CHAPTER NINE

M ECHANICAL PROPERTIES OF SoOLIDS

9.1 INTRODUCTION

In Chapter 7, we studied ther  otation of the bodie%S
_ realised that the motion of a body depends on how Rgs
9.1 " Intr oduction distributed within the body. W e restricted o {0 simpler
9.2 Elastic behaviour of solids situations of rigid bodig#® A rigid body gengralgmeans a
9.3 Stress and strain har d solid object h a definite shape iz8. Butin
9.4 Hooke’s law reality, bodies ca str Ngtched, ¢ % and bent. Even
9.5 Stress-strain curve the appr eciab teel bar c for med when a
I

defqr "} the spape or sizs dy, a for ce is r equir ed. If
helical @ py gently pulling its ends, the

he springg @ses slightly. When you leave the
of the sprin ig%al its original size and shape. The

property of a b&b irtue of which ittendstor egain its
@original size and siMepe when the applied for ceisremoved, is

known a sticity and the defor mation caused is known

Summary

Points to ponder

Exer cises

Additional exer cises

an
@5 EEste rrl suf ficiently | e &ter nal for By Np!I®d on it. This means
9.7 Applications of elastic that solid ar not per C_ gd.
e T o A soffi has ite shapegan e.Inor der to change (or

as elagti r mation. However , if you apply for cetoalump
o] mud, they have nogr  osstendencytor egain their
pre hape, and they get per manently defor med. Such

ubstances ar e called plastic and this pr operty is called
sticity.  Putty and mud ar e close to ideal plastics.
& The elastic behaviour of materials plays an important r ole
in engineering design. For example, while designing a
& building, knowledge of elasticpr ~ operties of materials like steel,

concr ete etc. is essential. The same is true in the design of
0 bridges, automobiles, r opeways etc. One could also ask —
Can we design an aer oplane which is very light but
Q suf ficiently str ong? Can we design an artificial limb which
is lighter but str onger? Why does a railway track have a

particular shape like |? Why is glass brittle while brass is
not? Answers to such questions begin with the study of how
relatively simple kinds of loads or for ces act to defor m
dif ferent solids bodies. In this chapter , we shall study the
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elastic behaviour and mechanical pr operties of
solids which would answer many such
guestions.

9.2 ELASTIC BEHA VIOUR OF SOLIDS

We know that in a solid, each atom or molecule

is surr ounded by neighbouring atoms or
molecules. These ar e bonded together by
interatomic or inter molecular for ces and stay
in a stable equilibrium position. When a solid is
defor med, the atoms or moleculesar e displaced
from their equilibrium positions causing a
change in the interatomic (or inter molecular)
distances. When the defor ming for ceisr emoved,
the interatomic for ces tend to drive them back

to their original positions. Thus the body r egains

its original shape and size. The r estoring
mechanism can be visualised by taking a model

of spring-ball system shown in the Fig. 9.1. Her e
the ballsr epresentatoms and springsr  epresent

interatomic for ces.
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Fig. 9.1 Spring-ball model fort&stration of elastic

behaviour o§g0lids.

If you try to ace any ball fr om its
equilibrium pagiti spring system tries to
restor e the [gfill PRk 1o its original position. Thus
elastic beha r of solids can be explained in

ter ms of micr oscopic natur e of the solid. Robert
Hooke, an English physicist (1635-1703 A.D)
perfor med experiments on springs and found
that the elongation (change in the length)
producedinabodyispr oportional to the applied
force or load. In 1676, he pr esented his law of

elasticity, now called Hooke’'s law. W e shall
study about it in Section 9.4. This law, like
Boyle’s law, is one of the earliest quantitative
relationships in science. Itis very important to
know the behaviour of the materials under
various kinds of load fr om the context of
engineering design.

9.3 STRESS AND STRAIN

When forces are applied on a body in such a
manner that the body is still in static equilibrium,

itis deformed to a small or large extent depending
upon the nature of the material of the body and
the magnitude of the deforming § The
deformation may not be noticeabl
many materials but it is there. Wheg
subjected to a deforming force
is developed in the body. This
equal in magnitude but [6)

tgfing force is
In direction to
force per unitarea
he force applied normal

applied force. The rgsto
ownas stre®s, %
to tycross—s n A is the area of cross

'o\
ion of theo
Magnit % tress= F/ A (9.1)

The ShunWgi#Stress is N m 2 or pascal (Pa)
and itsdim&gsional for mulais[ ML —T2].

e thr ee ways in which a solid may
c @ its dimensions when an exter  nal for ce
it. These ar e shown in Fig. 9.2. In

N
@9. a), a cylinder is str  etched by two equal
rces applied nor maltoitscr oss-sectionalar ea.

N

The restoring for ce per unitar ea in this case
is called tensile str ess. If the cylinder is
compr essed under the action of applied for  ces,
the r estoring for ce per unit ar ea is known as
compr essive str ess. Tensile or compr essive
str ess can also be ter med as longitudinal str  ess.

In both the cases, ther e is a change in the
length of the cylinder . The change in the length
DL to the original length L of the body (cylinder
in this case) is known as  longitudinal strain

o ) DL
Longitudinal strain = T (9.2)

However, if two equal and opposite defor  ming
forces ar e applied paralleltothe cr  oss-sectional
area of the cylinder , as shown in Fig. 9.2(b),
ther e is r elative displacement between the
opposite faces of the cylinder . The restoringfor ce
per unit ar ea developed due to the applied
tangential force is known as tangential  or
shearing stress



MECHANICAL PROPER TIES OF SOLIDS 237
_________________________________________________________________________________________|

Robert Hooke

(1635 -1703 A.D.)
Robert Hooke was bor n on July 18, 1635 in Fr  eshwater , Isle of W ight. He was
one of the most brilliant and versatile seventeenth century English scientists.
He attended Oxfor d University but never graduated. Y et he was an extr emely
talented inventor , instrument-maker and building designer . He assisted Robert
Boyle in the construction of Boylean air pump. In 1662, he was appointed as
Curator of Experiments to the newly founded Royal Society. In 1665, he became
Professor of Geometry in Gr esham College wher e he carried out his astr  onomi-
cal observations. He built a Gr  egorian r eflecting telescope; discover ed the fifth
star in the trapezium and an asterism in the constellation Orion; suggested that
Jupiter r otates on its axis; plotted detailed sketches of Mars which wer e later
used in the 19 ™ century to deter mine the planet's rate of r otation; stated the
inverse squar e law to describe planetary motion, which Newton modified later

etc. He was elected Fellow of Royal Society and also served as the Society’'s
Secretary fr om 1667 to 1682. In his series of observations pr esented in Micr ographia, he suggcm
S pf

wave theory of light and first used the wor d ‘cell’ in a biological contextasar  esult of his studies of

Robert Hooke is best known to physicists for his discovery of law of elasticity: Ut tensio, sic y
is a Latin expr ession and it means as the distortion, so the for ce). This law laid the basis for s@
str ess and strain and for understanding the elastic materials.
As a r esult of applied tangential for  ce, ther e It c Iso be visualjge a book is
is a r elative displacement Dx between opposite pregagd witgyghe hand d&e orizontally,
faces of the cylinder as shown in the Fig. 9.2(b). a 4@ &in Flg. 9.2 (C\
The strain so pr oduced is known as  shearing , sfearingegt =N g»(Q (9.4)
strain and it is defined as the ratio of r elative M 8. 9.2 (d) & pher e placed in the
displacement of the faces Dx to the length o igfnder high\gr®essure is compr essed
the cylinder L. or mly on idg®. The for ce applied by the
uid acts dicular dir ection at each
. . _ Dx _ point of th face and the body is said to be
Shearing strain L =tan g unde ra®§c compr ession. This leads to
d% its volume without any change of
wher e g is the angular displac of the its §gometrical shape.
cylinder fr om the vertical (origi ion of TH® body develops inter nal r estoring for ces

the cylinder). Usually gis ve All, tan thatar e equal and opposite tothe for  ces applied
is nearly equal to angle gq, (if g = 10° y the fluid (the body r  estor es its original shape
example, ther e is only 1% dif ference bet and size when taken out from the fluid). The
and tan q). internal restoring force per unit area in this case

f—r—

(b) (©) (d)

Fig. 9.2 (a) A cylindrical body under tensile stress elongates by DL (b) Shearing stressonacylinderde  forming it by
anangle g (c)Abody subjected to shearing stress (d) A solid body under a stress normal to the surface at
every point (hydraulic str  ess). The volumetric strainis  DV/V , but ther e is no change in shape.
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isknownas hydraulicstress  andin magnitude
is equal to the hydraulicpr ~ essur e (applied for ce
per unit ar ea).

The strain pr oduced by a hydraulic pr  essur e
is called volume strain  and is defined as the
ratio of change in volume ( DV) to the original
volume (V).

DV

Volume strain = 7 (9.5)

Since the strain is a ratio of change in
dimension to the original dimension, it has no
units or dimensional for  mula.

9.4 HOOKE'SLA W

Stress and strain take dif ferent for ms in the
situations depicted in the Fig. (9.2). For small
defor mations the str ess and strain ar e
pr oportional to each other . This is known as
Hooke’s law.

Thus,
stress W strain
stress = k ” strain (9.

wher e k is the pr oportionality constant and
known as modulus of elasticity.

Hooke's law is an empirical law and is g8und
to be valid for most materials. Howeyer§ , thgr e
are some materials which do not e i
linear r elationship.

9.5 STRESS-STRAIN CU E

The relation between th s and the in
for a given material under str es@e
found experimentally. In a stand of
tensile pr operties, a test cylinder@ e is
str etched by an applied for ce. TheWactional
change in length (the strain) e applied
force needed to cause t r e recorded.
The applied for ce isgrag%r eased in steps
and the change in Igggth is nOted. A graph is

plotted between the ss (which is equal in

magnitude to th jed for ce per unit ar ea)
and the strai ed. A typical graph for a

r
metal is shgfvn WyFig. 9.3. Analogous graphs
for compr es§gn and shear str ess may also be

obtained. The str ess-strain curves vary fr om

material to material. These curves help us to
understand how a given material defor ms with
incr easing loads. Fr om the graph, we can see
that in the r egion between O to A, the curve is
linear . In this r egion, Hooke’s law is obeyed.

The body r egains its original dimensions when
the applied for ceis r emoved. Inthisr egion, the
solid behaves as an elastic body.

4444444 Proportional limit D
yield point E
X Fracture
4444444444 oint
Oy B ’, C p
A
N
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72] 1,
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) !
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i
“:/Permanent set
0t %
<1% Strai

Fig. 9.3 A typical str es i rve for a metal.
In the r egion fr tONB, str ess and strain
argyot pr opogiongl. ™evgrtheless, the body still
returs to its orgneAgdiMension when the load
IS®emov ynt B in the curve is known

s yield pmso knownas elasticlimit )and
the corr Ing str ess is known as yield

str en y) of the material.

d is incr eased further , the str ess
d exceeds the yield str ength and strain
( es rapidly even for a small change in the

ess. The portion of the curve between B and
D shows this. When the load isr  emoved, say at
some point C between B and D, the body does
not r egain its original dimension. In this case,
even when the str ess is zer o, the strain is not
zero. The material is said to have a  per manent
set. The defor mation is said to be plastic
deformation . The point D on the graph is the
ultimate tensile strength (s,) of the material.
Beyond this point, additional strain is pr oduced

even by a r educed applied for ce and fractur e

occurs at point E. If the ultimate strength and
fracture points D and E are close, the material
is said to be brittle . If they are far apart, the
material is said to be  ductile

As stated earlier , the str ess-strain behaviour
varies fr om material to material. For example,
rubber can be pulled to several times its original
length and still r etur ns to its original shape.
Fig. 9.4 shows str  ess-strain curve for the elastic
tissue of aorta, pr esent in the heart. Note that
although elasticr egionisverylar ge, the material
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Fig. 9.4 Stress-strain curve for the elastic tissue of
Aorta, the lar ge tube (vessel) carrying blood
from the heart.

does not obey Hooke’s law over most of the
region. Secondly, ther e is nowell defined plastic
region. Substances like tissue of aorta, rubber
etc. whichcanbe str etchedto cause lar ge strains
are called elastomers .

