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The significance of fluid mechanics can be well judged by citing just one example of autornobUe 
· • • • · tyres road shocks ore reduced by hydr.\•·•· drive where suspenston IS proVJded by pneumatic ' ' . . • '"IC 

shock absorbers gasoline is pumped through tubes ,md later otoirnz.ed, au- restStance creates a drag 
on the vehicle a~ whole nnd U1e confidence that hydraulic brakes would operate when the vehicle is 

made to stop. • r n ' d haru·cs is II must for an engineer so th~t h Undoubtedly, a study of thesoence o u1 m~>c . . " e can 
understand the basic principles of fluid behaviour .md apply the same to flow situations encountered 

in engineering and physical problems. 

5.4 FLUID PROPERTIES 
Every fluid has certain characteristics by means of which its physical condib'.'n may be describect. 
Such characteristics are called properties of the fluid. Before an a~alys~ of flwd flow problems can 
venture to formulate the physical principles governing the flow s1tuati~n, he _has to be thoroughly 
familiar with the physical properties of fluids. Towar~ that end, this section seeks to provide 
basic insight into the fluid properties nnd their behaVJour. 

5.4.1 Specific weight, mass density and specific gravity 
(a) Specific weigJ,t (w) of a fluid is its weight per unit volume. 

w 
w= v ... (S.1J 

where Wis the weight of the fluid having volume V. The weight of a body is the force with which the 
body is attracted to the centre of ilie earth. It is the product of its mass and the local gravitational 
acceleration, i,e., W =mg. The value of g at sea level is 9.807 m/s2 approximately. Since weight is 
exp~ in newton, the unit of measurement of speciflc weight is N/m3. lnterms of fundamental 

units, the dimensional.formula of specific weight is[~] or [ [2"';2 ] . 

For pure water under standard atmospheric pressure of 7flJ mm of mercury at mean sea level 
and a temperature of 4°C, the specific weight is 9810 N/m3. For sea water, the specific weight equals 
10 000-10105 N/m3• The increased value of specific weight of water is due to the presence of 
dissolved salts and suspended matter. The specific weight of petroleum and petroleum products 
varies from6350-8350N/m3 nnd ilia! of mercury at0°Cis 13 420N/m3• Air has a specific weight 
of 11.9 N/m3 at 15°C temperature and at standard atmospheric pressure. The specific weight of a 
fluid changes from one place to another depending upon changes in the gravitational acceleration. 

(b) Density (p-pronounced rho) is a measure of the amount of fluid contained in a given volume 
and is defined as the mass per unit volume. 

,n 
P = v ... (s.2) 

where m is the mass of fluid having volume V. Fluld mass is a measure of the ability of a fluid 
particl~ lo resist acceleration and is approximately Independent of its location on the earth's surface. 
The units of density correspond to those of mass and volume. The dimensional formula of density in 

fundamental units is[~] or [ F;2

] and the corresponding units are kg/m3 or N 52/m4, 

The ~enslty of a fluid diminishes With rlse of temperatureel<cept for water which has a maximum 
valueat4 C.Themassdensltyofwaterat15.5°Cisl000kg/~ andf lr t 2ooc d t tmospherlc 
pressure the mass density is 1.24 kg/ ml. ' or 8 a an a a 

---- Alld ~lllfB't. ~. u-ns 5.1 and 5,2 are valid only when the fl 'd medi 
~ela oyn blank space, i.e., the fluid Is a continuu:p um fills the given volume comp~ 

,i.noton fl "ght d d . ora non.i.---=----11--u thaerelatbw 11'111•- e sped c we1 an ensity. To determine the 1,;;~u"'B"'ll:UUll ....., 
.hie averaS is regarded as tending to zero and the limit of the• lute valu~of wancl p atanypoint;-
d!C voh11J'\e .,u, corresponding ratio is alcwatecL 

LI Ill .... 
w~ v ... o v = d"v 

[I Ill dm 
p" v ... o V = tlV 

11' weight W ond the mass 111 of a fluid are related to each other by lhe -'-W • 

d
. cg thjs expression throughout by volume V of the fluid we obtain . =r~"'" mg. 

[)ivl 111 I • w ,n 

V • V g or w ~ p g ... (5.3) 

Equa tiorlS 5.3 reveals that specific weight i~ changes with location depending upon gravitatioNJ 
) 

pul\c) Specific gravity (s) re~ers to the ratiQ of specific weight (or mass d~ity) of a fluid to the 
specific weight (or mass density) of a standard fluid. For liquids the standard fluid is water at 4-C, 
and for gases th: s~dar~ fluid is taken eithe~ air at O"C or hydrogen at the same temperatutt. 
Specific gravity IS dtmens1on1ess and has no umts, 

A statement that the specific gravity of mercury is 13.6 implies that its weight (or mas!I) is 13.6 
times that of same volume of water. In other words, mercury is 13.6 times heavier than water. 

(ti) Specific volume (v) represents the volume per unit mass of fluid; specific volume is the 
1nverse of the mass density. 

V 1 
V z - ; o = - - (5.4) 

m. p 

The concept of specific volume is found to be practically more useful in the study of flow of 
compressible fluids, i.e., gases. 

EXAMPLE 5.1 
1 lllle of petrol weighs 14 N. Ctlculale the specific weight, mAU dt111lty, apeclflc volume and lpedflc 
gr1vity of petrol with respect to wder. 
Solution: 2 litre = 2 x 10-3 m3 

Specific weight is a measure of the weight per unit volume · 

14 /ml 
Specific weight w =- - - -a- " 7000 N 

2x10 
Mass density is related to specific volume by the relation. 

w• pg 

w 7000 k~,_3 
Moss density p • - • - • 713.56 w-· g 9.81 

Specific volume v is the inverse of mass density 

v• :!_ .. _!_. •U•10-3 m'fkg 
p 713.56 

density of oil • ~ • 0.7136 
Specific gravity s • density of water 1000 

I 

' 

j 
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EXAMPLE 5.2 ----------------:::--:---­u spedflc gravity of a liquid Is 0.80, make calculations for its ma55 density, specific volume and specific 

weight (weight density). 

