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Unit –II            Bending of Beams 

Beam – bending of beams – Expression for bending moment – Cantilever – Young’s modulus by 

Cantilever depression – Oscillations of a cantilever – Uniform bending – Expression for 
elevation – Experiment to find Young’s modulus using scale and telescope – Non uniform 
bending – Expression for depression – Experiment to find Young’s modulus using pin and 

micrroscope – Koenig’s method to find the Young’s modulus of a beam by non-uniform bending 
– I section of Griders. 

                                                 BENDING OF BEAMS 

Beam: A beam is defined as a rod or bar of uniform cross-section (circular or rectangular) 

whose length is very much greater than its thickness. 

Bending couple: 

If a beam is fixed at one end and loaded at the other end, it bends. The load acting vertically 

downwards at its free end and the reaction at the support acting vertically upwards constitute the 

bending couple. This couple tends to bend the beam clockwise. 

 

 

 

 

 

 

  Since there is no rotation of the beam, the external bending couple must be balanced by 

another equal and opposite couple. It comes into play inside the body due to the elastic nature of 

the body. The moment of this elastic couple is called the internal bending moment. When the 

beam is in equilibrium,The external bending moment = the internal bending moment. 

Plane of Bending: The plane of bending is the plane in which thebending takes place and the 

bending couple acts in this plane. In Fig. the plane of paper is the plane of bending. 

Neutral Axis: When a beam is bent as in Fig, filaments like ab in the upper part of the beam are 

elongated and filaments like cd in the lower part are compressed. Therefore, there must be a 
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filament like ef in between, which is neither elongated nor compressed. Such a filament is known 

as the neutral filament and the axis of the beam lying on the neutral filament is the neutral axis. 

The change in length of any filament is proportional to the distance of the filament from the 

neutral axis. 

EXPRESSION FOR BENDING MOMENT: 

  Consider a portion of the beam to be bent into a circular are as shown in fig. ef is the 

neutral axis and  the angle subtended by it at its centre of curvature C. 

 

 

 

 

 

 

Filaments above ef are elongated while filaments below ef are compressed. The filament ef 

remains unchanged in length. 

Let a’b’ be a filament at a distance z from the neutral axis. The length of this filament a’b’ before 

bending is equal to that of the corresponding filament on the neutral axis ab. 

We have,            original length     = ab = R 

                       Its extended length  =   a’b’ =   (R+z) 

                     Increase in its length  = a’b’ –  ab =  (R+z)   - R = z. 

                 Therefore, Linear strain =  
𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑙𝑒𝑛𝑔𝑡ℎ

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ
  =  





.

.

R

z
  =   

R

z
 

If E is the Young’s modulus of the material, 

      E = stress/ linear strain 

i.e.,          Stress = E × Linear strain = E (z/R) 

C 

z b a 

Ɵ 

R 

f e 

a′ b′ 
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if A is the area of cross section of the filament,the tensile force on the area, 

                                               A  = stress × area = A
R

zE


.
 

Moment of this force about the neutral axis  zA
R

zE
.

.
 2.zA

R

E
  

The sum of the moments of force acting on all the filaments 2.zA
R

E
 2.zA

R

E
  

 2.zA is called the geometrical moment of inertia of the cross section of the beam about an 

axis through its centre perpendicular to the plane of bending. It is written as equal to Ak2.  

 i.e.,                             2.zA  = Ak2          (A = Area of cross-section and k= radius of 

gyration). 

 But the sum of moments of forces acting on all the filaments is the internal bending moment 

which comes into play due to elasticity. 

 Thus, bending moment of a beam = EAk2/R 

Notes: 

(i) For  a rectangular beam of breadth b, and depth (thickness) d, A = bd and k2 = d2/12 

  
12

3
2 bd

Ak   

(ii) For a beam of circular cross-section of radius r, A = π r2 and k2 =r2/4 

    Ak2 = 
𝜋𝑟4

4
 

(iii) EAk2 is called the flexural rigidity of the beam. 

Depression of the cantilever 

Cantilever: A cantilever is a beam fixed horizontally at one end and loaded at the other end. 

 Let OA be a cantilever of length l fixed at o and loaded with a weight W at the other end. 

OA’ is the unstrained position of the beam. Let the depression AA’ of the free end be y as shown 

in the figure.  
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Let us consider an element PQ of the beam of length dx at distance (QA=x) from the 

loaded end. C is the centre of curvature of the element PQ and R its radius of the curvature. The 

load W at A and the force of reaction W at Q constitute the external couple, so that, the external 

moment = W. x 

The internal bending moment   
R

YAk 2


 

For equilibrium  

R

YAk
Wx

2


       or  

         Wx

YAk
R

2


------------------     (1) 

Draw the tangents at P and Q meeting the vertical line at T and S respectively. Let TS= 
dy and dAngle between the tangents. Then, 

dPCQ 
 

Now,                 
RddxPQ 

 

2
.

YAk

Wx
dx

R

dx
d 
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(from equ 1) 

We have,                               
2

2

2 YAk

dxWx

YAk

Wxdx
xxddy  

  --------------- (2) 

 

Therefore, the total depression of the end of the cantilever, 


l

o

dx
YAk

Wx
y

2

2

 

                                                                        
2

3

3YAk

Wl
y   

 

Special cases: 

1. Rectangular cross-section 

  12

3
2 bd

Ak 

 

          
2

34

YAk

Wl
y     

2. Circular cross section 

 
4

4r
I g


  

          4

3

3

4

rY

Wl
y


  

Young’s modulus  

                     4

3

3

4

ry

Wl
Y


   

 

OSCILLATIONS OF A CANTILEVER 
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 Let OA be a cantilever of length l of negligible mass fixed at O.  Let a mass M 
be attached at the other end A.  If the mass is slightly depressed and then released , the cantilever 
will execute simple harmonic motion about its original depressed position. 

  

The depression of the loaded end of the cantilever is 

                                                           𝑦 =  
𝑊𝑙3

3𝑌𝐴𝑘2   

or                                                      𝑊 =
3𝑌𝐴𝑘2

𝑙3 . 𝑦  

 This must be equal to the elastic relation of the cantilever balancing it and hence 
directed opposite to it. 

 If M is the mass of the weight W and d2y/dt2 the acceleration (upwards) we 
have, 

                                       Elastic reaction = 𝑀
𝑑2𝑦

𝑑𝑡2  

                                                    −𝑀
𝑑2𝑦

𝑑𝑡2 =  
3𝑌𝐴𝑘2

𝑙3 . 𝑦 

𝑑2𝑦

𝑑𝑡2
=  

−3𝑌𝐴𝑘2

𝑀𝑙3
. 𝑦 

 
3𝑌𝐴𝑘2

𝑀𝑙3
= 𝐴 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

The acceleration of mass M or the free end of the cantilever is thus proportional to its 
displacement and is directed opposite to it. 

 It therefore executes a simple harmonic motion of time period T given by 

                              𝑇 = 2𝜋√
𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 = 2𝜋√

𝑦

(
3𝑌𝐴𝑘2

𝑀𝑙3 𝑦)
 = 2𝜋√

𝑀𝑙3

3𝑌𝐴𝑘2 

 If the mass of the cantilever is not negligible it can be shown that 
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𝑇 = 2𝜋√(𝑀 +  
1
3 𝑚) 𝑙3

3𝑌𝐴𝑘2
 

where m = mass of the cantilever. 