9.6 ELASTIC MODULI

The pr oportional r egion within the elastic limit
of the str ess-strain curve (r egion OAin Fig. 9.
is of gr eat importance for structural an
manufacturing engineering designs. The
of str essand strain, called modulus of elasti
is found to be a characteristic of theagaterial.

Table 9.1 Yd

Density p | Ycurg -

Substance (kg m?) Y (1 °N

Aluminium 2710 70
Copper 8890 @ 0
Iron (wrought) 7800-79 190
Steel 7 200
Glass® 65
Concrete 0 30
Wood* 525 13
Bone* 1900 94
Polystyrene 1050 3

L._aulus
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9.6.1 Young's Modulus

Experimental observation show that for a given
material, the magnitude of the strain pr oduced
is same whether the str ess is tensile or
compr essive. The ratio of tensile (or compr  essive)
str ess (s) to the longitudinal strain (€ is defined as
Young'smodulus  and is denoted by the symbol V.

S

= —e (9.7)

From Egs. (9.1) and (9.2), we have

= (F/A)/(DL/L)
=(F" L)/(A” DL)

Since strain is a dimensionless quantity,
unit of Y oung’s modulus is the same as th§
stressi.e., Nm = or Pascal (Pa). T a yfcs
the values of Y oung’s moduli and yield@ngths
of some material.

From datagiveninT i snotlced
that f etals Y oung’s e large.

se mat x rea Iar ge force
e& gth. T oincr ease

e of 0.1 cm 2 cross-

rass and copper wir es
cr oss-sectionalar eaare 690 N,

£¥0 N r espectively. It means that
¥ elastic than copper , brass and
i . It is for this r eason that steel is

enghs of some material
Ultimate

strength,
o, (10° N m?

Yield strength
o, (10° N m?

400 200
330 170
400 250

50 —
40 —

50 —
170 —

# Substance tested under compression
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preferred in heavy-duty machines and in where the subscripts ¢ and s refer to copper
structural designs. W ood, bone, concr ete and and stainless steel r espectively. Or ,
glass have rather small Y oung’s moduli. DL/ DL =(YJY )~ (LJL))
Given L, =22m, L, =16m,
U Example 9.1  Astructural steelr od hasa FromTable 9.1 Y _=1.1 ~ 10" N.m~2, and
radius of 10 mm and a length of 1.0 m. A Y,=2.0 " 10 N.m=
100 kN for ce str etches it along its length. DL/DL =(20 " 10'%/11 ~ 10'")" (2.2/1.6)=25.
Calculate (a) str ess, (b) elongation, and (c) The total elongation is given to be
strain on the r od. Young’'s modulus, of DL.+DL,=7.0 ~10*m
structural steelis 2.0 ~ 10 Nm 2. Solving the above equations,
DL.=50 ~10"m, and DL ;=20 ~10“m
Answer We assume that the r od is held by a Ther efore
clamp at one end , and the for ce F is applied at W =(A" Y, DL)L,
the other end, parallel to the length of the r od. =p(l5 " 10%)F  [(5.0 " 10“ " 1.1 "~ 10%%)/2.2]
Then the str ess on the r od is given by =1.8 "~ 102N t
F F
Stress =— =— Example 9.3 In a huma in a
A pr cir cus, the entir e weight@ balanced
100 “ 10 N group is suppqrt% wfegs of a
= 5 er for mer who is | oNyhis back (as
3.14° @0 “m ) shown in Fig. 9.5) bined mass of
= 3.18 " 108N m~2 I

the persq & M ing the act, and the
taMes, plaqu F& olved is 280 kg. The
ass rrmer lying on his back at

W o
the boe pyramid is 60 kg. Each
thighb ftnur) of this per  former has a

lendWg of 0 cm and an ef fective radius of
eter mine the amount by which
highbone gets compr essed under the

The elongation,

L _(FA) Q/
Y

(3.18 ‘108N m 2 1m

2 10N m” load.
=159 " 103m
=1.59mm
The strain is given by
Strain = DL/L @

=(1.59 ~ 10 m)/(

=159 ~ 1073 %

=0.16 %

I Example 9.2 A coppg Iength 2.2
m and a steel wir e of |8 .6 m, both of

diameter 3.0 mm, e conrected end to end.
When str etch&a load, the net
elongation is f 0.70 mm. Obtain
the load apglie

Answer Th&gopper and steel wir es are under
a tensile str ess because they have the same
tension (equal to the load W) and the same area
of cross-section A. From Eq. (9.7) we have stress
=strain ~ Young's modulus. Ther efore . . s A
W/A=Y ~ (DL/L)=Y,  (DLJ/LY Fig. 9.5 Human pyramid in a circus.
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Answer  Total mass of all the performers,  tables,
plagues etc. =280 kg

Mass of the performer =60 kg

Mass supported by the legs of the per  former
at the bottom of the pyramid

=280 - 60 =220 kg

Weight of this supported mass

=220 kgwt. =220 ~ 9.8 N=2156N.

Weight supported by each thighbone of the
per for mer = %2 (2156) N = 1078 N.

From Table 9.1, the Y oung’s modulus for bone
is given by

Y =94 10°Nm=2

Length of each thighbone L =0.5m

the radius of thighbone = 2.0 cm

Thusthe cr oss-sectionalar eaofthe thighbone
A=p (2°10?Pm?=1.26 "~ 10°m>2
Using Eq. (9.8), the compr ession in each
thighbone ( DL) can be computed as

DL [(F~ LY(Y™ A)

[(1078 “ 0.5)/(9.4 ~ 10°" 1.26 ~ 1073)]
455 " 105mor4.55 “ 102 cm.

This is a very small change! The fractional
decrease in the thighbone is  DL/L = 0.000091
or 0.0091%. t

9.6.2 Deter mination of Y oung’s Modulus of‘ !
the MaterialofaW ire ig. 9.6

Atypical experimental arrangement to deter
the Y oung’s modulus of a material of wir e er

tension is shown in Fig. 9.6. It co f two
long straight wir es of same le equal
radius suspended side by side fr ixed rigid

support. The wir e A (called the referenge ymg
carries a millimetr e main scale M and a pa Q
place a weight. The wir e B (called {Ng

experimental wir e) of unifor m ar Cr 0Ss-
section also carries a pan in gh n
weights can be placed. A ver ale V is

attached to a pointer at tiggebottont of the
experimental wir e B, and &E?in scale M is
fixedtother eference wi T weights placed
in the pan exert a do 3 U for ce and str etch
the experimental wirqf e eratensilestr ess.The
elongation of the wirqe (incr ease in length) is
measur ed by the ver nier arrangement. The
reference wire is used to compensate for any
change in length that may occur due to change

in room temperature, since any change in length

of the reference wire due to temperature change

will be accompanied by an equal change in
experimental wir e. (We shall study these
temperature effects in detail in Chapter 11.)

-] -]
A B
Reference Experimental
Wire Wire

angement for the deter mination of
@ g’'s modulus of the material of awir  e.
Q r eference and experimental wir esare

giveNyan initial small load to keep the wir es

' straight and the ver nier r eading is noted. Now

e experimental wir e is gradually loaded with
mor e weights to bring it under a tensile str ess
and the ver nier r eading is noted again. The
dif ference between two ver nier r eadings gives
the elongation pr oducedinthewir e.Let rand L
be the initial radius and length of the
experimental wir e, respectively. Then the ar ea
of cr oss-section of the wir e would be pr?. Let M
be the mass that pr oduced an elongation DL in
the wir e. Thus the applied for ceisequalto Mg,
wher e g is the acceleration due to gravity. Fr om
Eq. (9.8), the Y oung’s modulus of the material
of the experimental wir e is given by

_s Mg L
Y-;: pr? DL
=Mg "~ L/(pr? " DL) (9.9)
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9.6.3 Shear Modulus
The ratio of shearing stress to the corresponding
shearing strain is called the shear modulus of
the material and isr epresented by G. Itis also
called the modulus of rigidity

G = shearing str ess (s )/shearing strain

G =(F/ A)/(Dx/ L)

=(F~ L)Y/(A  Dx) (9.10)
Similarly, fr om Eg. (9.4)
G =(F/A)qg
=FI(A " q (9.11)
The shearing str ess s_ can also be expr essed as
s;=G g (9.12)

Sl unit of shear modulusisNm 2 or Pa. The
shear moduli of a few common materials ar e
given in T able 9.2. It can be seen that shear
modulus (or modulus of rigidity) is generally less
than'Y oung’s modulus (fr om T able 9.1). For most
materials G » Y/3.

Table 9.2  Shear moduli  (G) of some common
materials

Aluminium
Brass 36
Copper

Steel

Tungsten 1
Wood 10

Glass 2

Iron 70 K
Lead 5.6

Nickel 77 @

U Example 9.4 Asqua e@u of side 50

cm and thickness 10 ¢ ubject to a
shearing for ce ( s narr ow face) of 9.0 ~
104 N. The lowege iveted to the floor
How much will § Nper edge be displaced?

Answer N 1 slab is fixed and the for  ce s
applied paralle™o the narr  ow face as shown in
Fig. 9.7. The ar ea of the face parallel to which
this for ce is applied is
A =50cm ~ 10cm
=05m ~0.1m

=0.05m 2

Therefore, the stress applied is
=(9.4 ~ 104 N/0.05m ?2)
=180 ~ 10®N.m~

==Y
-———_

50 cm

-
~L
1
-~ -
~L
-

1.8~ 105N m~ 10°Nm~?)
6’ t

We know that she aring strain :@ L)=Stress/ G.
Ther efore the displac% (Stress” L)/ G
)/ ’

104‘m‘0

47 Bulk M(M\&
n Sectlo ave seen that when a body
is subm aflwd itunder goes ahydraulic
stres I in magnitude to the hydraulic

ThIS leads to the decr ease in the
fthe bodythuspr  oducing a strain called
strain [Eq. (9.5)]. The ratio of hydraulic

ess to the corr esponding hydraulic strain is
called bulk modulus . Itis denoted by symbol  B.

B =— p/( DV/ V) (9.13)

The negative sign indicates the fact that with
an incr ease in pr essur e, a decr ease in volume
occurs. That is, if p is positive, DV is negative.
Thus for a system in equilibrium, the value of
bulk modulus B is always positive. Sl unit of
bulk modulus is the same as that of pr essur e

e., N m~2 or Pa. The bulk moduli of a few
common materials ar e givenin T able 9.3.

The r ecipr ocal of the bulk modulus is called
compressibility andisdenotedby k. Itis defined
as the fractional change in volume per unit
incr ease in pr essur e.

k =(1/ B)=-(1/ Dp) " (DV/ V) (9.14)
It can be seen fr om the data given in T able
9.3 that the bulk moduli for solids ar e much

larger than for liquids, which are again much
larger than the bulk modulus for gases (air).
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Table 9.3  Bulk moduli  (B) of some common Gases have large compressibilities, which vary
Materials with pressure and temperature. The
incompressibility of the solids is primarily due
to the tight coupling between the neighbouring
atoms. The molecules in liquids are also bound
Aluminium 72 with their neighbours but not as strong as in
B 61 solidls.dl:/lotlhec_:ule§ rl:t]) gases are very poorly
coupled to their neighbours.
Clofglpizr LA Table 9.4 shows the various types of stress,
Glass 37 strain, elastic moduli, and the applicable state
Iron 100 of matter at a glance.
Nickel 260 :
Steel 160 U Example 9.5  The average depth of Indian

— Ocean is about 3000 m. Calculate t
Liquids fractional compr ession, DV/V , of wat

Water 2.2 the bottom of the ocean, given that the bul
Ethanol 0.9 modulus of wateris 2.2~ 10° N
Carbon disulphide 1.56 g =10ms )
EleEne 4.76 Answer he pr essur e exeged By a 3000 m
Mer cury 25 colum ter on the b#tfo r
Gases Om N0 =7 10ms
Air (at STP) 1.0 " 10 . g2
=3 N m 2
Thus, solids are the least compressible, whereas, ctional p DVIV ,is
gases are the most compressible. Gases are aboyt N = st (3~ 10"Nm=2)/(2.2 ~ 10°Nm™)

a million times more compressible than solids' =136~ 102o0r 1.36%

Tabl tress, strain and ve&s elastic moduli

Tensile Two equal and Elongation ol Yes No Y = (FxL)/ | Young's Solid
or opposite forces compression (AxDL) | modulus
compressive | perpendicular to pargf®r ey force
(s =FI/A) opposite faces djge! (§DOL/L )
ngeiffal strain)
Shearing Two equal and Pure shear, q Yes No G = F/(Axq) | Shear Solid
(s, = FIA) opposite forces & modulus
parallel to op or modulus
surfaces forc@ of rigidity
in each
that tor nd
total tor on the
body vanishes
Hydraulic Forces perpendicular | Volume change No Yes B = —p/( DV/V )| Bulk Solid, liquid
everywhere to the (compression or modulus and gas
surface, force per elongation)
unit area (pressure) (DVIV)
same everywhere.
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9.6.5 Poisson’s RaTIO

Car eful observations withthe Y  oung’s modulus
experiment (explained in section 9.6.2), show
that there is also a slight reduction in the cross-
section (or in the diameter) of the wire. The strain
perpendicular to the applied force is called
lateral strain . Simon Poisson pointed out that
within the elastic limit, lateral strain is directly
proportional to the longitudinal strain. The ratio

of the lateral strain to the longitudinal strain in
astretched wireiscalled Poisson’sratio. Ifthe
original diameter of the wire is d and the
contraction of the diameter under stress is Dd,
the lateral strainis  Dd/ d. If the original length
of the wire is L and the elongation under stress

is DL, the longitudinal strain is DL/L . Poisson’s
ratio is then ( Dd/ d)/(DL/L ) or (Dd/ DL) x (L/d ).
Poisson’s ratio is a ratio of two strains; it is a
pure number and has no dimensions or units.