. . . mass density of liquid 
Solution: Specific grav1ty = mass density of water 

Mass density of llquid p • 0.80 >< 1000 = 800 kgm
3 

Specific volume v = 3. ~ _,!_ = 1,25 >< 10-3 m3/kg 
P BOO 

Specific weight (weight density) w •pg= 800 >< 9.81 • 7848 N/m
3 

5.4.2 Viscosity 
Viscosity is a property of the fluid by which it offers resistance to shear or angular deformation. 
Experimental evidence indicates that when any fluid flows over a solid sUiface the velocity is 

not uniform at any cross-section; !t is zero (no slip) at the solid surface and progressively approaches 
the free stream velocity in the fluid layers far away from the solid sUifac_e. This aspect of the velocity 
profile (a curve connecting the tips of velocity vectors) indicates the existence of some resistance to 
flow due to friction between a fluid layer and the solid surface, and between adjacent layers of fluid 
itself. Again the velocity gradient (the spatial rate of change of velocity d11/dy) is large at the solid 
surface and gradually diminishes to zero with distance from the wall. Evidently the resistance between 
the fluid and sUiface is greater when compared to that between the fluid layers themselves. 

The resistance to flow because of internal friction is called viscous resistn11ce, and the property 
which enables the fluid to offer resistance to relative motion between adjacent layers is called the 
viscosity of flu id. Viscosity is thus a measure of resistance to relative translational motion of adjacent 
layers of fluid. This property is manifested by all the real fluids, and it distinguishes them from ideal 
or non-vi5cous fluids. Molasses, tar and glycerine are examples of highly viscous liquids i the 
mtermolecuJar force of attraction between their molecules is very large and consequently they cannot 
be easily poured or stirred. Fluids like water, air and petrol have a very small viscosity; they flow 
much more easily and rapidly and are called thin fluids. 

y 

±===: F..a 

~ surface 
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Velocity ]; profile p 

.!. 
u 

Enlarged 
view at 

u polntP 

Fig. 5.3. Velocity profile and viscosity concept 

Newton's law of Viscosity 

--L. _.u+du 
Fluid 
layer 

-u -
d Co~der two a~jacent layers at an infinitesimal distance dy apart and moving with velocity 11 

:~th(;~ ;y~t::~gecti;ely. TIF ,He upper layer moving with velocity (11 + du) drags the lower layer along 
a orce . owever the lower layer trie t ta d · f 

layer by exerting a force ual and 
O 

'
0
si 5 0 re r or res~1ct the motion o upper 

or viscous resistance r (p(ono /! ) 1~ to F. These two equal and opposite forces induce a shear 
layers. Experimental measure:r:~ls h u g:i~en by F/A where A is the contact area between the two 
rate of velocity normal 

10 
the flow ave s mvn that the shear stress is proportional to the spatial 

du du 
Tte-;r=µ-tfv dy ... (5.5) 

du . all term - 1s more usu y called the -i.w... 
'fl,e dy ·-, gndlei1I: 

• itself· The proportionality constant ll '----~- • 
~eloOty olved and is called the coefficunt of~tnew)fit 
011id ~v s .5 was first suggested by Newton and, ~ IIIMo'llde 
~quiill0 ~

5 
uzw of viscosity. 

11 lo•theN.,_ 
.re111ton . b . ,.., 'fl,e following o servations help to appreciate the 

. . Interaction between 
·button · 

dl5tc
1 

• MaXimum shear stresses occur where the velocl 
stresses d isappear where the velocity onidi t tyls gradient ii the largilt, aii4 

d
. th o-" en zero . 

• Velocity gra 1ent at e solid boundary has flnl 
be asymptotic to the boundary because that a u1: talue. The velocity 
and, in turn, an infinite shear stress. wo mply an ~te velodty 

• Velocity gradient becomes le_ss steep (du/dy becomes small) with dlslm:e 
bound air. Consequently ~ax1mum value of shear stress occurs at the 'bolmd &~ 
progressively decreases with distance from the bound . ary 

Oeforma~on of fl~d elements ~an be prescribed in terms -;J the angle of shear ,tram a 
Figure 5.4 ind1ca tes a ~ sheet of fhud element ABCD placed between two lates distance..,_,....~ 
The length and the width of the plates are much y P R:J -r!-

targer than the thicknessdy so that the edge effects u +du• 
can be neglected. When force f is applied to the e 
upper plate, it causes it to move at a small speed 
du relative to the bottom plate. Velocity gradient 
sets up a shear stress T = F/A which makes the 
fluid element distort to position AB'C'D after a 

I 

short time interval dt. 
Distance BB' = CC' = speed " time= du >< dt 
For small angular displacement d8, BB' 

= dy x d8 
du x dt = dy x d8; 

du d0 

,.. 

I 
I 
I 
I 
I 
I 
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I 
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D 

L--------------_.,U 
Fig. 5.4 Shear lltr89I and lime_. 

of shear strain 
dy dt 

Invoke Newton's law of viscosity, 1.e., express the shear stress in terms of velocity~ 

du d8 
' = µ dy ; t =- µ-dt 

Apparently the shear stress in fluids is dependent on the rate of fluid 

characteristic serves to distingw· sh a solid from a fluid. Whereas the shear sli'l!liSinfa . . . . . fluid• 
15 generally proportional to shear strain; the shear stresS ma viSCOIIS 

rate of strain. 

Dimension al Formula and Units of Viscosity _ _;_,:,....,i,I 

~e units of viscosity can be w~rked_ out ~m Newton's;:;;---~ 
Solvmg for the viscosity µ and mserting dimel\Slons F, L, T for 
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µ 2 du;dy =[;]+[fxf]=[7z] 
When the force dimension is expressed in terms of mass, f = [~;],the dimensions for viscOSity 

in terms of mass, length and time become [ ~] . 

When appropriate units are inserted for force, length and time, the dynamic viscosity will have 
the units: 

µ= _t_ = N/m2 = N: =Pas 

du/ dy (; x : ) m 

Sometimes, the coefficient of dynamic viscosityµ is distinguished by poise (P) 

. lgm 1 dyne sec 
1 poise = -- = 2 

cm sec cm 
10-5 Ns O.lNs 
--- = -- =0.1 Pas 
(10-2 )2 m 2 m 2 

A poise turns out to be a relatively large unit, hence the unit centipoise (cP) is generally used 1 
cP = O.Dl P. Typical values of viscosity for water and air at20"C and at standard atmospheric pressure 
are: 

µwater • 1.0 cP = 10-3 N s/m2 

µair= 0.0181 cP • 0.0181 x 10-3 N s/m2 

1.e., water is nearly 55 limes as viscous as air. 