 The mass of the cantilever can be eliminated by finding the periods T1 and T2 for 
two different masses M1 and M2 attached to the cantilever at the same length.  Then, 

                                 𝑇1
2 = 4𝜋2

(𝑀1+
1

3
𝑚)𝑙3

3𝑌𝐴𝑘2       and             𝑇2
2 = 4𝜋2

(𝑀2+
1

3
𝑚)𝑙3

3𝑌𝐴𝑘2  

         or                                    𝑇2
2 − 𝑇1

2 =
4𝜋2(𝑀2−𝑀1)𝑙3

3𝑌𝐴𝑘2  

𝑌 =
4𝜋2(𝑀2 − 𝑀1)𝑙3

3𝐴𝑘2(𝑇2
2 − 𝑇1

2)
 

  

Uniform bending of the beam (Theory) 

  

 Consider a beam of negligible mass supported symmetrically on two knife –

edges A and B in a horizontal level. Let AB=l. let equal weights W, W be added to the beam at 

its ends C and D. Let AC = BD = a. then the beam is bent into an arc of a circle. The reactions on 

the knife edges will then be W and W, acting vertically upwards. Consider the cross-section of 

the beam at any point P. The only forces acting on the part PC of the beam are the forces W at C 

and the reaction W at A. 

The external bending moment with respect to P  

 
WaACWAPCPWAPWCPW  .)(..

 

This must be balanced by the internal bending moment YAk2/R 
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Hence,  
     /RYAk =aW 2

  ---- (1) 

Since for a given load W, E, a and Ak2 are constant. R is a constant. The bending is then said to 
be uniform. If y is the elevation of the mid-poiunt of AB above its normal position.

 

                   
2)2( AFEFREF                                  

 

                                4/2. 2lRy 
(Here y2 is negligible)

 

                                              
Rly 8/2

------ (2) 

From equ (1)                                                                            

2

1

YAk

Wa

R


   ------ (3) 

From equ (2)                                                                    Rl

y 18
2



        ------- (4) 

Sub equ (4) in Equ (3) we have , 

22

8

YAk

Wa

l

y


 

   
2

2

8YAk

Wal
y 

----------------- (5) 

For a beam Ak2=bd3/12 amd W= Mg 

Therefore equ (5), becomes                  
3

2

2

3

Ybd

Mgal
y 

 

Uniform bending (Experiment) 
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 The given beam is supported symmetrically on two knife-edges A and B (fig.). 

Two equal weight-hangers are suspended, so that their distances from the knife-edges are equal. 

The elevations of the centre of the beam may be measured accurately by using a single optic 

level (L). The front leg of the single optic lever rests on the centre of the loaded beam and the 

hind legs are supported on a separate stand. A vertical scale (S) and telescope (T) are arranged in 

front of the mirror. The telescope is focused on the mirror and adjusted so that the reflected 

image of the scale in the mirror is seen through the telescope. The load on each hanger is 

increased in equal steps of m kg and the corresponding readings on the scale are noted. Similarly, 

readings are noted while unloading. The results are tabulated as follows: 

Load in kg 
Readings of the scale as seen in the telescope×10-2 m Shift in reading 

for M kg Load increasing Load decreasing Mean 

    

 
 
 
 

 

  

The shift in scale reading for M kg is found from the table. Let it be S. If 

                    D = the distance between the scale and the mirror, 

                    x = the distance between the front leg and the plane containing the two hind legs of   
                           the optic lever,  

Then,                            
D

Sx
y

2
  

 The length of the beam l between the knife-edges and a, the distance between the 

point of suspension of the load and the nearer knife-edge (AC = BD =a) are measured. The 

breadth b and the thickness d of the beam are also measured. 

 Then, 















2

2

8YAk

Wal
y  
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          or                    
















12
8

2 3

2

bd
Y

Mgal

D

Sx                   [Since W=Mg   and    Ak2=bd3/12] 

           
3

23

Sxbd

DMgal
Y 

                

Non-uniform bending: 

 The given beam is symmetrically supported on two knife-edges(fig.). A weight-

hanger is suspended by means of a loop of thread from the point C exactly midway between the 

knife-edge. A pin is fixed vertically at C by some wax. A travelling microscope is focused on the 

tip of the pin such that the horizontal cross-wire coincides with the tip of the pin. The reading in 

the vertical traverse scale of microscope is noted. Weights are added in equal steps of m kg and 

the corresponding readings are noted. Similarly, readings are noted while unloading. The results 

are tabulated as follows: 

 

 

 

 

 

 

  

 The mean depression y is found for a load of M kg. The length of the beam (l) 
between the knife edges is measured. The breadth b and the thickness d of the beam are 
measured with a vernier calipers and screw gauge, respectively. 

Then                          














2

3

48YAk

Wl
y   or    
















2

3

48 yAk

Wl
Y  

Load in kg 
Readings of the microscope× 10-2 m 

Y for M kg 
Load increasing Load decreasing Mean 

W 
W+50 
W+100 
W+150 
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         or                    









































y
bd

Mgl
Y

12
48

3

3

  (W= Mg  and Ak2 = bd3/12) 

       𝑌 =
𝑀𝑔𝑙3

4𝑏𝑑3  
 

 

Pin and microscope method 

 The given beam is supported symmetrically on two knife –edges A and B. Two 

equal weight hangers are suspended so that their distances from the knife-edges are equal. A pin 

is placed vertically at the centre of the beam. The tip of the pin is viewed by a microscope. The 

load on each hanger is increased in equal steps of m kg and the corresponding microscope 

readings are noted.  Similarly, readings are noted while unloading. The results are tabulated a 

follows.  

Load in kg 
Readings of the microscope 

y for M kg 
Load increasing Load decreasing Mean 

     
 

The mean elevation (y) of the centre for M kg is found. The length of the beam l between the 

knife edges and a, the distance between the point of the suspension of the load and the nearer 

knife-edge (AC=BD=a) are measured. The breadth b and the thickness d of the beam are also 

measured. 

                                          𝑦 =
𝑊𝑎𝑙2

8𝑌𝐴𝑘2                       (W=Mg) 

                                         𝑦 =
𝑀𝑔𝑎𝑙2

8𝑌(
𝑏𝑑3

12
)
                     (Ak2 = bd3/12) 

                                        𝑦 =
12𝑀𝑔𝑎𝑙2

8𝑌𝑏𝑑3

    

           
      

                                        𝑌 =
3𝑀𝑔𝑎𝑙2

2𝑦𝑏𝑑3

                                 
 

       
Using the above formula, we can calculate the Young’s modulus of the material of the beam. 
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Distinguish between uniform and non- uniform bending  

In uniform bending every element of the beam is bent with the same radius of  

curvature (R). In non- uniform bending , R is not the same for all the elements in the beam. 

KONIG’S METHOD 

 

 The beam is supported on two knife-edges K1 and K2 separated by a distance l.  Two 
plane mirrors m1 and m2 are fixed near the two ends of the beam at equal distances beyound the 
knife-edges.  The two plane mirrors face each other and they are inclined slightly outwards from 
the vertical. 

