment we only consider the motion in the x-direction.  

        The pressure that the gas exerts on the walls of the box is caused by the collision 

of the gas molecule with the walls.   The pressure is defined as the force acting per unit 

area, that is, 

 

  where A is the area of the wall where the collision occurs, and is simply:  

 

and F is the force exerted on the wall as the molecule collides with the wall and can be 

found by Newton’s second law in the form 

 

So as not to confuse the symbols for pressure and momentum, we will use the lower 

case p for pressure, and we will use the upper case P for momentum.  

        Because momentum is conserved in a collision, the change in momentum of the 

molecule ΔP, is the difference between the momentum after the collision PAC and the 

momentum before the collision PBC.  
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          Also, since the collision is elastic the velocity of the molecule after the collision 

is −vx.  

Therefore, the change in momentum of the molecule is:  

 

     But the change in the momentum imparted to the wall is the negative of this,  or :  

 

Therefore, using Newton’s second law, the force imparted to the wall becomes:  

 

       The quantity Δt should be the time that the molecule is in contact with the wall.    

But this time is unknown.  

       The impulse that the gas particle gives to the wall by the collision is given by:  

 

and is shown as the area under the force-time graph of figure 6.2.  

        Because the time Δt for the collision is unknown, a larger time interval tbc, the 

time between collisions, can be used with an average force Favg, such that the product 

of Favgtbc is equal to the same impulse as FΔt.  

We can see this in figure 6.2 
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Figure 6.2 Since the impulse (the area under the curve) is the same, the change in 

momentum is the same.  

         We see that the impulse, which is the area under the curve, is the same in both 

cases.    At first this may seem strange, but if you think about it, it does make sense.  

        The actual force in the collision is large, but acts for a very short time.  

After the collision, the gas particle rebounds from the first wall, travels back to the far 

wall, rebounds from it, and then travels to the first wall again, where a new collision 

occurs.  

        For the entire traveling time of the particle the actual force on the wall is zero.    

Because we think of the pressure on a wall as being present at all times, it is reasonable 

to talk about a smaller average force that is acting continuously for the entire time tbc.  

         As long as the impulse is the same in both cases, the momentum imparted to the 

wall is the same in both cases.  

Equation 6.7 becomes:  

 

The force imparted to the wall, equation 6.6, becomes:  

 

We find the time between the collision tbc by noting that the particle moves a distance 

2L between the collisions.  

Since the speed vx is the distance traveled per unit time,  

we have: 

 

Hence, the time between collisions is:  
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        Therefore, the force imparted to the wall by this single collision becomes: 

 

         The total change in momentum per second, and hence the total force on the wall 

caused by all the molecules is the sum of the forces caused by all of the molecules, that 

is,  

 

where N is the total number of molecules.  

         Substituting equation 6.12 for each gas molecule, we have: 

 

Let us multiply and divide equation 6.14 by the total number of molecules N, that is,  

 

But the term in parentheses is the definition of an average value.  

That is, 

 

          As an example, if you have four exams in the semester, your average grade is the 

sum of the four exams divided by 4.  

         Here, the sum of the squares of the x-component of the velocity of each 

molecule, divided by the total number of molecules, is equal to the average of the 

square of the x-component of velocity.  

Therefore equation 6.14 becomes:  
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But since the pressure is defined as p = F/A, from equation 2.2, we have:  

The 

square of the actual three-dimensional speed is: 

 

and averaging over all molecules:  

 

But because the motion of any gas molecule is random,  

 

       That is, there is no reason why the velocity in one direction should be any different 

than in any other direction, hence their average speeds should be the same.  

      Therefore,  

 

Or 

 

       Substituting equation 6.19 into equation 6.18, we get:  

 

        Multiplying and dividing the right-hand side by 2, gives:  
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        The total number of molecules of the gas is equal to the number of moles of gas 

times Avogadro’s number - the number of molecules in one mole of gas - that is, 

 

      Substituting equation 6.20 into equation 6.19, gives:  

 

     Recall that the ideal gas equation was derived from experimental data as: 

 

         The left-hand side of equation 6.4 contains the pressure and volume of the gas, all 

macroscopic quantities, and all determined experimentally.  

         The left-hand side of equation 6.22, on the other hand, contains the pressure and 

volume of the gas as determined theoretically by Newton’s second law.  

        If the theoretical formulation is to agree with the experimental results, then these 

two equations must be equal.  

       Therefore equating equation 6.4 to equation 6.22, we have:  

 

where R/NA is the gas constant per molecule.  

      It appears so often that it is given the special name the Boltzmann constant and is 

designated by the letter k.  

Thus,  

 

Therefore, equation 6.23 becomes: 
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        Equation 6.25 relates the macroscopic view of a gas to the microscopic view.  

           Notice that the absolute temperature T of the gas (a macroscopic variable) is a 

measure of the mean translational kinetic energy of the molecules of the gas (a 

microscopic variable).  

        The higher the temperature of the gas, the greater the average kinetic energy of 

the gas, the lower the temperature, the smaller the average kinetic energy.  

          Observe from equation 6.25 that if the absolute temperature of a gas is 0 K, then 

the mean kinetic energy of the molecule would be zero and its speed would also be 

zero.  

        This was the original concept of absolute zero, a point where all molecular motion 

would cease.  

        The average speed of a gas molecule can be determined by solving equation 

(6.25) for vavg.  

That is,  

 

         This particular average value of the speed, vrms, is usually called the root-mean-

square value, or rms value for short, of the speed v.  

It is called the rms speed, because it is the square root of the mean of the square of the 

speed.  

         Occasionally the rms speed of a gas molecule is called the thermal speed.  
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          To determine the rms speed from equation 6.26, we must know the mass m of 

one molecule.  

       The mass m of any molecule is found from  

 

That is, the mass m of one molecule is equal to the molecular mass M of that gas 

divided by Avogadro’s number NA 
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