Sptdftc viscosity is the ratio of the viscosity of fluid to the viscosity of water at 20°C. Since 
water has a viscosity of 1 cP at 20°C, the viscosity of any fluid expressed in centipoise units would be 
a measure of the viscosity of that relative to water 

Kinematic Visi:osity 

'!he ratio between the dynamic viscosity and density is defined as ki11e111aHc viscosity of fluid 
and 1s denoted by v (pronounced new) : 

Kinematic viscosity ,. dynamic viscosity ; v • t. 
mass density p •· (5.7) 

The dimensional formula for kinematic viscosity is . 

v• [t:]+[~]=[;] 
kine:e.,~~neofmfla~cdvfliscosfTty d_oeals no! involve force; its only dimensions being length and time as In 

"" u1 ow, yp1c uruts of v are m2/s O 2; th I • 
(St) to perpetuate the name of the En r cm s, e alter beu,g referred to as stoke 
hundredth of a stoke: 1 c St. 0 01 St r8Ut f hyi5ical Slr _George Stokes. A centlstoke (c St) is one­
atmospheric pressure are : · · YP ca va ues o( kinematics viscosity at 20°C and at standard 

v water• 1.0 c St• 1 )( 10-6 m2/s 

v air• 15.0c St• 15 )( 10-6 m2/s 
l.t., the kinematic viscosity of air is about 15 . 

water, times greater than the corresponding value of 

pL.E 5.3 . 
~PA Jubricating oil of V15Coslly II lllld 

(/) ~ per plate moving at speed v. Tb~ ltta4J ._ ........ 
v~odty profile results If the fluid doea '::': betwwa --~ 

• 'fWO horizontal plates are placed 1.2S an 
I 

P •t elllier ...... 
(i/) of viscosity 14 poiu. Compute the lbear.::::: 'PICe betweea U.. 

velocity of 2.5 m/s. . tbe oil If 111-.,,_ ,-..11 

1 
tioll : The she'.11' stress 't IS constant throughout Y 

Sou ·d for the gwen geometry and motion a d 

:,;1r:.,, froo> N-;,:on', :•w of,_,., " ' T v-'-'illl!IWI 
or d~': :+ ~onstant lh U-U(y)•f 

'fhe constants n and b are evaluated from the no 

. conditions at the upper and lower plates. 7h."7n:"7n:"7n:ll'mill'ml"'17'T'1"7,!'TJ'I' ll•O sliP 11 = 0 at = y • 0 ; 0 = a ..w:.. 

Flg.U -11 = V at y = It ; V = n + b/1 

Hence n = 0 an~ b ~ V //1. The velocity profile between theplatesiathan given byu• Vy and it 
iu,ear as indicated in Fig. 5.6. 11 

(ii) Viscous shear stress is given by the Newton's law of viscosity 
du 

t= µ-
dy 

Given µ = 14 poise= 1.4 N s/m2 

d11 = 2.5 m/s and dy = 1.25 x 10-2 m 

2.5 
't = 1.4 x 1.24 x10-2 = 280 N/m2 • 280 Pa 

Although oil is very viscous, this is a modest shear stress; about360 times ie.. than a~ 
pressure. 

EXAMPLE 5.4 
Th, cl,uance space between a shaft and I concmtric sleeve bu bNn flDld with I NIMOlllaa flaW. TM 
slttn attains a speed of 60 cm/s when a force of 500 N ii applied to It parallel to ... llllft. Wlllt r.a 11 
needed if It ls de.slred to move the sleeve with a speed of 300 cml- 7 

Solution: For a Newtonian fluid t • µ du . Since the space between thelhaftand thelleeYela~ , dy 

du u hete lsthuleeveapee4uidfi. 
Small, 1',e,, the oil film Is thin, it can be presumed that dy • 7 w " 

oil film thickness. Further 

force F 
Shear stress t • -;;.;: • A 

F u u 
-■ µ- or F•Aµt 
A t 
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A, 11 and tare constant and therefore F a: u and accordingly F; = _§_ 
"1 "2 

Inserting the appropriate values, 

500 ~ -•-•Fs2SOON 60 30()'2 

EXAMPLE 15.5 
Two horizontal flat platn are placed 0.1S mm apart and the space between them Is fllled with ill\ oil of 
vilcoaity 1 polae. The upper plate of area t .S m 2 fs required to move with a speed of O.S m/s relative to th, 
lower plate. Determine the necessary force and power required to maintain this speed. 

du 
Solution : Viscous shear stress T • µ dy 

Given µ • 1 poise• 0.1 N s/m2 ; du= 0.5 m/s 

dy • 0.15 mm "' 0.15 x 10-3 m 

Shear stress , = O.l x o.5 = 333.3 N / m2 

0.15x10-3 
(r) Shear resistance or force, 

F = shear stress x area 
= 333.3 x 1.5 = 500 N 

(ir) Power required to move the upper plate at a speed of 0.5 m/ s. 
= Fu = (500 x 0.5) Nm/ s = 250 W = 0.25 kW 

EXAMPLE 5.6 

A duh pot 10 cm cllameter and 12.5 cm long slides vertically down in a 10.05 cm diameter cylinder. The oil 
filling the annular space has a viscosity of 0.80 poise. Find the speed with which the piston slides down If 
load on the piston ls 10 N. 

Solution : Since the space between the dash pot and the cylinder is very small, i.e., the oil film is 

thin th 
du u 

, we can presume at dy = t where II is the piston speed and I is the oil film thickness. 

du u 
Shear stress , = µ - = µ -

dy t 

Shear or viscous force= shear stress x area = µ '.!:. (21t rQ 
t 

10 
Given : r = 2 = 5 cm = 0.05 m 

u = 0.8 poise= 0.08 N/sm2 

10.05-10 
1 = 2 = 0.025 cm = 0.00025 m 

Viscous force equals the load of10 N 

u 
10 = 0.08 X - X (21t X O OS )( 0 125) 

0.00025 · · 
Hence piston speed u = 0.796 m/s 

T 
12.5cm 

Oil l 
Fig. 5.6 

pLE -:5_7-:----=~~~~;;;;;~;;:~;:~~~ ff>" f d.iaineterlS cm and weight 90N •Uclea ,1a....._ _ 

crfindet 
O 

linder and pipe is 2.5 >< 10-3 an. Tbe •-ofWcafi• 
~ ...,eell ~e i mjs. Calcufa.te the viscosity of the oil~~• IIDlia Iii i4:r: I • :It 
.,.-·...,edJS •..-~t:...a.... 
c11esr du u ..._ 