Its value depends only on the nature of material.

For steels the value is between 0.28 and 0.30,
and for aluminium alloys it is about 0.33.

9.6.6 Elastic Potential Energy
in a Stretched Wire

When a wire is put under a tensile stress fivork
is done against the inter -atomic
work is stored in the wire in the fo
potential energy. When a wire of oriy
L and area of cross-section Aiss

deforming force F alongM)e ™agth of the Wire,(
let the length of the wire b‘ gdted by hen
from Eq. (9.8), we have A x (I/L). Y is

the Y oung’s modulus of the materialgQf jm
Now for a further elongation of in @ al
smalllengthd |,workdoned Wis F x ®0r YAIdI/

L. Therefore, the amount of wft™gone (W) in
increasing the length of t i % Lto L+I,

thatisfrom |=0tol=1

W_lvAld?%f'_z
1 2

_= ¥ AL
w=35 L

’,

1
E Young's modulus x strain 2 x

volume of the wire

1. .
= E stress x strain x volume of the
wire
This work is stored in the wire in the form of
elastic potential energy (  U). Therefore the elastic

potential energy per unit volume of the wire ( u)is
1
u= > xse (9.15)

9.7 APPLICA TIONS OF ELASTIC
BEHAVIOUR OF MA TERIALS

The elastic behaviour of materials plays an
important role in everyday life. All eNgineering
designs require precise knowledge elastic

behaviour of materials. For while
designing a building, the stru@ esign of
the columns, beamsa ts require
kngwledge of strength at®yals used. Have
u ever thought Yy beams used in
truction of b¥ yap supp  orts etc. have
-section K e |? Why does a heap
and gr gm§lINgave a pyramidal shape?
nswers guestions can be obtained
from the SWdW§Fstructural engineering which
is bas& onMoncepts developed here.
esrused for lifting and moving heavy

0 m one place to another have a thick
etagope to which the load is attached. The

e is pulled up using pulleys and motors.
Suppose we want to make a crane, which has
a lifting capacity of 10 tonnes or metric tons (1
metric ton = 100 0 kg). How thick should the
steel r ope be? We obviously want that the load
does not deform the rope permanently.
Therefore, the extension should not exceed the
elastic limit. From Table 9.1, we find that mild
steel has a yield strength ( sy) of about 300
10 N m 2. Thus, the area of cross-section (  A)
of the rope should at least be

A®W/s, = Mg/s, (9.16)
= (10%kg “ 9.8ms ?)/(300 ~ 108 Nm2)
=337 10%m?

corresponding to a radius of about 1 cm for

a rope of circular cross-section. Generally

a large margin of safety (of about a factor of
ten in the load) is provided. Thus a thicker
rope of radius about 3 cm is recommended.

A single wire of this radius would practically

be arigid rod. So the ropes are always made

of a number of thin wir  es braided together
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like in pigtails, for ease in manufacture,
flexibility and strength.

A bridge has to be designed such that it can
withstand the load of the flowing traffic, the force
of winds and its own weight. Similarly, in the
design of buildings the use of beams and columns
is very common. In both the cases, the
overcoming of the problem of bending of beam
under a load is of prime importance. The beam
should not bend too much or break. Let us
consider the case of a beam loaded at the centre
and supported near its ends as shown in
Fig. 9.8. Abaroflength I, breadth b,anddepth d
when loaded at the centre by a load W sags by
an amount given by

d= W 13/(4 bd3Y) (9.17)

Fig. 9.8 A beam supported at the ends and loa
at the centre.

This relation can be derived using what yo

have already learnt and a little calg€j] rom
Eq. (9.16), we see that to reduc Q@ nding
for a given load, one should use a NQIS#al with @

alar ge Young's modulus Y. Foragiven magrj
increasing the depth  d rather than the brea

b is more effective in reducing the bending, since

dis proportionalto  d -3 and only to ourse

the length | of the span should S as
possible). But on increasing the Je&,nless
the load is exactly at the righme(difficult to
arrange in a bridge with \/ raffic), the
deep bar may bend as sh@ Fig. 9.9(b). This
is called buckling. his, a common
compromise is the c@tﬁonal shape shown
in Fig. 9.9(c). This secti® provides a large load-
bearing surface and enough depth to prevent
bending. This shape reduces the weight of the

beam without sacrificing the strength and
hence reduces the cost.

W (JQ/ S—
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- ]
d
J L 1
b
(a) (b) (c)
Fig. 9.9 Different cross-sectional shapes of a beam.

(a) Rectangular section of a bar;
(b) A thin bar and how it can buckle;
(c) Commonly used section for g load

bearing bar .
The use of pillars or columns is also @

common in buildings and bridges. A pil

rounded ends as shown in Fig. 9.10(a) @ts
less load than that with a distrilay, at
the ends Jpig. 9.10(b)]. The prgcg delign of a

bridge building hasgo account

iti under wiy will ghction, the
ong period, \e!rApility of usable
l, etc.

@ (b)

Fig. 9.10 Pillars or columns: (a) a pillar with rounded
ends, (b) Pillar with distributed ends.

The answer to the question why the maximum
height of a mountain on earth is ~10 km can
also be provided by considering the elastic
properties of rocks. A mountain base is not under
uniform compression and this provides some
shearing stress to the rocks under which they
can flow. The stress due to all the material on
the top should be less than the critical shearing
stress at which the rocks flow.

At the bottom of a mountain of height h, the
force per unit area due to the weight of the
mountain is hrg where r is the density of the
material of the mountain and g isthe acceleration
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due to gravity. The material at the bottom 30 © 10”7 N m2. Equating this to  hrg, with

experiences this force in the vertical direction, r =3 7~ 103 kg m 2 gives

and the sides of the mountain are free. Therefore, hrg =30 “ 10" Nm™2.

this is not a case of pressure or bulk compression. h =30"10"Nm?2/3 ~ 10%kgm 2~ 10ms ?)

There is a shear component, approximately hrg =10 km

itself. Now the elastic limit for a typical rock is which is more than the height of Mt. Everest!
SUMMARY

1. Stress is the restoring force per unit area and strain is the fractional change in dimension.

In general there are three types of stresses (a) tensile stress — longitudinal stress
(associated with stretching) or compressive stress (associated with compression),
(b) shearing stress, and (c) hydraulic stress.

2. For small deformations,  stress is directly proportional to the strain for many materials.
This is known as Hooke’s law. The constant of proportionality is called modulus
elasticity. Thr ee elastic moduli viz., Young’s modulus, shear modulus and bulk mod
are used to describe the elastic behaviour of objects as they respond to deforming forc
that act on them.

A class of solids called elastomers does not obey Hooke's law.
3. When an object is under tension or compression, the Hooke's law take
F/A = YDL/L
where DL/L is the tensile or compressive strgl of the object, F% gnitude of the
h
he#Sir

applied force causing the strain, A is th@crOfg-sectional eﬁ& F is applied
CC
nd lower fages ge lid deforms so

(perpendicularto  A)and Yisthe Y o od essis F/A.

4. A pair of forces when applied parallel
that the upper face moves sideways r spect to the he& horizontal displacement
DL of the upper face is perpendic e yeftical heigh This type of deformation is
called shear and the correspghding is the shgaringtress. This type of stress is

possible only in solids.

and G is the shear modu
5 When an objegfI™¥{rgoes hydraulic comRgssion due to a stress exerted by a surrounding
fluid, the Ho .@

takes the form
N),

where p is the'pressure (hydrXfic glress) on the object due to the fluid, DVIV  (the

volume strain) is the ractional change in the object’'s volume due to that

pressure and B is the bu ulus  of the object.

POINTS TO PONl&

1. Inthe camvire, suspended from celing and stretched under the action of a weight ( F)
g its other end, the force exerted by the ceiling onitis equal and opposite
t. However |, the tension at any cr  oss-section A of the wir e is just F and not
E, tensile str  ess which is equal to the tension per unit ar eaisequalto F/A.

0ok®'s law is valid only in the linear part of stress-strain curve.
The Young’s modulus and shear modulus ar e relevant only for solids since only solids
have lengths and shapes.

4. Bulk modulus is relevant for solids, liquid and gases. It refers to the change in volume
when every part of the body is under the unifor m str ess so that the shape of the body
remains unchanged.
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5. Metals have lar ger values of Y oung’s modulus than alloys and elastomers. A material
with lar ge value of Y oung’s modulus r equir es a lar ge force to pr oduce small changes in
its length.

6. In daily life, we feel that a material which stretches more is more elastic, but it a is
misnomer . In fact material which str  etches to a lesser extent for a given load is consider ed
to be mor e elastic.

7. In general, a defor ming for ce in one dir ection can pr oduce strains in other dir  ections
also. The pr oportionality between str  ess and strain in such situations cannot be described
by just one elastic constant. For example, for a wir e under longitudinal strain, the
lateral dimensions (radius ofcr ~ oss section) willunder go a small change, which is described
by another elastic constant of the material (called Poisson ratio ).

8. Stress is not a vector quantity since, unlike a for ce, the str ess cannot be assigned a
specific dir ection. For ce acting on the portion of a body on a specified side of a section
has a definite dir ection.

EXERCISES
9.1 Asteelwire of length 4.7 m and cross-sectional area 3.0 ~ 10 m?2 stretche are
amount as a copper wire of length 3.5 m and cross-sectiggl area of 4.0 y m 2 8nder
a given load. What is the ratio of the Y ~ oung’s m s of steel to thq of o :
9.2  Figur e 9.11 shows the strain-str  ess curve a given Material. W R e (a) Young’'s
modulus and (b) approximate yield strength fgr t a I?
300
cl;\250
£ 200
215
Z
2 (€
:\N
n N s
0
0 00 002 0.003 0.004
Strain
Fig.9.11

9.3 The stress-strgin graphs ™ materials A and B are shown in Fig. 9.12.

Stress
os}

y
v

Strain g Strain

Fig. 9.12
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9.4

9.5

9.6

9.7

9.8

9.9

9.10

9.11

9.12

9.13

9.14

9.15

9.16

The graphs are drawn to the same scale.
(a) Which of the materials has the gr ~ eater Y oung’s modulus?
(b)  Which of the two is the stronger material?

Read the following two statements below carefully and state, with reasons, if it is true
or false.

(@) The Young's modulus of rubber is gr  eater than that of steel;

(b)  The str etching of a coil is deter mined by its shear modulus.

Two wir es of diameter 0.25 cm, one made of steel and the other made of brass ar
loaded as shown in Fig. 9.13. The unloaded length of steel wire is 1.5 m and that of
brass wire is 1.0 m. Compute the elongations of the steel and the brass wires.