 An illuminated translucent scale and a telescope (T) are arranged as shown.  The reading 
of a point C on the scale as reflected first by m2 and then a point C on the scale as reflected first  
by m2 and then by m1 is viewed in the telescope.  Let the load suspended at the mid-point of the 
beam be M.  The beam is then bent and the bending is non-uniform.  The mirrors at the ends are 
turned towards each other.  Let the shift in the scale reading be s.  The Young’s modulus of the 

material of the beam is then calculated from the relation 

                                                𝐸 =  
3 𝑀𝑔𝑙2(2𝐷+𝐿)

2𝑏𝑑3𝑠
 

where,   l = Distance between the knife-edges 

             D = Distance between the scale and the remote mirror, m2 

             L = Distance between the two mirrors 

              s = Shift in scale reading for a load of M kg 

             b = Breadth of the beam 

             d = Thickness of the beam 

The formula can be deduced as explained below. 

Let 𝜃 be the angle through which each end of the beam has been turned due to loading.  Then 
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                                          𝜃 =   
𝑊𝑙2

16 𝐸𝐴𝑘2        

 The mirrors m1 and m2 also turn through thee same angle 𝜃 due to loading.  In Fig. M1 
and m2 represent the initial and m1’ and m2’ the displaced positions of the mirrors.  Originally, 

the image of the scale division at C coincides with the cross-wire and finally when the load is 
applied, H is seen to be in coincidence with the cross-wire.  For convenience in evaluating 𝜃 , 
consider the rays of light to be reversed in their path. 

 TQEC will be the original path.  When m1 is turned through an angle 𝜃 to the position 
m1’, QE is turned through 2𝜃 and strikes m2 at G.  Then EG=L2𝜃.  The ray GH is turned 
through an angle 4𝜃, since in addition to QE having moved through 2𝜃, m2 itself has turned 
through 𝜃.  Draw GK parallel to EC.  Then, ∟KGH = 4𝜃 and CK = EG, KH = D4𝜃. 

⸫ The total shift in scale reading = s = CK + KH 

                                                          = EG + KH                                          (  CK = EG) 

                                                          = L 2𝜃 + D 4𝜃 

                                                          = (L + 2D) 2𝜃 

But                           𝜃 = 
𝑊𝑙2

16𝐸𝐴𝑘2 

Hence,                                           s = (L + 2𝜃) × 2 × 
𝑊𝑙2

16𝐸𝐴𝑘2 

                                                     𝐸 =  
𝑊𝑙2  ( 𝐿+2𝐷)

8 𝐴𝑘2 𝑠
 

Now Ak2 = bd3/12 for  a beam of rectangular cross-section and  

W = Mg 

𝐸 =  
𝑀𝑔𝑙2(𝐿 + 2𝐷)

8 (
𝑏𝑑3

12 ) 𝑠
=  

3 𝑀𝑔𝑙2(2𝐷 + 𝐿)

2𝑏𝑑3𝑠
 

I section girders: 

A girder supported at its two ends as on the opposite walls of a room, bends under its 

own weight and, or, under the load placed above it. The middle portion gets depressed.  

The depression (y) at the mid- point of a rectangular beam is proportional to
33 / YbdWl . 

For the depression (y) to be small for a given load (w), the length of the girder (l) should be 

small and its breadth (b), depth (d) and Young’s modulus for its material (Y) must be large. 
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Due to the depression, the upper parts of the beam above the neutral surface contract, 

while thosebelow the neutral surface extend. Hence, the stresses havea maximum value at the top 

and bottom and progressively decrease to zero as we approach the neutral surface from either 

face. Therefore, the upper and lower surfaces of the beam must be stronger than the intervening 

part. That is why the two surfaces of a girder or iron rails (for railway tracks etc.) are made much 

broader than the rest of it, thus giving its cross-section the shape of the letter I. In this manner, 

material will be saved without appreciably impairing its strength. 

 

 

 

 

 

 

Question Bank 

2 marks 

1. What is beam? 
2. What is meant by plane of bending? 
3. Define neutral axis. 
4. What is cantilever? 
5. What is moment of inertia? 
6. Distinguish between uniform and non-uniform bending. 

 
5 and 10 marks 

1. Derive an expression for the bending moment. 
2. Write notes on oscillations of a cantilever. 
3. Describe the Koenig’s method to fine the young’s modulus of a beam by non-uniform 

bending. 
4. Obtain an expression for the depression produced at the free end of a cantilever when the 

weight of the beam is negligible. 
5. Derive an expression for elevation at the middle of a beam subjected to uniform bending. 
6. Explain the non-uniform bending experiment with theory. 
7. Describe the non-uniform bending method of finding the Young’s modulus of a beam. 
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JAEGAR’S METHOD 

Principle: 

 The experiment is based on the principle that the pressure inside an air bubble in a liquid 
is grater than the pressure outside it by 2σ/r.  Here σ is the surface tension of the liquid and r the 

radius of the air bubble.  This excess pressure can be directly found and hence σ can be 

calculated. 

Apparatus: 

 

 An aspirator A is closed with a two holed rubber stopper through which pass two glass 
tubes.  One of these is connected to a water reservoir through a stopcock B and the other is 
joined through a tap C to a manometer M and a vertical tube DE.  The tube DE ends in a narrow 
orifice at E and dips into the experimental liquid contained in a beaker. 

Experimental details: 

 If the stopcock B opeded, water flows into the aspirator and the air in the aspirator is 
displaced.  The displaced air forces its way through the tube DE and forms air bubbles at E.  The 
size of each air bubble gradually grows.  When its radius becomes equal to the radius of the tube 
at E, it becomes unstable and breaks away.  During the growth of the bubble, the pressure inside 
increases and reaches a maximum value at the instant of detachment.  The difference in 
manometer levels h1is noted just when the bubble detaches itself.  At the moment of detachment, 

The pressure inside the bubble = p1 = H + h1ρ1g 

The pressure outside the bubble at the same time = p2 = H + h2ρ2g 

where               H = atmospheric pressure 

                        h1 = the difference in manometer levels 

                        h2 = Length of the tube dipping in the experimental liquid 

                        ρ1 = density of the manometric liquid  
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                and ρ2 = density of the experimental liquid 

Excess pressure inside the bubble = p = (H + h1ρ1g) – (H + h2ρ2g) 

                                                             = (h1ρ1 -  h2ρ2)g 

 But the excess pressure inside the bubble = 2σ/r 

Hence                                           2σ/r = (h1ρ1 -  h2ρ2)g 

                                                          σ =  
1

2
𝑟𝑔 (h1ρ

1
− h2ρ

2
) 

Advantages of the method: 

1) The angle of contact need not be known. 
2) The continual renewal of the liquid air interface helps in avoiding contamination. 
3) The experiment does not require a large quantity of liquid. 
4) The liquid in the beaker may be heated to various temperatures.  Hence the surface 

tension of a liquid can be determined at various temperatures. 

Drawbacks: 

1) The exact value of the radius of the bubble when it breaks away cannot be ascertained. 
2) The drop may not be hemispherical and of quite the same radius as the aperture at E. 
3) The calculations are based on the assumption of static conditions but the phenomenon is 

not entirely statical. 
For these reasons, this method does not give very accurate results for the surface tension. 

 

VARIATION OF SURFACE TENSION WITH TEMPERATURE 

 Liquid are of two types,viz., (i) unassociated liquid and (ii) associated liquid.  An 
unassociated liquid contains the individual molecules of that liquid.  Example: Benzene and 
carbon tetrachloride.  An associated liquid contains groups of molecules of quite another type.  
These groups, however, tend to break up into single molecules with a rise in temperature.  At the 
ordinary temperatures, water is known to consist of grouups, consisting of two H2O molecules, 
in addition to ordinary single H2O molecules.  Thus water is an associateed liquid at these 
temperatures. 