. Viscous shear stress , = µ- = µ _ 

501uti0 J1 • dy t 
5 resistance or force= shear stress x ,._ 

ViSCOU -= 
u 

= µ- ><1ttfl= µx6 
t 2.5 X 10-6 X It (0.15) (0.125) • 14J3Q JI. J.I( 

Invoicing Newton's second law: tf = mass " acceleration 
90 

90 -14130 µ = 9.81 (- 0.6) 

90 -14130 µ = - 5.5 

95.5 
µ =-

14130 
= 6.76 x 10-J N 8/m2 

~~u , 
find the kinematic viscosity of a liquid in stokes whose sp«ifk gravity ls0.9Sud.c1Jmmk~1' 
o.012 poise. . 
Solution : µ = 0.012 poiSe = 0.012 x 0.1 = 1.2 x 10-3 N s/rri'-

Mass density of liquid = specific gravity x mass density of water 

p = 0.95 x 1000 = 950 kg/ml 

µ l.2x10-3 
Kinematic viscosity v = P = 

950 
= 1.263 x 10-6 m2/s 

= 1263 x 1 o-2 cm2 / s = 1.263 x 10-2 stokes 

EXAMPLE 5.9 
A hydraulic lift used for lifting automobiles has 20 cm cli.l.mder ram which llildel in a 20.016 ca~ 
cylinder. The annular space between the cylinder and ram Is filled~ an oil of ldnematk'fllcallti-. 
stokes and relative density 0.85. If the travel of 3.2 m long ram 1w a unil-rate aflS m,/1, ellbillellw 
frictional resistance experienced by the ram. 
Solution: Kinematic viscosity v = 3.5 stokes= 3.5 cm2/s = 3.5 x 10"4 m2/s 

Mass density p = 0.85 x 1000 = 850 kg/m3 

Dynamic viscosity µ = p v 
1 = 850 x (3.5 x IO"")= 0.2975 N s/m 

. . . (20.016-20) xio-2 = o.00008 m 
Thickness of oil film = 

2 
du V _ 0.2975x0.15 • 557EI.N/rJiL 

Shear stress t = µ dy = µ t - o.00008m 

Frictional resistance= shear stress x area 
3 2

) • 1ln N • 1.111'Mi 
= 557.81 X (1t X 0.20 X • 

EXAMPLE 5.10 U.Sllllllapast.'111e 
T\\>o square flat plates with each side 60 cm an= witll a wlodljaf 
upper plate requires a force of 100 N lo keep It 



- ( ---- "'4e>1un enects 
- 4.72 - 4.29) X 1Q-3 

= 0.43 x 10-3 m == 0 43 • mm 

5
_4•4 l\lewtonian and n~n-newtonian fluids 
. tif1Ction between Newtonian and non-Newt . fl . 

fj)iS dienl du/dy is plotted against the viscous s~ruan wds can Be readily illustrated when theve}:..GJn1 
gra . . . . ear stress 1 . U\;,11'. 

Fluids for wh1cl1 the v.1scos1ty 1s independe t f . 
'd h 1 b n o veloc1~ grad· t for.these {1111 st e pot . etween shear stress and veloci . i~n are ~alled Newtonian fluids. 

the origin. SI ope of the I me equals the coefficient of; . o/ g_radie~t 1s a straight line passing through 
curves (11) and (li) are Newtonian fluids; v,s~o51tr, µ - t/(d1,jdy). Fluids represented by 
fluid represented by Jine (11) is more CD® 
vi5CottS than tl,at rc~11·esented by line (b). ,,__·Ideal solid 

Fluids like air, wate1·, keroser1e and thin Real solid 
lubricating oils are essentially 
Ne,vtonian in chapter. undeF normal .,. 
working co11ditions. ~ 

~ 
Fluids such as liuman o1ood, t11ick en _ , 

lubricating oils and certain suspensions ~ 
for, ,v.hlcl, t.he visco.sity coeff. icient i 
depends upon velocity gradien t are ~ fJ 
referred to as non-Newtoruan fluids. 11l1e j ~ 
viscous behavi0ur of a non-Newtoniarl > i a, 

fluid may be prescribed by the power ·:;;. 

® @and(b)are 
newtonlan fields 

---------® @ 

Ideal fluid 
Dilatant 

Velocrly gradient~~ 

la\.,, ~uatiot1 "r = k (dt1/d11)'1 where k is a 
consistency index a11d 11 is a fl0w 
behavi0ur index. For a Ne,vtonian f.luid, 
tl1e consistency index /( bec0n1es the 
dy,namic viscosity eoefficie11t µ and and 
the flow bel1aviow· index 11 assumes a 

Fig. 5.12. Variation of shear stress with veloqity 
gradient (time rate of deformation) 

unity value. 
Fluids for: which tlae f.low behaviour index ,i is less than unity are called psei,do-pliistic. 

Viscosity. coefficient is sn,alle1· at greater 1«tes of velocity gradient and the curve be<:omes flatter 
as the sheaJ· rate (1.e., velocity gradient) incteases (curve a). Examples of pseudo-plastic fluids are 
lhe milk, blood, clay and litluid cement. Fluids for which the index n is greater than tmity are 
c~e~ dilntn1it. Viscosity eoefficient is n1ore at greater rates of viscosity and the flow cwve ~tee~ 
~ti\ increasing shear rate (curve ii). Concentrated solutien of sugar and aqueous susperu110n of 
nee starch are examp,,les of dilatant fluids. 
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An idenl pins-tic substance indicates no deformation when stressed upto a cerlilin point (y[ 1 
str~) and beyond that it behaves like a Newtonian fl~id and hen_ce is represented by !ine (e). ;

0
~ 

certain substances, there is finite deformiltion for a given load, r.e., rate of deformation is le 

These materlills p lot as ordinate (curve/) and are called elastic materials or ideal solids. A ~
0

-

solids deform slightly when subjected to shear stress of larger _magnitude a~d hence plot~ al 
strai~ht line almost vertical (g). A fluid for which shear s?'ess IS_ zero (even if there is veloci a 
gradient) is the ideal fluid and it plots os abscissa (h). Fluids which show an apparent incre ty 
i~ viscosity with time are called tl,i:mtroplc. Conversely if the apparent viscosity decreases w~ 

time, the fluid is called rlteopcctic. 