[/ [ /LS

1.5m
Steel

C 40kg

<
N w9
&

g. One face oNge®ube is firmly fixed to a
ached to th pgSite face of the cube. The
GRA. What is Wy tICal deflection of this face?
C ns of mild Sl sPpport a big structure of mass

The edge of an aluminium cub,
vertical wall. A mass of 100

shear modulus of alumini i
Four identical hollow cyli

50,000 kg. The inner & adii of ea are 30 and 60 cm respectively.
Assuming the load distrio®gon to be unj cgfulale the compressional strain of

each column. {

A piece of co ing a rectangular croNypsection of 15.2 mm " 19.1 mmiis pulled in
tension with orce, prod only elastic deformation. Calculate the resulting

strain?

A steel cable with a radi upports a chairlift at a ski area. If the maximum

stress is not to exceed 10 -2, what is the maximum load the cable can support ?

A rigid bar of mass 15 kg is ported symmetrically by three wires each 2.0 m long.

Those at each en f copper and the middle one is of iron. Determine the ratios of

their diameteys j @to have the same tension.

A 14.5 kg m% ed to the end of a steel wire of unstretched length 1.0 m, is

whirled in a vertiC cle with an angular velocity of 2 rev/s at the bottom of the circle.

The croy:sectional area of the wire is 0.065 cm 2, Calculate the elongation of the wire

whe is at the lowest point of its path.

Cor@he bulk modulus of water from the following data: Initial volume = 100.0

HE.C) sur e incr ease = 100.0 atm (1 atm = 1.013 ~ 10° Pa), Final volume = 100.5
ompare the bulk modulus of water with that of air (at constant temperature).

plain in simple terms why the ratio is so large.

at is the density of water at a depth wher e pressure is 80.0 atm, given that its

density at the surfaceis 1.03 103 kgm —3?

Compute the fractional change in volume of a glass slab, when subjected to a hydraulic

pressur e of 10 atm.

Deter mine the volume contraction of a solid copper cube, 10 cm on an edge, when

subjected to a hydraulic pressure of 7.0 © 106 Pa.

How much should the pressure on a litre of water be changed to compress it by 0.10%?

PHYSICS
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Additional Exercises

9.17 Anvils made of single crystals of diamond, with the shape as shown in
Fig. 9.14, are used to investigate behaviour of materials under very high pressures. Flat
faces at the narrow end of the anvil have a diameter of 0.50 mm, and the wide ends are
subjected to a compressional force of 50,000 N. What is the pressure at the tip of the anvil?

Diamond cones Metal gasket

9.18 Arrod of length 1.05 m having negligible mass is sup t its ends by t%o0

steel (wire A) and aluminium (wire B) quamylengths & in
re 1.0 mm 2 d 2.0 mm 2,
n

Fig. 9.14 % c
Fig. 9.15. The cross-sectional areas of wires
m d in or derto
| wires.

respectively. At what point along the r 0
produce (a) equal stresses and (b) equal st

il

(R
s
\

stretched, well@thin its elastic limit, horizontally between two pillars. A mass of 100

Fig. 9.15
9.19 A mild steel wire gf I&O m and cross-sectional area 0.50 “~ 102 cm? is

g is suspend mid-point of the wire. Calculate the depression at the mid-
point.

9.20 Two stri are riveted together at their ends by four rivets, each of diameter 6.0
mm. ti e maximum tension that can be exerted by the riveted strip if the
shearing ¥gess on the rivet is not to exceed 6.9 " 107 Pa? Assume that each rivet is to

carry one quarter of the load.

9.21 The Marina trench is located in the Pacific Ocean, and at one place it is nearly eleven
km beneath the sur face of water . The water pr essur e at the bottom of the tr ench is
about 1.1 ~ 108 Pa. A steel ball of initial volume 0.32 m 3 is dropped into the ocean and
falls to the bottom of the trench. What is the change in the volume of the ball when it
reaches to the bottom?
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10.1 INTRODUCTION

In this chapter , we shall study some c hysical
pr operties of liquids and gases. Liquids and can flow
and are ther efore, called fluids. S operty that

distinguishes lig#ids and gases fr olids in a basic way.
rywher e ar ognd has an envelop of

of its sur a&c]: r ed with water . Water
sary for our &ist®ce; every mammalian

bod nsgte mostly Allthe pr ocesses occurring
inli eing®includin e mediated by fluids. Thus

de ng the RQehAgo®M and pr operties of fluids is
importgnt.

ar e flui ferent fr om solids? What is common in
iquids and Q like a solid, a fluid has no definite
ape of jt ids and liquids have a fixed volume,
wher eagf a ills the entir e volume of its container . We

have lear€ inthe pr evious chapter that the volume of solids
c changed by str ess. The volume of solid, liquid or gas
ngs on the str ess or pr essur e acting on it. When we

out fixed volume of solid or liquid, we mean its volume

Qder atmospheric pr  essur e. The dif ference between gases
nd solids or liquids is that for solids or liquids the change

xO

in volume due to change of exter  nal pr essur e is rather small.
In other wor ds solids and liquids have much lower
compr essibility as compar ed to gases.

Shear str ess can change the shape of a solid keeping its
volume fixed. The key pr operty of fluids is that they of  fer
very little r esistance to shear str  ess; their shape changes by
application of very small shear str  ess. The shearing str ess
of fluids is about million times smaller than that of solids.

10.2 PRESSURE

A sharp needle when pr essed against our skin pier  cesit. Our
skin, however , remains intact when a blunt object with a
wider contactar ea (say the back of aspoon)ispr essed against
it with the same for ce. If an elephantwer e to step onaman’s
chest, his ribs would crack. A cir cus per for mer acr oss whose
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chest a lar ge, light but str ong wooden plank is
placed first, is saved fr om this accident. Such
everyday experiences convince us that both the
force and its coverage ar ea ar e important. Smaller
the ar ea on which the for ce acts, gr eater is the
impact. This impact is known as pressure.

When an object is submer ged in a fluid at
rest, the fluid exerts afor ce onits sur face. This
force is always nor mal to the object’s sur face.
This is so because if ther e were a component of
for ce parallel to the sur  face, the object will also
exert a for ce on the fluid parallel to it; as a
consequence of Newton’s thir d law. This for ce
will cause the fluid to flow parallel to the sur face.
Since the fluid is at r  est, this cannot happen.
Hence, the for ce exerted by the fluid atr  est has
to be perpendicular to the sur  face in contact
with it. This is shown in Fig.10.1(a).

The nor malfor ce exerted by the fluid at a point
may be measur ed. Anidealised for m of one such
pressur e-measuring device is shown in Fig.
10.1(b). It consists of an evacuated chamber with
a spring that is calibrated to measur e the for ce
acting on the piston. This device is placed at a
point inside the fluid. The inwar d for ce exerted
by the fluid on the piston is balanced by the
outwar d spring for ce and is ther eby measur

0
Fig. 10.1  (a) The force exerted by li8 the
beaker on the submer ge ject or on the

walls is nor mal (gegpendicHar) to the
surface at all point
(b) An idealise

I or measuring
pressure.

If Fisthe magnitudeftMgnor  mal for ce onthe
piston of ar ea A theMghe average pr essure P,,
is defined as the nor mal for ce acting per unit
area.

Py = — (10.1)

In principle, the piston area can be made
arbitrarily small. The pr  essur e is then defined
in a limiting sense as

(10.2)

Pressur e is a scalar quantity. W e remind the
reader that it is the component of the for ce
nor maltothe ar ea under consideration and not
the (vector) for ce that appears in the numerator
in Egs. (10.1) and (10.2). Its dimensions ar e
[ML-*T-2). The Slunitof pr essureisNm 2. Ithas
been named as pascal (Pa) in honour of the
French scientist Blaise Pascal (1623-1662) who

carried out pioneering studies on fluid pr essur e.
A common unit of pr essur e is the atmoSNger e
(atm), i.e. the pr essure exerted e

atmospher e atsealevel (1atm=1.013 ).

Another quantity, that is indispen in
describing fluids, is the density id of

mass m occupying volume VQ

I = L J (10.3)

imersions of I e [ML-3]. Its SI

-3, 1t4g MOGItN scalar quantity. A
ar gely in8 m essible and its density
efore, ne stant at all pr  essur es.

es, on thnot@er hand exhibit a lar ge

ariation | I with pr  essure.

The d of water at 4 °C (277 K) is
1.0 m ~3. The r elative density of a
S cgflis the ratio of its density to the
d

%y of water at 4 °C. It is a dimensionless
posit®e scalar quantity. For example the r elative
density of aluminium is 2.7. Its density is

7~ 10 kgm ~® The densities of some common
fluids ar e displayed in T able 10.1.

Table 10.1 Densities of some common fluids

at STP*
T
Water 1.00 x 10°
Sea water 1.03 x 10°
Mercury 13.6 x 10°
Ethyl alcohol 0.806 x 10°
Whole blood 1.06 x 10°
Air 1.29
Oxygen 1.43
Hydrogen 9.0 x 10~
Interstellar space  ~ 107

* STP means standar d temperatur e (0°C) and 1 atm pr essure.
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} Example 10.1 The two thigh bones
(femurs), each of cr oss-sectionalar ealOcm 2
support the upper part of a human body of
mass 40 kg. Estimate the average pr ~ essure

sustained by the femurs.

Answer Total cr oss-sectional ar ea of the
femursis A=2"10cm?=20 "~ 10“ m2 The
force acting on them is F = 40 kg wt = 400 N

(taking g = 10 m s ?). This for ce is acting
vertically down and hence, nor mally on the

femurs. Thus, the average pr essur e is

Pav :%:2'1O5N m™2 t

10.2.1 Pascal's Law

The Fr ench scientist Blaise Pascal observed that
the pr essurein afluid atr estisthe same at all
points if they ar e at the same height. This fact
may be demonstrated in a simple way.

=

Fig. 10.2  Proof of Pascal’'S™faw. ABC-DE@
element of the interior of RO est.
This element is in the for % a right-
angled prism. The element is sm#l so that

the effect of gravity ignor ed, but it
has been enlar sake of clarity.

Fig. 10.2 shows emerm the interior of
afluid atr est. This &ment ABC-DEF is in the
for m of a right-al WM. In principle, this
prismatic eleme@ry small so that every
part of it ca der ed at the same depth
from the lig ur’ face andther efore, the ef fect
of the gravity IS the same at all these points.

But for clarity we have enlar  ged this element.
The for ces on this elementar e those exerted by
the r est of the fluid and they must be nor mal to

the sur faces of the element as discussed above.
Thus, the fluid exerts pr ~ essures P, P, and P, on

this element of area corresponding to the normal
forces F,, F and F_asshowninFig.10.2 onthe
faces BEFC, ADFC and ADEB denoted by ~ A_, A,
and A_respectively. Then
F,sing=F, F,cosq=F,k (byequilibrium)
A, sing=A, A, cosq= A, (bygeometry)
Thus,

==y R=R=R (10.4)

Hence, pr essur e exerted is same in all
dir ectionsinafluidatr est.Itagainr eminds us
that like other types of str  ess, pr essur e isnota
vector quantity. No dir  ection can be assigned
to it. The for ce against any ar€\ga within (or
bounding) afluidatr estandun essur e is

nor maltothe ar ea,regardles Ientation
of the ar ea.
Now consider a flui e for m of a

[
hggizontal bar of unifor cr 8¢s-section. The bar
£Lin equiIibrium.Ihe f al for ces exerted

e balanced or the
should be equal. This

at two engs

res®ur e at th &

pr¥ves tlaim iquid in equilibrium the
ressur at all points in a horizontal

plane. SUNgOS e pr essur e were not equal in
dif fer of the fluid, then ther e would be
a e fluid will have some net for ce

n it. Hence in the absence of flow the
e in the fluid must be same everywhere
K i horizontal plane.