 The surface tension of an unassoicated liquid is found decrease with rise of temperature, 
according to the simple formula σt = σ0 (1- αt) where σt  is the surface tension at t℃, σ0 at 0℃ 
and α, the temperature coefficient of surface tension for the liquid.  Vander Waals and Ferguson 

suggested other relations from which it could be easily deduced that the surface tension is zero at 
the critical temperature.  The best relation connecting surface tension and temperature, for both 
associated and unassociated liquids, is due to Eotvos.  This formula was later modified by 
Ramsay and Shields. 
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 This is represented by σ (Mvx)3/2 = k (θc – θ – d) 

where            σ = Surface tension at θ K  

                     θc = Critical temperature 

                     d = a constant, varying from 6 to 8 for most of the liquids 

                     k = another constant having the value 2.12 for associated liquids and 2.22 for   
                             unassociated liquids. 

                      x = Coefficient of association 

                         = 
𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑙𝑖𝑞𝑢𝑖𝑑

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑢𝑛𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑙𝑖𝑞𝑢𝑖𝑑 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 
 

                     M = molecular weight of the unassociated liquid and v its specific volume. 

This shows that the surface tension is zero, when θ = (θc –d) i.e., at a temperature a little below 
the critical temperature. 

Note 1:  

At higher temperature, the molecules themselves possess greater average kinetic energy 
and are moving about more rapidly.  This reduces the effect of molecular attractions.  So less 
work is needed to bring a molecule from the interior of the liquid to the surface.  Hence the 
surface tension of all liquids decreases as the temperature rises. 

Note 2:  

       Impurities, contaminations and dissolved substances all lower the surface of a liquid. 

 

 

QUINCKE’S METHOD 

The shape of a drop depends on the combined action of surface tension and gravity.  When a 
large drop of mercury is placed on a clean horizontal glass plate. The drop flattens out until its 
top becomes perfectly horizontal as shown in figure. 

 

Imagine that the drop is cut halves by a vertical plane ABCD.  Let the drop be further cut by 
two vertical planes BCG and ADH at a distance l from each other and perpendicular to ABCD.  
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GH is the most protruding portion of the drop.  Let h1 be the height of the flat top AB above the 
horizontal plane EFGH and h2 the total height BC of the drop. 

 

 The portion of the drop lying above the horizontal plane EFGH is in equilibrium under 
the action of the following forces: 

1. Force due to surface tension acting at right angles to AB from left to right horizontally = 
σ.l 

2. Hydrostatic thrust acting horizontally from right to left on the plane ABEF of the drop 
due to part of the liquid on the right.  The hydrostatic pressure is zero at AB and increases 
to h1ρ g at EF. 

⸫ Average pressure = (0 + h1ρ g)/2 =  
1

2
 ℎ1𝜌 𝑔 

⸫ Total hydrostatic thrust on the area ABEF = 
1

2
 ℎ1𝜌 𝑔 × ℎ1𝑙  

                                                                         = 
1

2
ℎ1

2𝜌𝑔𝑙 

3. The surface tension at G, which acts vertically upwards, has no component along the 
horizontal. 
Since the drop is in equilibrium, these horizontal forces must balance.   

 Hence                          σ.l = 
1

2
ℎ1

2𝜌𝑔𝑙, or σ = 
1

2
ℎ1

2𝜌𝑔 

 

Determination of the angle of contact:  Consider the equilibrium of the whole drop.  The forces 
acting on the face ABCD are: 

Pull due to surface tension acting horizontally from 
                           left to right and perpendicular to AB = σ.l. 
 
Hydrostatic thrust acting horizontally from right to left on the face ABCD 

                                    = 
1

2
ℎ2𝜌𝑔 × ℎ2𝑙 =  

1

2
ℎ2

2 𝜌 𝑔𝑙 

 
The surface tension pull due to mercury on glass at K acting  
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                                      tangentially to the slice in the direction KS = σ.l. 
 
The glass plate exerts an equal and opposite reaction along KQ. 
 
The horizontal component of this reactional force due to  
                                   glass along KC, acting left to right = σ.l cos α 
 
where,                                         α = (180 – θ) 
 

In equilibrium,       σ.l + σ.l cos α =  
1

2
ℎ2

2 𝜌 𝑔𝑙 

 

or,                              σ(1 + cos α) =  
1

2
ℎ2

2 𝜌 𝑔 

 

or,                 
1

2
ℎ1

2 𝜌 𝑔 (1 + cos 𝛼) = 
1

2
ℎ2

2 𝜌 𝑔 

 

or,                                 (1 + cos 𝛼) =  
ℎ2

2

ℎ1
2      𝑜𝑟     cos 𝛼 =  

ℎ2
2

ℎ1
2 – 1 

              

                                                           cos 𝛼 = (
ℎ2

2−ℎ1
2

ℎ1
2 ) 

The value of α can be determined from this relation. 

                            

Questions 

1. Illustrate the Jagar’s experiments for determination of surface tension of a liquid. 

2. Explain the variation of surface tension with temperature.. 

3. Give the theory and experimental procedure for determining the angle of contact and surface tension    
     for mercury by Quinke’s method. 
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Unit V                 Sound 

Laws of tranverse vibrations in strings – Experimental verification of laws of transverse 
vibration by sonometer – Melde’s experiment to find the frequency – Music and noise – Intensity 
of sound – Decibel – Phon – Bel – Production of Ultrasonic waves – Magnetostriction and piezo 
electric method – Detection of Ultrasonic waves – Application of ultrasonic waves.  Acoustics of 
Building – Reverberation – Reverberation time – Absorption Coefficient (no derrivation – Basic 
ideas only) – Factors affecting Acoustics of Buildings.  

LAWS OF TRANSVERSE VIBRATIONS IN STRINGS 

There are three laws of transverse vibrations in strings: 

Law 1: The fundamental frequency is inversely proportional to the length of the string. 

𝒏 ∞ 
𝟏

𝒍
 

Law 2: The fundamental frequency is directly proportional to the square root of the stretching 
force or tension. 

𝒏 ∞ √𝑻 

Law 3: The fundamental frequency is inversely proportional to the square root of the mass per 
unit length. 

𝒏 ∞ 
𝟏

√𝒎
 

Combining the above three laws, 

𝒏 ∞ 
𝟏

𝒍
√

𝑻

𝒎
 

Or                                                                 𝒏 =  
𝒌

𝒍
√

𝑻

𝒎
 

The value of the constant k = ½  

Therefore,                                                     𝒏 =
𝟏

𝟐𝒍
√

𝑻

𝒎
 

Sonometer 

 The frequency of the alternating current mains in the laboratory can be determined using 
a sonometer. 
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Description:  

A sonometer consists of a thin uniform wire stretched over two bridges on a wooden box.  
One end of the wire is fixed to a peg.  The other end of the wire passes over a pulley and carries 
a weight hanger.  The length of the vibrating segment of the wire can be altered with the help of 
the movable bridges.  The length of the vibrating segment can be measured by a scale fixed 
below the wire. 

 

Experiment:  

A steel wire is mounted on a sonometer under suitable tension.  An electromagnet is 
excited by the low votage alternating current whoose frequency is to be determined. The 
electtromagent is placed just above the sonometer wire.  The wire is attracted twice in each 
cycle. 