5,5 PRESSURE AND ITS RELATIONSHIP WITH HEIGHT 
5.5.1 . Pressure 
A fluid element or mass is essentially acted upon by two calegodes of forces ; body forces a d 
surfnce forces. Body forces on fluids element are caused by agencies such as gravitational, elccl:rjc" 
magnetic fields. The magnitude of these forces is proportional to the mass of the fluid. Surface for~ 
represent the action of the surrounding fluid on the element under consideration through direct 
contact. These forces are due to surface stresses like pressure (normal force) and shear (tangential 
force). In fluids at rest, there is no relative motion between the layers of the fluid. The velocity 
gradient is zero and hence there is no shear in the fluid. Consequently there is no tangential component 
of force and hence for a stationary fluid, the force exerted is normal to the surface of the containin 
vessel. This normal surface force is called the pressure force. The mathematical definition ofi11tt>r,s/~ 
of pressure (or simply pressure), in the absence of shearing stress, is 

dF 
p-= dA 

where dF represents the resultant force acting normal to an infinitesimal area dA. If the totnl force F 

acts uniformly over the entire area A, then p = F /A.Pressure has the dimensions of [ Fr2
] and is 

usually expressed in N/m2 (pascal), bar or atmosphere. 
1 bar= 105N/m2 = 100 kPa 

1 atm = 101.3 kPa 

5 .5.2 Pascal's law 
An important and unique property of hydrostatic pressure is reflected in Pasc,1(' slaw, which states 
that : 

Illte11sity of pressure nt n poiltt ill a fluid at rest is snmc Y 
i11 nil directio11s + 

Consider a small wedge shaped element of stationary 
fluid and assume that the element has a unit depth 
perpendicular to the plane of the paper (Fig. 5.13). The 
element is acted upon by the normal pressure forces and 
the vertical_ forces_ d_ue to weight. Let Px• 11 and P& be the 
pressure 1ntens1lies on the faces A'i{, BC and AC 
respectively, Then · 

Force on face AB= Px x area of face AB 

= /':r (dy X 1) = Px dy 
Likewise, Force on face BC = p dr y . 

Force on face AC= Pods 
The weight of fluid element is, 

I 

dx 

Fig. 5.13 

= (area of triangular element x depth) x specific weight 

= (!itrdyx1) 1 
2 X1D•2toddy 

d .1 acts through the centre of gravity s· 
an i d . 1 dir . tnce the ftuid "'---. 

,1.e.1toriZontal an fverti°:1 de_ctions must balance, -ment II In~ 
u• ReSofving the orces m x- trection, 

Pxdy = Pe ds sin8 
frolll _Fig. 5.13: dy"' ds sin 8 

:. Pxdy=pedy;px=Po 
Resolving the forces in y-direction, 

] 

Pydx"' 2 wdxdy+podscosa 

Let the size of ~e el~~e~tal system approachsmaUer and . 
orce (weight) whJch dururushes as the product of two dime~rdhnensions;thenlhe~"°"' 
I panson with lhe pressure forces for which the d" . . h llSlons (~ and dy) can be nepct!!iHn 
~";~gle dimension (d4 Thus in the limit mums ingeffectisproportionaltobe~ 
1n Su• 

Py dx = p0 dscos O 

From Fig. 5.13 . dx = ds cos 8 

Pydr=podx;py =Po 
From equations 5.2 and 5.3, we have 

. . Px=py=Pe ... (5 
This result 1s mdependent of the angle 8 and therefore it f II Iha !f' 

. . tati· fl "d P , ' o ows t pressure acts equally m 
all d_irecbons m a s . on_ary u1 . ~essure at a point has only one value regardless of the orientation 
of the _area upon which It 1s detemuned. lndependence of direction implies that pressure is 8 scalar 
quantity. 

5.5.3 Hydrostatic law 
Rate of i11crease of pressure in a vertical dirediorr is 
equal to weig1,t de11sity (specific weight) of tire fluid. 

The fundamental equation relating pressure, density 
and vertical distance can be established by considering 
the equilibrium of an imaginary cylindric:al element in 
a body offluid at rest. The cylindrical element isof cross­
sectional area dA and height dy. 

The pressure forces acting on the fluid element are: 

(1) Pressure force on bottom face AB =p dA acting 
in the upwaid direction. 

(ir) Pressure force on top face CD 

"' (p+: dy) dA acting in the downward 

direction. 
(ii9 Weight of fluid element= specific weight x 

volume= u> dA dy 

(iv) Pressure forces on surface AC and BDare equal 
and opposite and hence cancel out. 

F-llquidlUlflcl 

Area dA 
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sed the ram side .'. Distance through which load is ral on . 
ved by the rnm 111 

= (distance mo one stroke) x number of strokes/ lllinu~ 

., 0.833 x 100 = 83.3 cm/minute 

(c) Work done 2 load x distance moved _ 
6660 

Nm/ min 
: (20 X }D3) >< 0.833 - } 

:. Power required to operate the plunger 

= 16660 = 271.67 Nm/s = 277.67 W 
60 

5.6. EQUATIONS OF MOTION 

!1.6.1. Flow rate and continuity equation . 
5 20

) 5· ce no flow takes place a 
• h h tre m tube (Fig. . • m cross the 

Consider flow of an ideal fhnd t roug a 5 a be nl at the end sections. At the inlet section 1-l 
streamlines, the fluid must enter and leave ~ e tul 

O 
/\y average fluid density p and the mean fl ' 

th fl h · · . tube cross-sectiona area , ow 
e ow c aractenstics are • . tion 2-2 are (A + dA), (p + dp) and (V + dV) 

velocity V. The corresponding parameters at the exit sec d . . te al dt . . b . 
b ti. 1-1 uring time m rv IS given y (Av The mass flow entering the stream tu e at sec on 

pdt). During the same time interval a quantity of mass 
2 flow (A+ dA) (V + dV) (p + dp) di out flows from the Out!et~ 

exist section 2-2. The fluid mass that accumulates section 
between the two sections is then given by : 

dm = AVp dt- (A + dA) (V + dV) (p + dp) di 
Simplification yields, 

dm = - (A V dp + V p dA + A p dV) 
dt 

dm 
For steady flow -d-t = 0 and therefore, 

------AV tip + VpdA + A p dV = 0 
Dividing throughout by p AV, one obtains : Fig. 5.20. Steady flow through a stream tube 

dp + dA + dV = O 
p A V 

or d(p AV)= 0 

pAV = constant ... (5.14) 

Evidently the mass of fluid per unit time passing through any section of a stream tube is constant. 
For an incompressible fluid, the mass density p is constant and therefore : 

A V = cot1Stant 

i.e., Al VJ = A2 v2 ... (5.15) 
Equation 5.15 represents the continuity equation for the steady incompressible flow through an 

elementary stream tube. The continuity equation states that in a varying duct, the average velocity 
may change along the direction of flow but the product (area x velocity) remains constant. Further 
the mean velocities are inversely proportional to the cross-sectional areas o f the flow passage, i.e., 
Vi= A2 
V2 A1. 