10.2.2 Variation of Pr  essur e with Depth

Consider a fluid at r est in a container . In
Fig. 10.3 point 1 is at height h above a point 2.
The pressures at points Land 2ar eP, and P,
respectively. Consider a cylindrical element of
fluid having ar eaofbase A and height h. Asthe
fluid is at r est the r esultant horizontal for ces
should be zer oandther esultant vertical for ces
should balance the weight of the element. The
for ces acting in the vertical dir ~ ection ar e dueto
the fluid pr essure at the top ( P,A) acting
downwar d, at the bottom ( P,A) acting upwar d.
If mg is weight of the fluid in the cylinder we
have

(P,- P)A=mg (10.5)

Now, if r is the mass density of the fluid, we
have the mass of fluid to be m =rV=rhA so
that

P,- P,= rgh (10.6)
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Fig.10.3  Fluid under gravity. The effect of gravity is
illustrated through pressure on a vertical
cylindrical column.

Pressur e dif ference depends on the vertical
distance h between the points (1 and 2), mass
density of the fluid r and acceleration due to
gravity g. If the point 1 under discussion is
shifted to the top of the fluid (say, water), which
is open to the atmospher e, P, may be r eplacgd
by atmospheric pr essur e (P,) and we r epl
by P. Then Eq. (10.6) gives

P=P,+rgh

Thus, the pr essure P, at d low the
sur face of a liquid open to the 4 er eis
greater than atmospheric pr re by a

amount rgh. The excess of pr essur e, P,

depth hiscalleda gauge pr essur e at that@
The ar ea of the cylinder is not appearing in

the expr ession of absolute pr essur e | 10.7).

Thus, the height of the fluid column Ry

and not cros s-sectional or base ar&e shape
of the container . The liquid ﬁur eisthe same
at all points at the same hgiigo evel (same
depth). The result is aped through the
example of hydrostatj 2\ . Consider three
vessels A,Band C [&;10.\. ] of different shapes.
They are connected at tf® bottom by a horizontal
pipe. Onfilling with water , the levelinthe thr ee
vessels is the same, though they hold different
amounts of water . This is so because water at

the bottom has the same pressure below each
section of the vessel.

C A B
Fig 10.4  lllustration of hydrostatic paradox. The
three vessels A, B and C contain dif ferent

amounts of liquids, all upto the same
height.

1 Example 10.2  What is the pr essur eqn a
swimmer 10 m belowthe sur  face ofal

Answer Here

h=10m and r =1000kgm 3. Take\ = ms 2
From Eq. (10.7)

P=P_ +

=1 O5Pa+10006( 1 ms="10m

"W ° Pa \
is a 1000 edse in pr essure from

rfage level. At f 1 km, the increase
ssure is 1 Submarlnes are designed

withsta mous pr essures. t
10.2. pheric Pressure and
Pressure

&e ure of the atmosphere at any point is
equawto the weight of a column of air of unit

cros s-sectional area extending from that point

the top of the atmosphere. At sea level, it is
1.013 ~ 10° Pa (1 atm). Italian scientist
Evangelista Torricelli (160 8-1647) devised for
the first time a method for measuring
atmospheric pr essur e. A long glass tube closed
at one end and filled with mer  cury is inverted
into atr ough of mer cury as shown in Fig.10.5 (a).
This device is known as ‘mercury barometer’.
The space above the mercury column in the tube
contains only mercury vapour whose pressure
P is so small that it may be neglected. Thus,
the pressure at Point A=0. The pressure inside
the coloumn at Point B must be the same as the
pressure at Point C, which is atmospheric
pressure, P ,

P.=rgh (10.8)
where r is the density of mercury and h is the
height of the mercury column in the tube.
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In the experiment it is found that the mercury
column in the barometer has a height of about
76 cm at sea level equivalent to one atmosphere \
(1 atm). This can also be obtained using the
value of r in Eqg. (10.8). Acommon way of stating
pressur e is in ter ms of cm or mm of mer cury
(Hg). A pr essur e equivalent of 1 mm is called a
torr (after T orricelli).

1 torr = 133 Pa.

The mm of Hg and torr ar e used in medicine A o5
and physiology. In meteor  ology, a common unit
is the bar and millibar

-
Lﬁ—p

1bar=10 5 Pa
An open tube manometer is a useful (b) The open tube manometer
instrument for measuring pressure differences. Fig 10.5 Two pressure measurin$ygevices.

It consists of a U-tube containing a suitable

liquid i.e., a low density liquid (such as oil) for Pressure is same at the same ‘ p both
. sides of the U-tube contain d. For
measuring small pressure differences and a liquids, the density varies ver ver wide
high density liquid (such as mercury) for large ranges in pressure and and we can
pressure differences. One end of the tube is open i %r our present
to the atmosphere and the other end is oWer hand, exhibits

connected to the system whose pressure we want
to measure [see Fig. 10.5 (b)]. The pressure P
A is equal to pressure at point B. What we
normally measure is the gauge pressure, whi

is P- P_, given by Eq. (10.8) and is propoggena
to manometer height  h.

jles with changes in
. Unlike gases, liquids
treated as incompressible.

/3 The density of the
€ at sea level is 1.29 kg/m 3
that it does not change with
de. Then how high would the

sphere extend?
A
Q ®nswer We use Eq. (10.7)
rgh =1.29kgm =2"98ms 2" hm=101 "~ 10°Pa

\ h=7989m »8km

In reality the density of air decreases with
height. So does the value of  g. The atmospheric
cover extends with decreasing pressure over
100 km. W e should also note that the sea level

h O atmospheric pressure is not always 760 mm of
Hg. A drop in the Hg level by 10 mm or moreis a
sign of an approaching storm. t

1 Example 10.4  Atadepth of 1000 min an
P, ocean (a) what is the absolute pressure?
Q (b) What is the gauge pressure? (c) Find
the force acting on the window of area
20cm “ 20 cm of a submarine at this depth,
B the interior of which is maintained at sea-
level atmospheric pressure. (The density of

sea water is 1.03 °~ 103 kg m 3,
g=10ms =)

fo

Fig 10.5 (a) The mercury bar ometer.
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Answer Here h=1000m and r =1.03" 103kgm 3

. C A B
(@) FromEqg. (10.6), absolute pressure
P=P,+rgh
=1.01 " 10°Pa
+1.03 " 10%kgm="10ms 2" 1000 m

= 104.01 ~ 10°Pa
» 104 atm
(b) Gauge pressureis P-P =rgh= P,
P, = 1.03 "~ 10%kgm =" 10ms 2” 1000 m
=103 ~ 10°Pa L
»103 atm This indicates that when the pressure onthe
cylinder was increased, it was distributed
unifor mly thr oughout. W e can say whenever
external pressure is applied on any part of a
fluid contained in a vessel, it is transmitted
undiminished and equally in all directions.
This is another form of the Pascal's law and i

Fig 10.6 (@) Whenever external pressure is applied
on any part of a fluid in a vessel, it is
equally transmitted in all directions.

(c) The pressure outside the submarine is
P=P,+rgh andthe pressure inside itis P..
Hence, the net pressure acting on the
window is gauge pressure, P_=rgh. Since
the area of the windowis A =0.04m 2, the

force acting on It LS i X s ans has many applications in daily life
F=F,A=103 " 10°Pa’ 004m *=4.12 ~ 10°N A number of devices, such as h@lift
t and hydraulic brakes, are ba@S ascal's
_ _ law. se devices, flui e Msed for
10.2.4 Hydraulic Machines transmiglRg pressure. Ir;a lift, as
Let us now consider what happens when we sho 0.6 (b), tyo PRLONS gre separated
change the pressure on a fluid contained in a by, ‘3 ce Med with a MdNg Piston of smalll

vessel. Consider a horizontal cylinder with a osgection A, i ertaforce FldilgeCtIy
piston and three vertical tub  es at different o quuid.: N essure p = A_l is
1

points [Fig. 10.6 (a)]. The pressure in th _ o
horizontal cylinder is indicated by the height o ansmitte ut the liquid to the larger
: C

liquid column in the vertical tubes. It is negess ylinder with alarger piston of area Ay
the same in all. If we push the piston, the flui whic 1 an upward force of P x A,
rises in all the tubes, again reaching the same lev Th e hePiston is capable of supporting a

in each one of them. laNge e (lar ge weight of, say a car , oratruck,

v; Arche " principle

Fluid appears to pr ovide partial support to {ge gim ed in it. When a body is wholly or partially
immersed in a fluid at r  est, the fluid exert sur e on the sur face of the body in contact with the
fluid. The pr essur e is gr eater on lower sur fa the body than on the upper sur faces as pr essur e in
a fluid incr eases with depth. Ther e ant of all the for ces is an upwar d for ce called buoyant for ce.
Suppose that a cylindrical body is imm the fluid. The upward force on the bottom of the body

is more than the downward force o tON e fluid exerts a resultant upward force or buoyant force

on the body equalto ( P,—P,)” A (Ngg#0.3). W e have seen in equation 10.4 that (  P,-P)A = r ghA. Now,
hA is the volume of the solid r hA is the weight of an equivaliant volume of the fluid. ( P,-P,)A = mg.
e ual to the weight of the displaced fluid.

Thus, the upward force ex
The r esult holds true i pective of the shape of the object and her e cylindrical objectis consider ed
only for convenienceglh r chimedes’ principle. For totally immersed objects the volume of the
fluid displaced by t; t1s equal to its own volume. If the density of the immersed object is mor e
than that of the flui e object will sink as the weight of the body is mor e than the upwar d thrust. If
the density of the objeR®t is less than that of the fluid, it floats in the fluid partially submer ged. To
calculate the volume submerged, suppose the total volume of the object is V. and a part v, of itis
submerged in the fluid. Then, the upward force which is the weight of the displaced fluid is rav,,
which must equal the weight of the body; rgv, = rgvor rgr, = Vp/ V. The appar ent weight of the
floating body is zer o.

This principle can be summarised as; ‘the loss of weight of a body submer ged (partially or fully) in

a fluid is equal to the weight of the fluid displaced’.
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F1A2
placed on the platform ) F,= PA, = A - BY
1

changing the force at A, the platform can be
moved up or down. Thus, the applied force has

A
been increased by a factor of A_z and this factor
1

is the mechanical advantage of the device. The
example below clarifies it.

Fig10.6 (b) Schematic diagram illustrating the principle
behind the hydraulic lift, a device used to
lift heavy loads.

Example 10.5 Two syringes of diff

} cross-sections (without needles) filled ffith
water are connected with a tightlyg fitlgd
rubber tube filled with water i
the smaller piston and larger pist
cm and 3.0 cm respectively. (a)

force of 10 N is applied t @
(b) If the smaller piston iNINasfCA i

6.0 cm, how much does larger pist

move out?

Answer (a) Since pressure is tra itted

undiminished throughout the ﬂ@
p(3/2
Fz—A2F1= ( “10N

(b) Water is consider ed to be per fectly
incompr essible. Volume cover ed by the
movement of smaller piston inwards is equal to
volume moved outwards due to the larger piston.

LA =LA

-2
LZ:ilen(l/leo m)2 6x10%m
A 7(3/2x107m)

2

j 0.67 ~ 102m=0.67cm
Note, atmospheric pressure is common to both
pistons and has been ignored. t

} Example 10.6  Inacar lift comgessed air

a radius of 5.0 cm. This pr
transmitted to a second pi Ohisflius
15 cm (Fig 10.7). If the ma@e car to
be lifted is 1350 kg,% F,. What is
he pr essur e nece to @ccomplish this

2

pNSessur e is transmitted
undimini out the fluid,

. ,;(5 < 10°2 mp? .
) @nus 10 7m)? 1350kg x9.8ms )

=1470N
d the @ »15 " 103N
force exerted on the largemgiston when a { he air pressure that will produce this

force is

This is almost double the atmospheric
pressure. t

Hydraulic brakes in automobiles also work on
the same principle. When we apply a little force
on the pedal with our foot the master piston

Archimedes was a Gr eek philosopher , mathematician, scientist and engineer . He
invented the catapult and devised a system of pulleys and levers to handle heavy

loads. The king of his native city Syracuse, Hiero Il, asked him to determine if his gold

-f crown was alloyed with some cheaper metal, such as silver without damaging the crown.

£ Bty The partial loss of weight he experienced while lying in his bathtub suggested a solution

to him. According to legend, he ran naked through the streets of Syracuse, exclaiming “Eureka,

eur ekal!”, which means “I have found it, | have found it!”
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moves inside the master cylinder , and the
pressure caused is transmitted through the
brake oil to act on a piston of larger area. A large
force acts on the piston and is pushed down
expanding the brake shoes against brake lining.
In this way, a small force on the pedal produces
a large retarding force on the wheel. An
important advantage of the system is that the
pressure set up by pressing pedal is transmitted
equally to all cylinders attached to the four
wheels so that the braking effort is equal on
all wheels.