 A small paper rider is placed on the wire.  The length of the wire is adjusted until the 
paper rider placed at the centre of the vibrating segment is thrown off.  The length of the 
vibrating segment (l) is measured.  The experiment is repeated for different tensions.  The 
readings are tabulated as shown below: 

No. Tension (T) Length of the 
vibrating segment (l) 

√𝑇

𝑙
 

    

 

The mean value of √𝑇/l is found. 

The mass per unit length of the wire is determined by finding the mass of a given length 
of the wire. 

Calculation : 

 The frequency of sonometer wire is  
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                                                 𝑛 =  
1

2𝑙

√𝑇

√𝑚
 

During both the positive peak and the negative peak of the A.C. , the wire is pulled by the 
electromagent.  So the wire vibrateds twice, for each cycle of the A.C. 

 The frequency of the A.C. supply is given by  

                                                  𝑓 =  
𝑛

2
 . 

Hence, the frequency of A.C. mains is calculated. 

MELDE’S  STRING 

In this experiment, one end of the string is connected to the prong of an electrically 
maintained tuning fork.The other end is connected to the scale pan.The string passes over a 
smooth friction-less pulley.The distance between the tuning fork and the pulley can be adjusted. 

There are two modes of vibrations 

(i) transverse mode    and  (ii) longitudinal mode 

 

Transverse mode of vibration 

The tuning fork vibrates at right angles to the length of the string. In this case, the 
frequency of vibration of the string is equal to the frequency of the tuning fork. 

Suppose N is the frequency of the tuning fork and the string of length l vibrates in p1 
segments.  Therefore 

     𝑁 =  
𝑝1

2.𝑙
√

𝑇

𝑚
     (1) 

Longitudinal mode of vibration 

The tuning fork vibrates along the direction of the length of the string. In this case, for 
one complete vibration of the tuning fork, the string completes half vibration. 
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 Suppose the frequency of the tuning fork is N. Therefore, the frequency of vibration of 
the string is N/2. 

If the string of length l vibrates in p2 segments, the frequency of vibration of the string,  

     
𝑁

2
=

𝑝2

2.𝑙
√

𝑇

𝑚
      (2) 

Special case: 

(i) Suppose the string vibrates in p1 segments in the transverse mode, then for the same 
tuning fork and the same tension, the string will vibrate in half the number of 
segments in longitudinal mode of vibration. 
 
From equations (1) and (2), 

𝑝2 =
𝑝1

2
 

(ii) From equation (1), for the transverse mode of vibration 

𝑁 =
𝑝1

2. 𝑙
√

𝑇

𝑚
 

 

𝑁2 =
𝑝1

2

4𝑙2

𝑇

𝑚
 

 
𝑇𝑝1

2 = 4𝑁2𝑙2𝑚 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
 
Similarly from equation (2), for the longitudinal mode of vibration 

𝑁

2
=

𝑝2

2. 𝑙
√

𝑇

𝑚
 

 
𝑁

4
=

𝑝2
2

4𝑙2

𝑇

𝑚
 

 

𝑇𝑝2
2 = 𝑁2𝑙2𝑚 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

or  in general 
𝑇𝑝2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

 

CHARACTERISTICS OF MUSICAL SOUND 

There are three characteristics of musical sound. 

1. Loudness (or) Intensity   2.  Pitch      and    3.   Quality  (or) timbre 
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1. Loudness   (or)  Intensity: 

The amount of sound energy crossing per unit area around a point in one second is known as 
intensity of sound. 

Loudness depends upon intensity and also upon the sensitiveness of the ear. 

Loudness and intensity are related to each other by the relation 

𝐿 𝛼 log 𝐼 

where, L represents the sensation of loudness and I, the intensity of sound.   

Loudness (or) intensity depends upon the following factors: 

(i) Amplitude 
(ii) Surface area 
(iii) Distance between the source and the listener 
(iv) Density of the medium 
(v) Motion of air 

 
1. Pitch: 

It is a sensation that depends upon the frequency.Pitch does not depend upon loudness (or) 
quality. 

A shrill sound is produced by a source of high frequency whereas the pitch is lower if the 
frequency is lower.The voice produced by ladies and children has high pitch because the 
frequency is high.The voice of an old man has low pitch and is hoarse because the frequency of 
sound is low. The frequency of the sound produced by a mosquito is of high pitch due to high 
frequency. 

  The pitch sound changes due to Doppler’s principle when either the source (or) the observer 

(or) both are in motion.  

2. Quality (or) Timbre: 

It depends on the presence of overtones. The quality of sound enables us to distinguish 
between two sounds having the same loudness and pitch. 

A sounding body produces waves of frequency 2n, 3n, 4n etc.,  where n is the fundamental 
frequency.Nature has provided different overtones in the voice of different persons.Due to the 
quality of sound, one can recognize his friend from his voice without seeing him. 

INTENSITY OF SOUND 

The intensity of sound is defined as the average rate of transfer of energy per unit area, 
the area being perpendicular to the direction of propagation of sound. 
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Determination of intensity of sound is important in practical acoustics. 

Amount of energy transfer per unit area per second 

                             𝐼 = 2𝜋2𝜌𝑛2𝑎2𝑣                                                (1) 

Velocity of sound, 

𝑣 = √
𝐸

𝜌
    𝑎𝑛𝑑   𝐸 = −

𝑝

𝑑𝑉 𝑉⁄
 

dV is the change in volume, V is the original volume and p is the excess of pressure. 

                                         ∴    𝑣 = √
−𝑝

(
𝑑𝑉

𝑉
)𝜌

                                                (2) 

Taking          
𝑑𝑉

𝑉
=

𝑑𝑦

𝑑𝑥
   and simplifying 

                                               𝑝 = −𝑣2𝜌
𝑑𝑦

𝑑𝑥
                                              (3) 

A simple harmonic wave is represented by the equation 

𝑦 = 𝑎 sin
2𝜋

𝜆
(𝑣𝑡 − 𝑥) 

                                    
 𝑑𝑦

𝑑𝑥
= −

2𝜋𝑎

𝜆
 𝑐𝑜𝑠

2𝜋

𝜆
(𝑣𝑡 − 𝑥)                       (4) 

Substituting (4) in  (3) 

                                    𝑝 =
2𝜋𝑎𝑣2𝜌

𝜆
 𝑐𝑜𝑠

2𝜋

𝜆
(𝑣𝑡 − 𝑥)                                   (5) 

The maximum excess of pressure 

                               𝑝𝑚𝑎𝑥 =
2𝜋𝑎𝑣2𝜌

𝜆
                                                            (6) 

and   𝑝 = 𝑝𝑚𝑎𝑥𝑐𝑜𝑠
2𝜋

𝜆
(𝑣𝑡 − 𝑥) 

                           ∴ 𝑝𝑚𝑎𝑥 = 2𝜋𝑎 𝜌𝑣 (
𝑣

𝜆
) = 2𝜋𝑎 𝜌𝑣 𝑛                                (7) 

Equation (1) ------> 𝐼 = 2𝜋2𝜌𝑛2𝑎2𝑣 

By Multiplying and dividing by 2𝜌𝑣  𝑤𝑒 𝑔𝑒𝑡,   𝐼 =
(2𝜋 𝜌𝑛 𝑎𝑣)2

2𝜌𝑣
 

                                    𝐼 =
𝑝𝑚𝑎𝑥

2

2𝜌𝑣
                                                                  (8) 
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Equation (8) shows that the intensity of sound varies directly as the square of the excess of 
pressure.  

DECIBEL  

A unit used to measure the intensity of a sound or the power level of an electrical signal 
by comparing it with a given level on a logarithmic scale. 