. relationQ = A1 V1 =-Ai V1workaWi~ 
CofltiJlUltyarallel stream tubes at each sectional ililll 
dY floW • p ~t AV is the quantity (volume D\easure) 

51e
11 
""-e prod~~ called the flow rnte or discharge. Mass ,i ..... .,..._ 
l" pd JS . tim. th J-• ..,... 

. tifl'e 11 
• asses per umt e; e units are exptessed, ift\l,}.i 

~fllfl\iid wtuch Pe) w AV of fluid which passage theteference~ 
of • ht n'eaS\l! no~ 
(,~e1S 
ill N/ s. -.,o-dunensional flow, the stream tube can be Considetta 

for a h the area along the stream tube is numerical equal lotliai 
iJt!Ctio~· Th~ation for a s tream tube in a two-dimensional, flQd 

J · 1.11ty eq 'b d as · y contlfl be prescn e , 
rr,aY thefl V 1 t, = V 2t2 = constant 

tly the mean velocity is inversely proportional to the ,ift:M"l ... , ,.,;,.i_..,, 
Apparen -..-w-r,.,., .. 

pLE 5.30 
fXAM ow net diagram, i t was found that the distances between twoCO'lllecldlve 
frO!I\ a fl ..: ons axe 1 cm and 0.6 cm respectively. If the velocity at the a........,....:.., ·vesecu . . . ...... __ 
succe~si ;it the other section. Also find the d1SCharge between the two~ 
velOClty F a two-dimensional flow • ll • or 
50\uhO . V

1 
t
1 

= Vi
2 

= constant 

Given : 

Further, 

EXAMPLE 5.31 

vl =- 1 m/s; I., = 1 cm = O.Ql m: l1=0.6cma0.006m. 
V L 1 x0.01 

Velocity V2 = _u_ = -- =1.67mfs 
t2 0.006 

discharge = V 111 = 1 x 0.01 = 0.01 m2/s unit depth 

Water is flowi n g through a pipe of 0.5 m diameter with an average velocity of 1 ui(t! 
f discharge of w ater? The same flow then passes ttuough ill\Dtber sectkmwh«e 

Tilte o I . h' . • . What is the average flow ve oc1ty at t lS section , 1s1 m. 

Solution : Discharge Q = a rea x velocity = ~ (0.5)2 x 1 = 0.196 m3/s 

Let v? be the velocity a t the section where diameter is1 m. From continuity 
- Q =A1V1=A1V2 

A ~(0.5)2 
V = -1.. v, = _4 -- x 1 = 0.25 m/S 2 A2 ~(1)2 

4 

EXAMPLE 5 .32 . F. s.n.thepipellll 
A pipe AB branches into two pipes C and Das ~ho';:' :SC~ at A if tbe 
30 cm at B, 20 cm at C and 15 cm at D: Detemun~ t e C Is 

4 
m/s. 

determine the velocities at B and D, 1£ the velooty at . . . 
. . . . thr ugh section A is • Solution : The quantity of liquid passing 0 

_ V = ~ (0.45)2 x l =031S~{s 
QA - AA X A 4 

From continuity considerations : 
Q = AA x VA= Aa x Va; 
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compressors) device whilst a turbomadune is alway~ a rotary machine._ F~rther~ 
displacement machine, nn interaction bt!twc<?n the movm~ part and ~he fluid uwolves ii c~ ~Hive 
the volume and/or displacement of the fluid. When the fluid volume mcreases, there Is a tr ange in 
energy from the fluid to the mechanical svstem. Conversely when the fluid volume di;:!er of 
energy is transferred to the fluid system. lllhes, 

Compared to the positive displacement mac"!ne, o turbomachin~ unit has the advania 
few balancing problems due to the ,,bse~ce of reciprocating and r~~bing pa~ts, ~ceptionales o( 

consumption of lubricating oil, no conven-1on loss of power from rectilinear motion into rotary; 1?w 
and high reliability 

0 lion, 

6.1. HYDRAULIC TURBINES 
Hydraulic turbines are required to transform fluid energy into usable mechanical en 
efficiently as possible. Further d!!pending on the site, th!! available Ouid energy may va err;y ,il3 

quantum of potential and kinetic energy. Accordingly a suitable type of turbine neei 1111ts 
selected lo perform the required fob. 

10 be 
Depending upon the basic operating principle, hydraulic turbines are categorised . 

impulse and reaction turbines depending on whether the pressure head available is full mto 
partially converted into kinetic energy in the nozzle. Y or 

• lmp'lllse turbine wherein the available hydraulic energy Water from reservo;, 
is first converted into kinetic energy by means of an Bfades j 
efficient nozzle. The high velocity jet issuing from the J 
nozzle then strikes a series of suitably shaped buckets 
fixed around the rim of a wheel (Fig. 6.1). The buckets ~[I 
change the direction of jet without changing its pressure. 
The resulting change in momentum sets buckets and Fixed 
wheel into rotary motion and thus mechanical energy is noZZle 
made available at the turbine shaft The fluid jet leaves ~ 
the runner with a reduced energy. An impulse turbme /''1/fi,, 
operates under atmospheric pressure : there is no change L Bearing 

of static pressure across the turbine runner and the unit Fig. 6. 1. Princfple of an Impulse turbine 
is often referred to as a free jet turbine. Important impulse 
lurb(nes are: Pelton wheel, Turgo-impulse wheel, Girad turbine, Banki turbine and Jonval 
turbme etc.; Pelton wheel is predominantly used at present. 
. • Rea~tion h1rbi11e wherein a part of the total available hydraulic energy is transformed 
mto kmetic energy before the water is taken to the . 
turbine runner. A substantial part remains in the form [ MozzJv,ng 
f 5 b Bearing no es o pressure energy. u sequently both the velocity and 7 , 

pressur~ change simultaneously as water glides along ~ ~ll -......._ 
the turbme runner. The flow from inlet to outlet of the "\ 
turbine is under pressure and, therefore, blades of a 
reaction turbine are closed passages sealed from 
atmospheric conditions. 