10.3 STREAMLINE FLOW

So far we have studied fluids at rest. The study
of the fluids in motion is known as fluid
dynamics. When a water tap is turned on slowly,

the water flow is smooth initially, but loses its
smoothness when the speed of the outflow is
increased. In studying the motion of fluids, we
focus our attention on what is happening to
various fluid particles at a particular point in
space at a particular time. The flow of the fluid

is said to be steady if at any given point, the

velocity at different points in space is same. T
velocity of a particular particle may change

moves fr om one pointto another . Thatis,

other point the particle may have a differe
velocity, but every other particle wy
the second point behaves exactly
particle that has just passed that W

velocity of each passing fluid particle remains
constant in time. This does not mean that the < 3

the particles do notcr  oss each other .

The path taken by a fluid particle under a
steady flow is a streamline . It is defined as a
curve whose tangent at any point is in the
direction of the fluid velocity at that point.
Consider the path of a particle as shown in
Fig.10.7 (a), the curve describes how a fluid
particle moves with time. The curve PQ is like a
permanent map of fluid flow, indicating how the
fluid streams. No two streamlines can cross, for
if they do, an oncoming fluid particle can go
either one way or the other and the flow would
not be steady. Hence, in steady flow, the map of
flow is stationary in time. How do we draw closely
spaced streamlines ? If we intend to show
streamline of every flowing particle, we wqgld
end up with a continuum of lines. Consider plan
perpendicular to the direction of fluid flow e
at thr ee points P, R and Q in Fig.10, ) he
plane pieces are so chosen that their bo@s

be determined by the same s

This meggps that number of p ticles
Crossi esur facesa P ,RandQ
is th If area ofcrags-secjyons at these

i A an (\n speeds of fluid

, then mass of fluid
sing at AP @ aII interval of time Dt
v, Dt. Simi jass of fluid ~ Dm_, flowing

irf® small interval of time Dt is

RARVR Dt s of fluid is 1AV, Dt
crossin I The mass of liquid ?Iowmg out
equa s flowing in, holds in all cases.

T
%PVPDt = 1R ARVRDE =T ALV Dt (10.9)
For flow of incompressible fluids

AV, = AV, = AV (10.10)

ach @ re=rg=r,
particle follows a smooth path, and the path% Equation (10.9) r educes to

-3

(b)

Fig. 10.7  The meaning of streamlines. (a) A typical
trajectory of a fluid particle.
(b) A region of streamline flow.

WhicFﬁ is called the Qquuation of continuity and
it is a statement of conservation of mass in flow
of incompr essible fluids. In general

Av = constant (10.11)

Av gives the volume flux or flow rate and
remains constant thr  oughout the pipe of flow.
Thus, at narr ower portions wher e the
str eamlines are closely spaced, velocity
increases and its vice versa. From (Fig 10.7b) it
is clear that A_ > A_or v, < v, the fluid is
accelerated while passing from R to Q. This is
associated with a change in pressure in fluid
flow in horizontal pipes.

Steady flow is achieved at low flow speeds.
Beyond a limiting value, called critical speed,
this flow loses steadiness and becomes
turbulent . One sees this when a fast flowing
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stream encounters rocks, small foamy
whirlpool-like regions called ‘white water
rapids are formed.

Figure 10.8 displays streamlines for some
typical flows. For example, Fig. 10.8(a) describes
a laminar flow where the velocities at different
points in the fluid may have dif ferent
magnitudes but their dir  ections ar e parallel.
Figur e 10.8 (b) gives a sketch of turbulent flow.

t‘?

—_—
+
$
R —

(a) (b)

Fig. 10.8  (a) Some streamlines for fluid flow.
(b) A jet of air striking a flat plate placed
perpendicular to it. This is an example
of turbulent flow.

10.4 BERNOULLI'S PRINCIPLE

of energy.

Consider a fluid moving in a pi
cross-sectional ar ea. Let the pip rylng
heights as shown in Fig. 10.9. W e Ngw suppos
thatanincompr essible f lowing thr ou{
the pipe in a steady fl elocity
change as a consequ f equatr@

continuity. A force is required to prgdyag
acceleration, which is caused b
surrounding it, the pressure must be d| t

in dif ferent r egions. Ber no equation is a
general expression that e % the pr essure
dif ference between two pm a pipe to both

en

velocity changes (kjpgtic y change) and
elevation (helght) ges (potential energy

change). The Swiss Physicist Daniel Bernoulli
developed this relationship in 1738.

Consider the flow at two regions 1 (i.e., BC)
and 2 (i.e., DE). Consider the fluid initially lying
between B and D. In an infinitesimal time
interval D, this fluid would have moved. Suppose
v,isthespeedatBand v, atD, then fluid initially
atB has moved adistance v, DttoC (v, Dtissmall
enough to assume constant cross-section along
BC). Inthe same interval Dt the fluid initially at
D movestoE, adistance equalto  v,Dt. Pressures
P, and P, act as shown on the plane faces of
areas A, and A, binding the two regions. The
Work done on the fluid at left end (BC) is

A, (v,Dt) = P,DV. Since the sa volume

passes through both the reglo m the
equation of continuity) the work fluid
atthe other end (DE) is W2 = ) P,DVor,
the work done on the fly So the total

k done on the f|UId iS
rt of th|s changlng the kinetic
ener®y of the fI art goes into changing
Fluid flow is a complex phenomenon. But
can obtain some useful properties for s
or streamline flows using the conserffation

graV|t t|al ener  gy. If the density
f the qurd nd Dm = rAv,Dt = rDV is the
mass pas ough the plpe |n time Dt, then
chan vrtat|onal potential ener gy is
V (h,-

hange in its kmetlc ener gyis

K= 5 rDV(v,”-v?

We can employ the work — ener gy theor em
(Chapter 6) to this volume of the fluid and
this yields

1
(P- P)DV= 5T DV (v,?- v,2)+rgDV (h,- h))

We now divide each ter m by DV to obtain

1
(P,- P)= > r(v,>- v,2+rg(h,- h)

Danlel Bernoulli (170 0-1782)

Daniel Bernoulli  was a Swiss scientist and mathematician, who along with Leonard
Euler had the distinction of winning the French Academy prize for mathematics
10 times. He also studied medicine and served as a professor of anatomy and
botany for a while at Basle, Switzerland. His most well-known work was in
hydrodynamics, a subject he developed from a single principle: the conservation of

i energy. His work included calculus, probability, the theory of vibrating strings,
and applled mathematlcs He has been called the founder of mathematical physics.
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We can r earrange the above ter ms to obtain

1 1
P, + > rv?2+rgh, =P+ > rv,?2+rgh,
(10.12)
This is Bernoulli’s equation . Since 1 and 2
refer to any two locations along the pipeline,
we may write the expr ession in general as

1
P+ > rv2 + rgh = constant (10.13)

l ‘,

Fig. 10.9  The flow of an ideal fluid in a pipe of
varying cr oss section. The fluid ¢
section of length v | Ot moves to the seC%gn
of length v ,[t in time L.

In wor ds, the Ber noulli's r gle may be
stated as follows: As we move alo eamline
the sum of the pr essur e (P), thA ener ¢

avio

per unit volume £ 2 5 and the potential e@
per unit volume ( r gh) remains a cong#®

Note that in applying the energy. n
principle, ther eisan assumption% er gy
is lost due to friction. But in , wheMTluids
flow, some ener gy does ge%ue tointer nal
friction. This arises due t that in a
fluid flow, the differentla f the fluid flow
with different velo ese layers exert
frictional forces on ea®gother resulting in aloss
of ener gy. This pr operty of the fluid is called
viscosity and is discussed in mor e detail in a
later section. The lost kinetic energy of the fluid
gets converted into heat energy. Thus,

Ber noulli's equation ideally applies to fluids with
zero viscosity or non- viscous fluids. Another

restriction on application of Bernoulli theorem
is that the fluids must be incompr essible, as
the elastic energy of the fluid is also not taken
into consideration. In practice, it has a large
number of useful applications and can help
explain a wide variety of phenomena for low
viscosity incompr essible fluids. Ber noulli's
equation also does not hold for non-steady or
turbulent flows, because in that situation
velocity and pr essur e ar e constantly fluctuating
intime.

When a fluid is at rest i.e., its velocity is zero
everywher e, Ber noulli’'s equation becomes

P, +rgh =P, +rgh,
(P,- P)=rg(h,- h)

which is same as Eq. (10.6). @
10.4.1 Speedof Ef flux: T oMy D
The worglefflux means fluidgtitfi®g T  orricelli
i hat the spee® gf x fr om an open
i afor & cal to that of a
body, Cgagi

a'tank containing
f density w a small hole inits side
ight y, frogg tNg#Bottom (see Fig. 10.10).

air abov e zuid, whose sur  face is at
eight vy, ssur e P. Fr om the equation
of continu (10.10)] we have
VlAl = V2A2

Z - A

Vi

!

Fig. 10.10  Torricelli's law. The speed of ef flux, v ,
from the side of the container is given by
the application of Ber noulli's equation.
If the container is open at the top to the

atmospher e then v, = 2 gh .
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If the cross-sectional area of the tank A, is A

much larger than that of the hole ( A,>>A)), then a

we may take the fluid to be approximately at rest —v_

atthetop,i.e., v,=0.Now,applying the Bernoull —_— T

equation at points 1 and 2 and noting that at —”/—\\’

the hole P, = P_, the atmospheric pressure, we /‘ 2

have from Eq. (10.12) 1

P, +%er+ rgy,= P+r gy,

Taking y,-y, =h we have

2(p -
v, =\/29 h L2 P) (10.14)

' Fig. 10.11 A schematic diagram of Y enturi-meter .

When P >>P_and 2 g h may be ignored, the
speed of ef flux is deter mined by the container
pressure. Such a situation occurs in r  ocket 1
propulsion. On the other hand, if the tank is P-P,=r,gh= 2 rv,?
open to the atmospher e, then P = P_and

So that the speed o d ide neck is
v1=4/2gh (10.15) e
This is also th d of a freely falling body. /Zrth
is is also the speed of a freely falling body ; \_ 1 (10.17)

Equation (10.15) represents  Torricelli'slaw .
10.4.2 Venturi-meter The p ind this meter has many
. . . applicatiqQs? arbur  etor of automobile has
The Venturi-meter is a device to measu e a Vengri MaThel (nozzle) thr  ough which air
flow speed of incompressible fluid. It consfets of . gn
S igh speed. The pressure is then

a tube with a broad diameter a
constriction at the middle a at the narrow neck and the petrol
e) is sucked up in the chamber to pr ovide

Fig. (10.11). A manometer in t fa \ ) )
U-tube is also attached to it, with o rm at cow ect mixtur e of air to fuel necessary for
the broad neck point of th and the other K mbustion. F_|Iter pumps or aspirators, Bunsen
at constriction as shown (10.11). The burner , atomisers and sprayers [See Fig. 10.12]

0
manometer contains a qunsity he used for perfumes or to spray insecticides work
speed v, of the liquid flowing through t e on the same principle.
at the broad neck area A is to sured
from equation of continuity Eq. (10.10) t speed
- A E | |
at the constriction becomes =§V1. Then |_|| ||§ Il
using Bernoulli’'s equation ( 0,12) for (h,=h,),
we get .
X )
+ — - .
* 3 rv12 rv,? (Ala) g P
So that Q I
1 CoA

n all
h la

PN
0 u
_ i —_—

P-P,= 5 rv,? gafo’ E (10.16)

This pressure difference causes the fluid in
the U-tube connected at the narrow neck to rise Fig. 10.12  The spray gun. Piston for ces air at high
in comparison to the other arm. The difference speeds causing a lowering of pr essure
in height h measure the pressure difference. at the neck of the container .
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} Example 10.7  Blood velocity:  The flow of
blood in a large artery of an anesthetised
dog is diverted thr ough a V enturi meter .
The wider part of the meter has a cr  oss-
sectional area equal to that of the artery.