Decibel (dB), unit for expressing the ration between two physical quantities, usually 
amounts of acoustic or electric power, or for measuring the relative loudness of sounds.  One 
decibel (0.1bel) equals 10 times the common logarithm of the power ratio. 

PHON 

Loudness unlike intensity, depends on the observer.  The sensitivity of the ear and the 
threshold of audibility vary over wide range of frequency and intensity.  Even for the same value 
of I/I0, the intensity level will be different at different frequencies.  For measuring the intensity 
level, a different unit called the phon is used.  Scientist adopted a standard source of frequency 
1000 Hz, and intensity 10-12 wm-2 with which the loudness is required is replaced near the 
standard source which is then altered until the loudness is the same as the source.  Now the 
intensity level of the standard source is measured.  If it is n decibel greater than the threshold, 
then the loudness of the source is n phons. 

BEL 

In electronics and communications, the Bel expresses the logarithmic ratio between two 
levels of signal power, voltage,  or current.  The Bel was named for Alexander Graham Bell, the 
inventor of the telephone.  One bel is equal to 10 decibels. 

ULTRASONICS 

 The human ear can hear the sound waves between 20 Hz to 20 KHz. This range is known 
as audible range. 

The sound waves having frequencies above the audible range are known as ultrasonic 
or supersonic waves.  

The sound waves whose frequency is less than audible limit are called infrasonics. 

The wavelengths of ultrasonic waves are very small as compared to audible range 

PROPERTIES 

1. The frequency of the ultrasonic waves are greater than 20,000 Hz. 
2. The speed of propagation of ultrasonic waves depends upon their frequency. The speed 

increases with increase in frequency. 
3. They are highly energetic 
4. Due to their smaller wavelengths, they undergo negligible diffraction. 
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5. They can be transmitted over long distance without any appreciable loss of energy. 
6. Intense ultrasonic waves have a distruptive effect on liquids by causing bubbles to be 

formed. 
7. Ultrasonic waves are also reflected, refracted and absorbed just like ordinary sound wave. 

 

PRODUCTION METHODS 

In general, ultrasonic waves are produced by the following methods  

1. Piezoelectric method and  
2. Magnetiostriction method 

    
PIEZO-ELECTRIC METHOD  
 
 According to piezoelectric effect, when certain crystals like Quartz, Lithium, Niobate, 
Barium Titanate, Rochelle Salt, Tourmaline etc., are stretched or compressed along a 
perpendicular axis, the other pair of opposite faces develop electric charges. The sign of the 
charges changes, when the faces are subjected to tension. This effect is called Piezoelectric 
effect. 
 

 
 
The converse of this effect is also true, i.e, the inverse piezoelectric effect. When an alternating 
potential difference is applied along the electric axis, the crystal is set into elastic vibration along 
the corresponding mechanical axis. If the frequency of electric oscillations coincides with the 
natural frequency of the crystal, the vibrations will be of large amplitude. This phenomenon is 
used for the production of ultrasonic waves. 
 
PRODUCTION OF ULTRASONIC WAVES – PIEZOELECTRIC CRYSTAL METHOD 
Principle 
 This is based on the inverse piexoelectric effect.  When a quartz crystal is subjected to an 
alternating potential difference along the electric axis, the crystal is set into elastic vibrations 
along its mechanical axis.  If the frequency of the electric oscillations coincides with the natural 
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frequency of the crystal, the vibrations will be of large amplitude.  If the frequency of the electric 
field is in the ultrasonic frequency range, the crystal produces ultrasonic waves. 
 
Construction: 

 
 It is a base tuned oscillator circuit.  A slice of quartz crystal is placed  between the metal 
plates A and B so as to form a parallel plate capacitor with the crystal as the dielectric.  This is 
coupled to the electronic oscillator through primary coil L3 of the transformer. 
 Coils L2 and L1 of oscillator circuit are taken from the secondary of the transformer.  The 
collector coil L2 is inductively coupled to base coil L1.  The coil L1 and variable capacitor C1 
form the tank circuit of the oscillator. 
 
Working 
 When the battery is switched on, the oscillator produces high frequency oscillations.  An 
oscillatory e.m.f. is induced in the coil L3 due to transformer action.  So the crystal is now under 
high frequency alternating voltage. 
 The capacitance of C1 is varied so that the frequency of oscillations produced is in 
resonance with  the natural frequency of the crystal.  Now the crystal vibrates with large 
amplitude due to resonance.  Thus high power ultrasonic waves are produced. 
 
Advantages  

1. Ultrasonic waves of very high frequencies as high 500 MHz can be obtained using this 
method. 

2. It is more efficient than magnetiostriction method. 
3. It is not affected by temperature and humidity. 
4. Using materials like Lithium Niobate (LiNbO3) and Barium Titnate (BaTiO3) a wide 

range of ultrasonic waves can be produced at a lower cost. 

Disadvantages  

1. The cost of the piezoelectric quartz plate is very high. 
2. The cutting, grinding and polishing of piezoelectric crystals are very difficult. 
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MAGNETIOSTRICTION METHOD 

The change in the dimensions of ferromagnetic material by the application of a magnetic 
field is known as magnetostriction effect. 

 A nickel rod placed in a rapidly varying magnetic field alternately expands and contracts 
with twice the ffrequency of the applied magnetic field.  By adjusting the frequency of the 
alternating magnetic field to be equal to the natural frequency of longitudinal vibration of the 
rod, resonance is produced.  Due to resonance, vibrations of large amplitude are produced in the 
rod.  Ultrasonic waves are emitted from the ends of the rod if the frequency of the alternating 
magnetic field is more than 20 kHz. 
 The frequency of vibrations of the rod is  

                                              𝑓 =  
1

2𝑙
√

𝐸

𝜌
 

 
Here,                      l = length of the rod 
                              E = Young’s modulus of the material of the rod. 
                              ρ = density of the material of the rod. 
Construction 

 
 A short permanently magnetised nickel rod is clamped in the middle between two knife 
edges.  A coil L2 is wound on the right hand portion of the rod.  C is a variable capacitor.  L2 and 
C form the resonant circuit of the collector turned oscillator.  Coil L1 wound on the left hand 
portion of the rod is connected in the base circuit.  The coil L1 is used as a feedback loop. 
 
Working: 
 When the battery is switched on, the resonant circuit L2C sets up an alteernating current 
of frequency 

                                                   𝑓 =  
1

2𝜋√𝐿2𝐶
 

This current flowing round the coil L2 produces an alternating magnetic field of 
frequency f along the length of the nickel rod.  The rod starts vibrating due to magnetostriction 
effect.  The vibrations of the rod create ultrasonic waves. 
           The longitudinal expansion and construction of the rod produces an e.m.f. in the coil L1.  
This e.m.f. is applied to the base of the transistor.  Hence the amplitude of high frequency 
oscillations in coil L2 is increased due to positive feedback. 
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 The developed alternating current frequency can be tuned with the natural frequency of 
the rod by adjusting the capacitor.  The resonance condition is indicated by the rise in the 
collector current shown in the milliammeter. 
  