Water from 

Fig. 6.2. Princlple of a reaction turbine 

~ig. ~-2 illustrates the worlong principle of a reaction 
turbine m which water from the reservoir is taken to 
the holl~w disc throu;;h a hollow shafL The disc has 
four radial openmgs, through tubes which are shaped 
as noz_zles. When the water escapes 4through these 
tubes its pressure energy decreases and ther · • th 

· e is mcrease in kinetic energy relative to e 

t'nS disc. The resulting reaction for 
,.otai ~tion opposite to the direction of Ct! sets_ the di!C in rotation. The dilc and shaft'IOtlOti 
, d r . IYaler Jet 
• 1 ,portant reaction turbines are . p · 

bi~es; Francis and Kaplan turbi~ ar:u~y;on, Thomson, Francis, Kaplan and Propellot 
tllr 'fhe following table lists salient poi :• e y USed at present. 

b·nes with regard to their operation and of ~llference betwl!ffl the impulse md reaction 
tut I n application. 

Table 6,1 Im I 
· pu se versus Reaction Turbines 

.-------llm~p~utll~se~T~ur~b~in~e----T::.=:_:=:::..'.'.::'.::~------......, 

~I the a~ailab_le ~nergy of the fluid is 
converted mto kinetic energy by an efficient 
nozzle that forms a free jet. 

• The jet is unconfined and at atmospheric 
pressure throughout the action of water 
on the runner, and during its subsequent 
Dow tc the tail race. 

• Blades are only in action when they are in 
front of the nozzle. 

• Water may be allowed lo enter a part or 
whole of the wheel circumference. 

• The wheel does not run full and air ha, 
free access to the buckets. 

• Casing has no hydraulic function to 
perfonn; it only serves to prevent splashing 
and to guide the water to the tail race. 

• Unit is installed above the tail race. 

• Plow regulation is possible without loss. 

• When water glides over the moving blades, 
its relative velocity either remains constant 
or reduces slightly due lo fnction. 

Reaction Turbine - TJ 
Only a portion of the fluid energy iS 
transformed into kinetic energy before the 
fluid enters the turbine runner. 

Water enters the ruMer with an excess 
pressure, and then both the velocity and 
pressure change as water passes through the 
TUMer. 

Blades are in action all the time. 

Water is admitted over the circumference of 
the wheel 

Water completely fills the vane passages 
throughout the operation of the turbine. 
Pressure at inl!!t to the turbme is much higher 
than the pressure at outlet; unit has to be 
sealed from atmospheric conditions and, 
therefore, casing is absolutely essential. 

Unit is kept entirely submerged in ·water below 
the tail race 

Flow regulation is always accompanied by 
loss. 

Since there is continuous drop in pressure 
during flow through the blade passages, the 
relative velocity does increase. 

Jn addition to the concept of impulse and reaction, hydraulic turbines may be further 
classified into various kinds according to: 

I • Classification of turbines based on consideration (1) Direction of wnter flow t/,roug I nt1111er • 
of direction of flow is given below · 

Turbine 

Tangenbal flow 
(Pelton Wheel) 

_-1-----i 

outward radial now 
(Foumeyron turbine) 

tnward radial now 
(Old Francis turbine) 

Mil<ed: radial and axial 
(Modem Francis IUlblne; 
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Flow poth in different types ot runners has been illustrated i~ Fig. 6_.3 . 
• Pelton wheel is the tangential flow turbin<'; h,m! the cen!Tehnc of Jet as tangential to the 

path of rot.ltion of the runner 

Stator 

~n­
~ 

(a) Al<lnl now (b) Rodlal now 
Fig. 6.3. Flow path In d1lle1&n1 types ol rotors 

(c) Mixed now 

• Propdlor ,md Kaplan turbines ilre axial fl~w turbines; here water enter.. and leaves the 
runner along " direction parnllel to the ,1X1S of the shaft. 

• Radi,,I flow turbines whl!lein the fluid passes through_ the runner m a plane practically 
perpendicular to the axis of rotation; water flo~vs radially through the_ tur~ane. Further 
the flow of water may be radially inward or rad,all>· outwards. ln a rad1.11ly mward flow 
turbine water cntl!rs ,,t the outer periphery, glides ov.-r the moving blades ,ind then 
flows rndmlly mwilrds towards the centre of runner. !hc old Fr,1ncis turbln~ und the 
Thomson turbine are the mword !low turbine~ In a radially outward flow !urbane w,,ler 
enters ,\I thl! Inner periphery, glides owr the bl,1de$ and then moves r,,diully outwards/ 
towards the outer periphery of the runn~r Fourneyron turbine is an e'<ample of outw.ird 
rndinl llnw turban!.!. 

• Mi'<etl flow turbines whl!r~ wote, enhirs the runner al the out.ir periphery in the radl,11 
direction ond leaves It al the .:entrc in the direction parallel to the Jxis of rot,,tion of the 
runner. Modern Francis turbine is a mixed flow machine. 

(ii) At•111/a/1h- hem/ 11111' 1fi!'C/111rg,·: 
• High head turbines which operntc under high h.i.,d (above 250 m) .1nd require rcfati\•cly 

~m,,11 rutes of flow Pelton wh!!el is., high head turbine. 
• Medium head turbine~ which operate under medium heads (60 m to 250 111) .,nd rc,1uirc 

m,•dium flow r.ih?5. Modern Francis turbine belongs to this c,1tcgc>r}', 
• low he.id turbinL>s which opcr.1te under heads upto 30 m and rCtJuire very iargc volumetnc 

r,,t,•~ of flow. Units of oxfol flow tuabin.- (Propeller ,ind Kaplan) .uc examples or lo1v 
hc,,d turbilw. 

(iii) S11r<ijir ~11rr,I: 

Rt•for, to the ~p,·ed of a gcoml!lrkally similnr turbrne (, .•... a turbine 1d1mtkal in !lh,1pc, 
bl,1,ic ,,nglt>s mid g,,te openings etc.) which would develop unit powL•r when working 

und,,r ,, 11nit head The turblncspL•clfic si~d is prescribed by the relation N - N/P/H'1~ 
when, /' i~ the power in kW, ff Is the llL't ,1vi1ili1blc head in m nnd N is the spct!d is rpm 
Spt'1:lf1c s1><-ecl i~ ,, ch11ro1cteri~tk incle, which ~i:rve.s to identify the typ.is of hydraulic 
turh111e. 