A =8mm 2. The narrower part has an area
a=4mm 2. The pr essur e dr op in the artery
is 24 Pa. What is the speed of the blood in
the artery?

Answer We take the density of blood fr om T able
10.1 to be 1.06 ~ 103 kg m 3. The ratio of the

areas is 2 - 2. Using Eq. (10.17) we obtain

o = 2x24Pa
! 1060kg m™ x (22- 1)

=0.123ms"

10.4.3 Blood Flow and Heart Attack

Bernoulli’s principle helps in explaining blood
flow in artery. The artery may get constricted
due to the accumulation of plaque onits inner
walls. In order to drive the blood through this

constriction a greater demand is placed on the
activity of the heart. The speed of the flow Qf

the blood in this region is raised which lowers
the pressure inside and the artery
collapse due to the external pressure.

heart exerts further pressure t this
artery and forces the blood thr s the

blood rushes through the o , the

This may result in heart attack.

O

Ny, N
s ’
— %
(a)
Fig 10.13  (a) Fluid str eaming past a static spher

(c) Air flowing past an aer ofoil.

X0\

10.4.4 Dynamic Lift

Dynamic lift is the force that acts on a body,

such as airplane wing, a hydrofoil or a spinning

ball, by virtue of its motion through a fluid. In

many games such as cricket, tennis, baseball,

or golf, we notice that a spinning ball deviates

fr om its parabolic trajectory as it moves thr ough

air. This deviation can be partly explained on

the basis of Ber noulli’s principle.

() Ball moving without spin : Fig. 10.13(a)
shows the streamlines around a
non-spinning ball moving relative to a fluid.
From the symmetry of streamlines itis clear
that the velocity of fluid (air) above and bel®y
the ball at corresponding points is the sz
resulting in zero pressure differenceg g
therefore, exerts no upward or d '
for ce on the ball.

(i) Ball ving with spin . ybal? which is
S g drags air qlo y v it. If the
faceoNg r oughx&t’ ill be dragged.

3(b) sho reamlines of air
ball whi ifg and spinning at

the same ti all is moving forwar d
nd r elagve it the air is moving
refore, the velocity of air

all relative to the ball is larger

Thls difference in the velocities of air results

: : ip the pressure difference between the lower and
internal pressure once again drops dugt
same reasons leading to a repeat coll&

pper faces and there is a net upward force on
the ball. This dynamic lift due to spining is called
Magnus effect

S\
==

e —
(©

e. (b) Streamlines forafluid ar ound a spher e spinning clockwise.
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Aerofolil or lift on aircraft wing: Figure 10.13
(c) shows an aerofoil, which is a solid piece
shaped to provide an upward dynamic lift when

it moves horizontally thr  ough air . The cr oss-
section of the wings of an aer oplane looks
somewhat like the aer  ofoil shown in Fig. 10.13 (c)
with str eamlines ar ound it. When the aer ofoll
moves against the wind, the orientation of the
wing r elative to flow dir ection causes the
streamlines to crowd together above the wing
more than those below it. The flow speed on top

is higher than that below it. There is an upward

force resulting in a dynamic lift of the wings and

this balances the weight of the plane. The
following example illustrates this.

} Example 10.8 A fully loaded Boeing
aircrafthasamassof3.3 ~ 10°kg. Its total
wing ar ea is 500 m 2. It is in level flight
with a speed of 960 km/h. (a) Estimate
the pr essur e dif ference between the lower
and upper sur faces of the wings (b)
Estimate the fractional incr  ease in the

speed of the air on the upper sur  face
thewingr elative to the lower sur face. [{e
density of airis r =1.2 kg m -®]
Answer (@) The weight of the Boein®airgCrafl is
balanced by the upwar d fo 0 the

pr essur e dif ference
DPx A=3.3 " 10°kg ~ 9.8
DP=(3.3 ~10°kg ~ 9.

/500m 2 K
=6.5 103 Nm
(b) We ignor e the sm eight dif @c
between the top and bottom sides in w

eyce
The pr essur e dif ference betwe m is
then

_f2 2

DP —E(v2 —vl) O
where v, is the speed of &ggover the upper
sur face and v, is speed under the bottom
surface.

(vo —vi)=

Taking the€erage speed
v, =(v,+Vv)2=960 kmh=267ms
we have

DP
(Vo =vi)/ v, =7 »008

The speed above the wing needs to be only 8
% higher than that below. t

10.5 VISCOSITY

Most of the fluids are not ideal ones and offer some
resistance to motion. This resistance to fluid motion
is like aninternal friction analogous to friction when
a solid moves on a sur face. Itis called viscosity.
This for ce exists when ther e is relative motion
between layers of the liquid. Suppose we consider
a fluid like oil enclosed between two glass plates
asshowninFig.10.1 4 (a). The bottom plate is fixed
while the top plate is moved with a constant
velocity v relative to the fixed plate. If oil is
replaced by honey, a gr eater for ce is r equir ed
to move the plate with the same velocity. Hence
we say that honey is mor e viscougthan oil. The
fluid in contact with a sur  face the same
velocity as that of the sur ~ faces. he layer
of the liquid in contact with to oves
with a velocity v and the Ia@he liquid in
contact with the fixed s stationary. The
vglocities of layers gpcrggase unifor mly fr om
om (zer o vdoci%h top layer (velocity
V). any lay&g oNguigfits upper layer pulls
war d whjle layer pulls it backwar d.
This r es r¥ce between the layers. This
type of fl wn as laminar . The layers of
liquid ﬁe one another as the pages of a
bog nitis placed flat on a table and a
, @ al for ceis applied to the top cover . When
#is flowing in a pipe or a tube, then
ejpcity of the liquid layer along the axis of the

e is maximum and decr eases gradually as
we move towar ds the walls wher e it becomes
zero, Fig. 10.14 (b). The velocity on a cylindrical
sur face in a tube is constant.

On account of this motion, a portion of liquid,
which at some instant has the shape ABCD,
take the shape of AEFD after short interval of
time ( Dt). During this time interval the liquid
has under gone a shear strain of
Dx/ I. Since, the strain in a flowing fluid
incr eases with time continuously. Unlike a solid,
here the stress is found experimentally to depend
on ‘rate of change of strain’ or ‘strain rate’ i.e.
Dx/(| Dt) or v/ | instead of strain itself. The
coefficient of viscosity (pronounced ‘eta’) for a
fluid is defined as the ratio of shearing stress to
the strain rate.

_F/A_FI

v/l VA (10.18)

The SI unit of viscosity is poiseiulle (PI). Its
otherunitsare Nsm 2 or Pas. The dimensions

.

O

h




MECHANICAL PROPER TIES OF FLUIDS

263

|Ax:UAt

B E

~
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Fig 10.14 (a) A layer of liquid sandwiched between
two parallel glass plates, in which the
lower plate is fixed and the upper one is
moving to the right with velocity v
(b) velocity distribution for viscous flo

a pipe.

of viscosity ar e [ML1T]. Generally, thin liqu
like water , alcohol, etc., are Iess us than

thick liquids, like coaltar  , blood ine, etc.
The coefficients of viscosity for sQgCAmmon
fluidsar elistedin T able 10.2. W e point out t
facts about blood and water that you may fi

inter esting. As T able 10.2 indicates, blood

‘thicker’ (mor e viscous) than water . er ,the
relative viscosity ( h/h, ) of bl @mains
constant between 0 °C and 37 &
The viscosity of liquids gecre s with
temperature , while itincreasegthe case of gases.

1 Example10.9  AmetRg ofar ea0.10m 2
is connected to a ass viaastring
that passes over aMggdealpulley (consider  ed
massless and frictiontess), as in Fig. 10.15.
A liquid with a film thickness of 0.30 mm
is placed between the block and the table.
When released the block moves to the right
with a constant speed 0f 0.085ms 1. Find
the coef ficient of viscosity of the liquid.

Film

.0.01 kg

Fig. 10.15  Measurement of the coefficient of viscosity
of a liquid.

Answer The metal block moves to the gght
because of the tension in the string. The tensig)
T is equal in magnitude to the weight of

suspended mass m. Thus, the shear fq is
F=T=mg=0010kg ~ 9.8ms =@1o-2 N

Shear stregs on the fluid = F/ - N/m 2

Blood 37 2.7
Machine Oill 16 113
38 34
Glycerine 20 830
Honey - 200
Air 0 0.017
40 0.019

10.5.1 Stokes’Law

When a body falls through a fluid it drags the
layer of the fluid in contact with it. A relative
motion between the different layers of the fluid
is set and, as a result, the body experiences a
retarding force. Falling of a raindrop and
swinging of a pendulum bob are some common
examples of such motion. It is seen that the
viscous force is proportional to the velocity of
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the object and is opposite to the direction of
motion. The other quantities on which the force

F depends are viscosity h of the fluid and radius
a of the sphere. Sir George G. Stokes (181 9-
1903), an English scientist enunciated clearly

the viscous drag force F as

F =6 phav (10.19)

This is known as Stokes’ law.W e shall not
derive Stokes’ law.

This law is an interesting example of retarding
force, which is pr oportional to velocity. W e can
study its consequences on an object falling
thr ough a viscous medium. W e consider a
raindr op in air . It accelerates initially due to
gravity. As the velocity increases, the retarding
force also increases. Finally , when viscous force
plus buoyant force becomes equal to the force
due to gravity, the net force becomes zero and so
does the acceleration. The sphere (raindrop) then
descends with a constant velocity. Thus , in
equilibrium, this terminal velocity v, is given by

6phav, =(4p/3) a’(r-s)g
where r and s are mass densities of sphere and

squar e of the radius of the spher e gn ersgly
on the viscosity of the medium.

You may liketor efer back to
this context.

the fluid, r espectively. W e obtain
v,=2a*(r-s)g/ (9 h)
So the ter minal velocity v, depengf on t
\

1 Example 10.10 The Wal velocity of a
copper ball of radi m fallin
thr ough a tank of oil at is 6.5 C@
Compute the viscosity of the oilgat i o’
Density of oilis 1.5 “ 103 kg my of
copperis8.9 “~ 103kgm 3.

Answer Wehave v,=6.5 ¢ @ a=2"103m,

g=98ms 2, r=89 "1 g ,

s=1.5 "10%kgm 3 m&;%.zm

2 (2x109)° 2

10.6 REYNO ::S NUMBER

When the rate of flow of a fluid is large, the flow

no longer r emains laminar , but becomes
turbulent. In a turbulent flow the velocity of the
fluids at any point in space varies rapidly and
randomly with time. Some circular motions called

x7.4 x10 %kg m *®

1
© o]
©

t

W is streamline or, for
1 . The flo is’ § for R, >2000. The
flow Mecomes u & r R, between 1000 and
eyn

eddies are also generated. An obstacle placed
in the path of a fast moving fluid causes
turbulence [Fig. 10.8 (b)]. The smoke rising from
a burning stack of wood, oceanic currents are
turbulent. Twinkling of stars is the result of
atmospheric turbulence. The waves in the water
and in the air left by cars, aeroplanes and boats
are also turbulent.

Osborne Reynolds (184 2-1912) observed that
turbulent flow is less likely for viscous fluid
flowing atlow rates. He defined a dimensionless
number , whose value gives one an appr oximate
idea whether the flow would be turbulent. This
number is called the Reynolds  R..

R,=rvd/ h (10.21)
where r is the density of the fluid with
aspeed v, d stands for the dimeggi e pipe,
and h is the viscosity of t@d. R, is a
dimensionless number g, ore,itr emains
thg same in any system nitMIt is found that

' R, less than

. TheCrigmg ueof R, (known as critical
olds Mg ), at which turbulence sets, is
found to b&hgHMe for the geometrically similar
flows. e ple, when oil and water with their
di t sities and viscosities, flow in pipes
0 shapes and sizes, turbulence sets in at

&

2in the same value of R_. Using this fact, a
ll-scale laboratory model can be set up to

study the character of fluid flow. They are useful
in designing of ships, submarines, racing cars
and aeroplanes.
R, can also be written as
R,=rv2/( hv/d)=rAv?/( hAv/d ) (10.22)
= inertial force/force of viscosity.
Thus R, represents the ratio of inertial force (force
due to inertiai.e. , mass of moving fluid or due to
inertia of obstacle in its path) to viscous force.