Advantages  

1. Frequencies ranging from a few hundred Hz to about 3000 KHz can be produced with 
this arrangement. 

2. The production cost is low. 
3. The design of the oscillator is simple 

Disadvantages  

1. Due to the presence of magnetic field, there will be loss of energy because of hysteresis 
and eddy current  

2. Temperature also affects the frequency of oscillations  
3. It cannot generate ultrasonic frequency of above 3000 KHz 

 

ULTRASONICS – APPLICATIONS 

(i) Detection of flaws in metals 
 

Ultrasonic waves can be used to detect flaws in metals. We know that flaw in a metal 

produces a change in the medium due to which reflection of ultrasonic waves takes place. 

Hence, when ultrasonic waves pass through a metal having some hole or crack inside it, an 

appreciate reflection occurs. The reflection also takes place at the back surface of the metal. 

The reflected pulses are picked up a receiver and are suitably amplified. These pulses are 

now applied to one set of plates of cathode ray oscilloscope (CRO). The transmitted and the 

reflected signal from the flaw and back surface of the metal produce a peak each. The 

position of the second peak on the time base of oscillograph will give distance of flaw.  
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SONAR – SOUND NAVIGATION AND RANGING  

It is possible to determine the presence of submerged submarines or an enemy aircraft by 
a system known as SONAR. In this system, a sharp ultrasonic beam is directed in various 
directions into the sea. These are picked up on their return after reflection. The reflection of 
waves from any directions shows the presence of some reflecting body in the sea. The time 
interval between the generation of ultrasonic waves and their return after reflection gives the idea 
of the distance of the body. The change in frequency of the echo signal due to Doppler effect 
helps to determine the velocity of the moving body and its direction. 

DETERMINATION OF DEPTH OF SEA  

 We know that ultrasonic waves are highly energetic and show a little diffraction effect. 
Thus they can be used for finding the depth of the sea. The time interval between the transmitted 
and reflected wave from the sea is recorded by receiving transducer. As the velocity of the wave 
is known, the depth of the sea can be estimated. 

Depth of the sea   
2

vt
  

Applications of ultrasonics in medicine  

 Destruction of lower life:   Animals like rats, frogs, fishes, etc., can be killed or injured by 
high intensity ultrasonic waves. 

 Treatment of neuralgic:  The body parts affected due to neuralgic or rheumatic pains on 
being exposed to ultrasonic gel get relief from pain. 

 Detection of abnormal growth: Abnormal growth in the brain, certain tumours which cannot 
be detected by X- ray can be detected by ultrasonic waves.    

INDUSTRIAL APPLICATIONS 

Ultrasonic soldering 

Ultrasonic solders are used for soldering aluminium coil capacitors, aluminium wires and 
plates without using any fluxes. 

An ultrasonic soldering device consists of an ultrasonic generator having a tip fixed at its 
end. The tip is heated by an electrical heating element. The tip of the device melts solder on the 
aluminium. The ultrasonic vibrator removes the aluminium oxide layer. The solder thus gets 
fastened to the clear metal without any difficulty. 

Ultrasonic welding 

The properties of some metals change on heating. Therefore, they cannot be welded by 
electric or gas welding. In such cases, the metal sheets are welded together at room temperature 
using ultrasonic waves. 
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Ultrasonic drilling and cutting 

Ultrasonics are used for making holes in very hard materials such as glass, diamond, 
gems and ceramics. 

Chemical applications 

These are used to form stable emulsions of even immiscible liquids like water and oil or 
water and mercury. 

They are used to liquefy gels like aluminium hydroxide in the same way as they are 
liquefied by shaking. 

They are used to coagulate fine solid or liquid particles in a gas. 

Ultrasonics act like catalytic agent and accelerate chemical reactions. They are also 
accelerate crystallization. 

ACOUSTICS OF BUILDINGS 

The branch of physics which deals with the design and construction of buildings with 
good acoustics is known as Acoustics of buildings. 

The following are the essential features about the good acoustic. 

1. Each syllable of speech or  song should be heard sufficiently loudly in every part of the 
hall. 

2. The quality of sound must remain unaltered. 
3. The successive sounds of speech must remain distinct and must be free from one another 

and from extraneous noise. 
4. Echoes, except those required to maintain the necessary continuity, must be eliminated. 
5. Undesirable concentration of sound at one place and regions of poor audibility must be 

avoided. 
6. All the extraneous noises must be shut out as far as possible. 
7. The reverberation should be quite proper i.e. neither too large nor too small. 

REVERBERATION 

When a sound is produced in a building it lasts too long after its production. 

It reaches the listener a number of times.The listener received the direct sound from the 
source and also the reflected sound. Hence the intensity of sound decreases continuously. After 
sometime, the intensity of sound decreases below the audible limit and then the sound 
disappears. This is called reverberation. 

The reverberation time is defined as the time taken for the sound to fall below the minimum 
audibility measured from the instant when the source stopped sounding. 
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SABINE’S FORMULA 

The derivation of Sabine’s formula is based on the following assumptions: 

1. There is a uniform distribution of sound energy inside the room. Let 𝜎 be the average 
energy per unit volume. 
 

 
2. There is no loss of energy in the auditorium. There is loss of energy only due to 

absorption of the material of the walls and ceilings and also due to escape through the 
windows. These two are included in absorption of energy.  

Let the source be produce sound continuously and it is propagated in all directions. Let 𝜎 be the 
energy in unit volume. 

The energy contained in a solid angle 𝑑𝜙 is =  𝜎
𝑑𝜙

4𝜋
 

This energy incident at the angle 𝜃 on a unit surface area. Let v be the velocity of sound. 
Therefore, the total energy incident on a unit surface area of the wall 

                                                                       =
𝜎 𝑑𝜙

4𝜋
(𝑐𝑜𝑠𝜃). 𝑣 

The total energy falling per second within a hemisphere 

                                                                       =
𝜎𝑣

4𝜋
∫ 𝑐𝑜𝑠 𝜃. 𝑑𝜙 

But      𝜙 = 2𝜋(1 − 𝑐𝑜𝑠𝜃) 

∴ 𝑑𝜙 = 2𝜋 𝑠𝑖𝑛𝜃 𝑑𝜃 

 

                                                 Total energy   =   
𝜎𝑣

4𝜋
∫ 2𝜋 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 𝑑𝜃

𝜋
2⁄

0
 

 

                                =   
𝜎𝑣

4
∫ 2 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 𝑑𝜃

𝜋
2⁄

0
 

                                                                        =   
𝜎𝑣

4
∫  𝑠𝑖𝑛2𝜃  𝑑𝜃

𝜋
2⁄

0
 

                                                                                   =   
𝜎𝑣

4
             ( 𝑠𝑖𝑛𝑐𝑒  ∫ 𝑠𝑖𝑛2𝜃 𝑑𝜃 = 1)

𝜋
2⁄

0
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If 𝛼 is the absorption coefficient, then the amount of energy absorbed per second per unit 

area = 𝛼.
𝜎𝑣

4
 

If A is the area of the walls and other absorbing materials, then the energy absorbed per 

second = 𝐴. 𝛼.
𝜎𝑣

4
 

If V is the volume of the auditorium, the total energy = 𝑉. 𝜎 

The rate of increase of energy 

                                    =
𝑑

𝑑𝑡
(𝑉. 𝜎) = 𝑉.

𝑑𝜎

𝑑𝑡
                                 (1) 

 

If Q is the energy supplied by the source per second, then the rate of increase of energy,                                                          

𝑄 − 𝐴 𝛼.
𝜎𝑣

4
                                                                               (2) 

Equating eqn. (1) and (2) 

     𝑉.
𝑑𝜎

𝑑𝑡
= 𝑄 − 𝐴 𝛼.

𝜎𝑣

4
                               (3) 

Let        𝐴 𝛼.
𝑣

4
 = k 

From eqn. (3)                               𝑉.
𝑑𝜎

𝑑𝑡
= 𝑄 − 𝑘 𝜎 

                                  
𝑑𝜎

  𝑑𝑡
=

𝑄

𝑉
− (

𝑘

𝑉
) 𝜎                                   (4) 

The solution of the eqn. (4) will be 

   𝜎 =
4𝑄

𝐴𝛼𝑣
[1 − 𝑒𝑥𝑝 (− (

𝐴𝛼𝑣

4𝑉
) 𝑡)]     (5) 

Equation (5) gives the rise of average sound energy per second from the time the sound is 
produced. 

Maximum value of average energy per unit volume, 

                      𝜎𝑚𝑎𝑥 =
4𝑄

𝐴𝛼𝑣
           

The decay of the average energy per unit volume, 

                                            =
4𝑄

𝐴𝛼𝑣
[𝑒𝑥𝑝 (− (

𝐴𝛼𝑣

𝑉
) 𝑡)]              (7) 

                                  (or)   𝜎 = 𝜎𝑚𝑎𝑥 [𝑒𝑥𝑝 (− (
𝐴𝛼𝑣

𝑉
) 𝑡)]    (8) 
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The term 
𝐴𝛼𝑣

𝑉
    gives the reverberation time in the auditorium 

If 𝜎0 is the minimum audible intensity after a time 𝑡1, then from equation (8), 

                                            𝜎0 = 𝜎𝑚𝑎𝑥 [𝑒𝑥𝑝 (− (
𝐴𝛼𝑣

4𝑉
) 𝑡1)]                      (9) 

From equation (9),          𝜎𝑚𝑎𝑥 = 𝜎0/ [𝑒𝑥𝑝 (− (
𝐴𝛼𝑣

4𝑉
) 𝑡1)] 

(or)                                    
𝜎𝑚𝑎𝑥

𝜎0
= 𝑒𝑥𝑝 [(

𝐴𝛼𝑣

4𝑉
) 𝑡1] 

Taking logarithms  

                                         𝑙𝑜𝑔𝑒 (
𝜎𝑚𝑎𝑥

𝜎0
) = (

𝐴𝛼𝑣

4𝑉
) . 𝑡1    (10) 

Here the values of 𝛼 and 𝜎0 varies with the frequency of sound.  

To calculate reverberation time, a standard steady intensity is required. 

Sabine took the value of   
𝜎𝑚𝑎𝑥

𝜎0
  as 106. 

From equation (10)              𝑙𝑜𝑔𝑒(106) = (
𝐴𝛼𝑣

4𝑉
) . 𝑡1 

2.303𝑥 6 = (
𝐴𝛼𝑣

4𝑉
) . 𝑡1 

The velocity of sound = 350 m/s 

 2.303 𝑥 6 = (
𝐴𝛼𝑥350

4𝑉
) . 𝑡1 

𝑡1 =
2.303𝑥24𝑉

350 𝑥 𝐴𝛼
 

𝑡1 =
0.158𝑉

𝐴𝛼
 

 

In general                                           𝑡1 =
0.158𝑉

Σ𝐴𝛼
    (11) 

Equation (11) gives the Sabine’s reverberation formula. 

The reverberation time is 

 Directly proportional to the volume of the auditorium 

 Inversely proportional to the area of the walls etc.,                  
 Inversely proportional to the total absorption. 
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DETERMINATION OF ABSORPTION COEFFICIENT 

A source of frequency 512 Hz is taken.  

The time of reverberation in a hall is determined using a chronograph, 

(i) Without the absorbing materials in the hall     and 
(ii) With the absorbing materials in the hall. 

Let these two times be t1 and t2 respectively. 

According to Sabine’s formula, 

𝑡1 =
0.158 𝑉

Σ𝛼1𝐴1
 

and                                                                     𝑡2 =
0.158 𝑉

Σ𝛼1𝐴1+𝛼2𝐴2
 

Here 𝛼2 is the absorption coefficient of the material of area 𝐴2. 

∴   
1

𝑡1
=

Σ𝛼1𝐴1

0.158 𝑉
 

                    
1

𝑡2
=

(Σ𝛼1𝐴1) + 𝛼2𝐴2

0.158 𝑉
 

1

𝑡2
−

1

𝑡1
=

𝛼2𝐴2

0.158 𝑉
 

𝛼2 =
0.158 𝑉

𝐴2
[
𝑡1 − 𝑡2

𝑡1𝑡2
] 

From this equation, knowing the values of 𝑡1, 𝑡2, 𝐴2 𝑎𝑛𝑑 𝑉 the value of 𝛼2 can be calculated.  

ECHOES AND ECHO EFFECT 

Echoes result from sound getting reflected at walls. Echoes are particularly trouble some 
in large halls. They can be removed almost entirely by making the surface of the walls rough and 
by inclining the walls outward.The stair cases are covered with carpets to avoid reflection of 
sound. However, a faint echoes are necessary for the enhancement of musical effects. 

FACTORS AFFECTING ACOUSTICS OF BUILDINGS 

The most important factor that affects the acoustics of building is the reverberation time. 
Moreover the other factors that affects are loudness, focusing, extraneous noise, resonance etc., 

In an auditorium, electrically amplified loud speakers are used. Due to this, the intensity 
of sound is focused at a particular direction. Hence there will be no uniform distribution of 
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intensity of sound throughout the auditorium. Moreover the cylindrical or spherical surfaces on 
the wall give rise to undesirable focusing. 

The sound waves are reflected in the steps of the stair. Each step reflect the sound wave 
in different time. Due to this undesired echoes are produced. 

The extraneous noises like the sound received from outside the room and the sound produced by 
fans etc., are unnecessary noises. The acoustics of building are also affected by resonance. 

An auditorium is said to be good acoustics if the above unnecessary factors are reduced. 

Question Bank 
2 marks 

1. State three laws of transverse vibrations. 
2. Distinguish between music and noise. 
3. What is mean by intensity of sound? 
4. Define decibel. 
5. What is phon? 
6. What is bel? 
7. What are ultrasonic waves? 
8. What are infrasonic waves? 
9. Name any two methods to produce ultrasonic waves. 
10. What is magnetostriction effect? 
11. List the advantages of magnetostriction method of ultrasonic production. 
12. Define piezoelectric effect. 
13. Write the advantages of piezo electric method of ultrasonic production. 
14. List the properties of ultrasonics waves. 
15. What is acoustics of buildings? 
16. What is meant by reverberation? 
17. Define Reverberation time.  
18. Define absorption coefficient. 

5 and 10 marks 
 

1. How do you verify the laws of transverse vibrations by sonometer? Explain. 
2. Describe Melde’s experiment for transverse and longitudinal vibrations. 
3. How will you detect flow in metals using ultrasonics? Explain it. 
4. Explain Sound Navigation and Ranging. 
5. Write a note on the following related to ultrasonic (i) Depth of sea              (ii) Medical 

application. 
6. Give the properties and application of ultrasonics. 
7. What are the requisites for good a acoustics. 
8. Explain the factors affecting the acoustics of buildings. 
9. With a neat diagram, explain magnetostriction method of producing ultrasonics. 
10. What is piezoelectric effect? Describe piezoelectric method of production of ultrasonics. 
11. What are ultrasonic waves?  How are they detected? Give some of their applications. 
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