CriTicaL VELOCITY

The maximum velocity of a fluid in a tube for
which the flow remains streamlined is called its
critical velocity .From Eq. 10.21, itis

v, =R, xh/(rxd).

Turbulence dissipates kinetic energy usually
in the form of heat. Racing cars and planes are
engineered to precision in order to minimise
turbulence. The design of such vehicles involves
experimentation and trial and err or. On the other
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hand turbulence (like friction) is sometimes

desirable. Turbulence promotes mixing and
increases the rates of transfer of mass,
momentum and energy. The blades of a kitchen

mixer induce turbulent flow and provide

thick milk shakes as well as beat eggs into a
uniform texture.

1 Example 10.11  The flow rate of water from
a tap of diameter 1.25 cm is 0.48 L/min.
The coefficient of viscosity of water is
102 Pa s. After sometime the flow rate is
increased to 3 L/min. Characterise the flow
for both the flow rates.

Answer Letthe speed of the flow be v and the
diameter of thetapbe d =1.25cm. The volume
of the water flowing out per second is

Q=v’ pd?/4

v=4 Q/ d?p

We then estimate the Reynolds number to be
R,=4r Q/ pdh

=4 "10°kgm=" Q(3.14 “1.25 “102m " 10°Pas)

=1.019x10 ®m=3sQ
Since initially

Q=048L/min=8cm 3/s=8 ~10°m3s?,
we obtain,

R,=815
Since this is below 1000, the flow is stead
After some time when

Q=3L/min=50cm 3/s=5 Q5 m3s™,
we obtain,

R,=5095

The flow will be turbulent. Y  ou may, c
out an experiment in your washbasin
determine the transition from laminar to
turbulent flow. O t
10.7 SURFACE TENSION &
You must have noticed that, omater do not
mix; water wets you andggg not ducks;
mercury does not wet glasater sticks to it,
oil rises up a cotton WyErNSWe of gravity, Sap
and water rise up to% of the leaves of the
tree, hair of a paint brush do not cling together
when dry and even when dipped in water but
form afine tip when taken out of it. All these and
many more such experiences are related with the

free surfaces of liquids. As  liquids have no definite
shape but have a definite volume, they acquire a

free sur face when pour ed in a container . These
surfaces possess some additional energy. This
phenomenon is known as surface tension and it

is concerned with only liquid as gases do not
have free surfaces. Let us now understand this
phenomena.

10.7.1 Surface Energy

A liquid stays together because of attraction
between molecules. Consider a molecule well
inside aliquid. Theinter  molecular distancesar e
such that it is attracted to all the surr ounding
molecules [Fig. 10.16(a)]. This attractionr esults
in a negative potential ener gy for the mo e,
which depends on the number and distribut

of molecules ar ound the chosen on
average potential ener gy of all th
the same. This is supported by that to

take a cgffection of such molg#ileNghe liquid)
and toisAyse them far® om each other

a
in r to aporate & e, the heat of
aNatioMr eq@ i yie lar ge. For water it

th®or der o ol.
us consjde ecule near the surface
id. 10.16(Q). lower half side of it is

urround guid molecules. There is some
negay tial energy due to these, but
oby j ss than that of a molecule in

., the one fully inside. Approximately
it is Walf of the latter . Thus, molecules on a
liquid surface have some extra energy in
omparison to molecules in the interior . A

liquid, thus, tends to have the least surface
area which external conditions permit.
Increasing surface area requires energy. Most
surface phenomenon can be understood in
terms of this fact. What is the energy required
for having a molecule at the surface? As
mentioned above, roughly it is half the energy
required to remove it entirely from the liquid
i.e., half the heat of evaporation.

Finally, what is a surface? Since a liquid
consists of molecules moving about, there cannot
be a perfectly sharp surface. The density of the
liquid molecules drops rapidly to zero around
z = 0 as we move along the direction indicated
Fig 10.16 (c) in a distance of the order of a few
molecular sizes.
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(a) (b)

N

VA

(©

Fig. 10.16 Schematic pictur e of molecules in a liquid, at the sur face and balance of for ces. (a) Molecule
inside a liquid. For ces on a molecule due to others ar e shown. Dir ection of arr ows indicates
attraction of r epulsion. (b) Same, for a molecule at a sur face. (c¢) Balance of attractive (A) and

repulsive (R) for ces.

10.7.2 Surface Energy and Surface Tension

As we have discussed that an extra energy is
associated with surface of liquids, the creation

of more surface (spreading of surface) keeping
other things like volume fixed requires
additional ener gy. T o appr eciate this, consider
a horizontal liquid film ending in bar fr ee
slide over parallel guides Fig (10.17).

—»

T
O

I

(a) (b) K

Fig. 10.17  Stretching afil film in equil@
(b) The film str etched ar@ e.

Suppose that we move the bar by mall
distance d as shown. Sinc
sur face incr eases, the t w has mor e
energy, this means that rk has been

done against an int force ¥et this internal
force be F, the Worw the appliedfor  ceis
F-d = Fd. From tion of ener gy, thisis
stor ed as addjti er gy in the film. If the
surface en efilmis  Sperunitarea, the
extra area isXdl. A film has two sides and the
liquid in between, so there are two surfaces and
the extra energy is
S(2dl)=Fd (10.23)
Or, S=Fd/2 dl = F/2 | (10.24)

This quantity S is the magnitude of surface
tension. It is equal to the sur  face ener gy per

ar ea of the

unitar eaofthe liquidinter face al oequal

to the force per unit length ex e fluid

on the movable bar

So far we have talke 0 e surface of one
id. More generally, gve Wged 1o consider fluid
ace in contagt r fluids or solid

surrges. The aw in that case depends
e materials o sides of the surface. For
e

example, les of the materials attract
each otheg,, e ener gyisr educed while if they
repel gach the surface energy is increased.
ppropriately, the surface energy is
gy of the interface between two materials

ends on both of them.
ake the following observations fr om

ove:

() Surface tension is a force per unit length
(or surface energy per unit area) acting in
the plane of the interface between the plane
of the liquid and any other substance; it also
is the extra energy that the molecules at the
interface have as compared to molecules in
the interior .

(i) At any point on the interface besides the
boundary, we can draw a line and imagine
equal and opposite surface tension forces S
per unit length of the line acting
perpendicular to the line, in the plane of the
interface. The line is in equilibrium. To be
more specific, imagine a line of atoms or
molecules at the surface. The atoms to the
left pull the line towards them; those to the
right pull it towards them! This line of atoms
is in equilibri  um under tension. If the line
really marks the end of the interface, as in
Figure 10.16 (a) and (b) there is only the force
S per unit length acting inwards.
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Table 10.3 gives the surface tension of various S,=(W/2 1)=(mg/2 1) (10.25)

liquids. The value of surface tension depends where mis the extramass and |isthe length of
on temperature. Like viscosity, the surface the plate edge. The subscript (la) emphasises
tension of a liquid usually falls with the fact that the liquid-air interface tension is
temperature. involved.
Table 10.3  Surface tension of some liquids at the 10.7.3 Angle of Contact

temperatures indicated with the L

heats of the vaporisation The surface of liquid near the plane of contact,

with another medium is in general curved. The
angle between tangent to the liquid sur face at
the point of contact and solid sur face inside the
liquidister med as angle of contact. Itis denoted

by g.Itisdif ferentatinter faces of dif ferent pairs

gi'}i‘;’;‘n :i;g 8'822’339 (7)'115 of liquids and solids. The value of g detegnines
Ethanol 20 0:0227 40.'6 whether a liquid will spr ~ ead onthe sur f of a
Water 20 00727 44.16 solid or it will for m dr oplets on it. For exd

Mercury 20 0.4355 63.2 water for ms dr oplets on lotus leaf a

Fig. 10.19 (a) while spr

plate as shown in Fig. 10.19(b¥

A fluid will stick to a solid surface if the
surface energy between fluid and the solid is
smaller than the sum of surface energies

between solid-air , and fluid-air . Now ther e is
attraction between the solid surface and the
liquid. It can be directly measured

experimentaly as schematically shown in Fig. ‘ ' SSl
10.18. A flat vertical glass plate, below which
vessel of some liquid is kept, forms one a Q
the balance. The plate is balanced by wei @ (@)
on the other side, with its horizontal_gdge just
over water . The vessel is raised § till the Q Sla
liquid just touches the glass plate\aggBplls it
down a little because of sur  face telrsfon. W ei ht@
are added till the plate just clears water

A 0

S S

sa sl

(b)
Fig. 10.19 Different shapes of water drops with
inter facial tensions (a) on a lotus leaf
(b) on a clean plastic plate.

We consider the thr ee inter facial tensions at
all the thr ee inter faces, liquid-air , solid-air and
solid-liquiddenotedby ~ S_, S_ and S_, respectively
Suppose the additional weightr  equir edis W.  as given in Fig. 10.19 (a) and (b). At the line of

Fig. 10.18 Measuring Surface Tension.

Then from Eq. 10.24 and the discussion given contact, the surface forces between the three media
there, the surface tension of the liquid-air must be in equilibrium. From the Fig. 10.19(b) the
interface is following relation is easily derived.
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S,cos g+ S =S (10.26)
The angle of contact is an obtuse angle if
S, > S, as in the case of water -leaf inter face
while it is an acute angle if S, < S, asin the
case of water -plastic inter face. When gq is an
obtuse angle then molecules of liquids are
attracted str ongly to themselves and weakly to
those of solid, it costs a lot of ener gy tocr eatea
liquid-solid surface, and liquid then does not
wet the solid. This is what happens with water
on a waxy or oily sur  face, and with mer cury on
any sur face. Onthe other hand, if the molecules
of the liquid ar e str ongly attracted to those of
the solid, this will r educe S, and ther efore,
COS g may incr ease or g may decr ease. In this
case gis an acute angle. This is what happens
for water on glass or on plastic and for ker osene
oil on virtually anything (it just spr eads). Soaps,
deter gents and dying substances ar e wetting
agents. When they ar e added the angle of
contact becomes small so that these may
penetrate well and become ef fective. W ater
pr oofing agents on the otherhand ar e added tg
create alar ge angle of contact between the wate
and fibr es.

10.7.4 Drops and Bubbles

One consequence of sur face tensioffy
liquiddr opsandbubblesar es LN ef fects
of gravity can be neglected. Y ou e seen

this especially clearlyinsmalldr  opsYustfor m
in a high-speed spray or je soap bubbles
blown by most of us in chil hy ar ops
and bubbles spherical? t keeps @
bubbles stable?

As we have been sayingr epeate iquid-
air inter face has ener gy, so fgra give® volume
the sur face with minimum egy is the one
with the least ar ea. e Wgi#er e has this
property. Though it is out 0 scope of this
book, but you canc that a sphere is better

than at least a cubggdt spect! So, if gravity

and other for Q.g. air r esistance) wer e

inef fective, | ps would be spherical.
Anothe*ter\esting consequence of sur face

tension is thatWe pressure inside a spherical

drop Fig. 10.20(a) is more than the pressure

outside. Suppose a spherical drop of radius ris

in equilibrium. If its radius incr ease by Dr. The
extra surface energy is

[4p(r + Dr)?-4pr?] S, =8pr DrS (10.27)

ee

If the drop is in equilibrium this energy costis
balanced by the energy gain due to
expansion under the pressure difference ( P-P)
between the inside of the bubble and the outside.

The work done is

W= (P, —P,) 4pr°Dr (10.28)
so that
(P-P)=(2S, 1) (10.29)

In general, for a liquid-gas interface, the
convex side has a higher pressure than the
concave side. For example, an air bubble in a
liquid, would have higher pr  essur e inside it.
See Fig 10.20 (b).

*
Fig®10.20 I\m\l nd bubble of radius r

A bubO.20 (c) dif fers fr om a dr op
and a caWgy®n this it has two inter faces.

ApplyiNg thi® above ar gument we have for a
b

P)=(45S,/ 1) (10.30)

is pr obably why you have to blow har  d,
nottoo har d, tofor masoap bubble. A little

extra air pr essur e is needed inside!

10.7.5 Capillary Rise

One consequence of the pr essure dif ference
across a curved liquid-air inter ~