• l\11 l'dtun whc,•I • N,: ,j_ 17 tor~ slnw runner 

= 17 - 25 for ,, nonn,1I runner 

.. 25 - '.10 for ,1 f.lst runner ,. 40 for a double Jl't 

----- . b. , fra11c1s tu r me : 
N • " 50 - 100 for ii slow ... ftft-

-= 100 ·-..... 
- 150 for a normal run 

• 150 - 250 for 
• "•plan turbine N ., 250 a fast fllMer 

-"" . • -850 
(iv) D1spos1t1011 of '5Jrnft : Impulse turb· 

r arrwgement. Reaction turbines tnes have usually a horizontal shaft and vertical 
ruJ\tlf? may be either of vertical or horizontal shaft type. 

6,2. PELTON TURBINE 
h oldest lorm of water turbine is th 1 cl) of a stream is utilized to driv . e water wheel. The natural head (di!Ierence in water 

1ev c,ci d is provided with b k e at In Its conventtonal form the water wheel is made or 
wo an sin the wheel to rotn~c ets or vanes round the periphery. The water thrusts against 
t11cse1 cau Sf 

I 
e. The latter dm•es the millstones and sometimes other machinery. 

the case o .in cmers 101 w/1ed the w 1 In . t th a er pours onto lhe bucket~ from i.lbove. [f the water 
thrusts agaui:; c \'alll!S on th~ under6ide of water wheel ,t Is called an 1111Jn-s/1ol w/1lll. The 
principle of thl' old water wheel is embodied in the mod~ Pelton wh~el. 
HeadlllC8 

HiHH~-

HNc!la'.:e Vane 

© 

}~%' ,,_ Tall race 
~= 

(o) Ovorstlol wneel (b) Breast wheel 

Fig. 6.4. Waler wheels 

":£;_&:_ 
·c-~ 
iinl/l/i7/nrni7iJMrlffei77lt 

(cl Underihot wheel 

A Pdton wheel 15 a frce-j.:t impulse turbine named after the American engineer Lesser 
Pd ton (1829-l 'IOS) who conlributt!d much to its development It is simple, robust and the only 
hi•draulic turbine which operates ef11cient1r and is invori.ibly used for heads in excess of 450 
ni Smooth running ,md good performance .ire other common fco1tures of this unit. 

Component P.irts : Construction and Operation 
(1) p.-,,,11,,1.; It b a large sued conduit which conveys waler from the hlgh level reservoir 

to the turbine. Depend mg up,m low head or high head IJ\Stallat10ns, a penstock may t>-: made 
of woo,.1. corn:: retc, or steel Further the penstock m.,y be of any l~ngth depend mg upon d1Stil11Ce 

bt!twccn the rc~Cr\'oir .ind power house. Foe Braking 191 
the regulntion of water flow from th~ rescn:oi.r 
to lhe turbine, the pcnstock is provided 1V1th 
control valves. Ag;iin !icrt't!flS calll-d tra5hracks 
,ire provided at Inlet of the pcnstock to prevf.'Tlt 
the ucbrb from unterfng into it. 

(Ii) Spe1tr ,wrl mm/~ At fts downstream 
!!nd, the pcnstock is fitt~d with an dficl'i:'t 
nonlc that convert~ the whole of hyJrauh.: 

d · T regulate th!! energy into o1 high ,pee 1et. 0 • 

I aod to obtam water flow through the 1101.z e 
U I d~ a spear or a good iet of water .it 11 o;a -, 

Flg. 6.5. Elements of a Pellon wheel 
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needle is so arranged that it can move !or,vard or back,vard tl'iereby decr~sing or incr~ 
the annular area of the nozzle no,v passage. The movement of tl1c sp~ar is controlled eilh g 

f fl units) or automaticaTTy, by a er manuall}' b}' a hand wheel (in case o \ 'er\' ~ma ~ govet'nin 
mee:hanism (in case of almosl all the bigger uruts) . g 

Bucket --.. 

------------ -~-..........___ --~ ------------~------· -------- ---~-------- -----------------
Nozzle 

Fig. 8.6. Spear and bucket of a Pelton \Vheel 

(iii) R1,1111er. 1oill1 br,c~·ets : 'ffie turbine rotor, called th.e runner is a circul~r ~isk carr)1ng tl 
numoer (seldom Jess than 15) of cuf?-Shitpea buckets \•-1h1cl1 are arra~ged eq1ud1stantty arouna 
the periphery of the dis~ Tine runner is general!}' mounted on a hor,1.onral shaft suP,por.ted i 
s01all thrust bearings., nnd the buckets are either cast integrallYJ ,vith tl,e disk or fclsten~ 
separately:. T11e bolt fastening facilitates easv replacement of Dl-tckets \\ hen necessary. For l°'v 
heads the ouckets are made of cast jron, but for nigher heads iliey are made of bronze, cast 
steel, or stainless steel Further, the inner surface of t},e buckets fs polished to reduce fric tional 
resistance to the ,vater jet. 

Eoch bucket has a ndge or splitter ,,•llich distril:,utes the striking jet equcul.), into hvo halves 
of lhe hemispheri~al bucket. Again t11ere i5 a cut (notch) in the outer rim of each BucRet; lhfs 
notch is prolrided to make the jet face the bucket only when if has come into proper. position 
\\'llh respect to the jet. This position occurs ,vhen fcJce of, fH bucket and axis of the jct ilre 
app,ro:(lmately at 90 degree to each other. Maxinlum d~i\'ing force \\1ill be exerted on th£! disl; 
\\'hen the jet gets deflected through 180-degreei i.e., \vhen the bucket is exactly, hcmic;pl,erical. 
Ho\\T('ver, in practice, the angular deflection of jet in the bucket JS linut~d to about 165-170 
degree. Th.is is to ensure that the \vater JC?t \Vfulst leaving one bucket does nol strike the b.tck of 
the succeeding bucket. This a, 01ds the spJaslung of \"ater and unnecessary interference ,vhich 
could impair the overall efficiency of tJ1e turbine. 

s.ince the t\vo hemispherical CUBS are joined together. and ,,,ater is dire<;ted at the junction, 
the s1de- thrusts produced by the ff11id in each haJ{ l,aJance ~,c::li otner. Tn ar.rangcrr,ent Has 
thus the advantage that bearings supporting the \.Vheel ~l1aft are not .subfc:cted to 1lfiY, axi'1] or 
end tl1rust 

(ii,) ~,,sing :_ 0t1~ flO\\' from tl1e ruMer buckets is in the forn1 of a stro11g splash \'Illich 
scatt~rs in all d1rections. To prevent this and to guide the \\?aler, to the tail rae:e, n cnsing is 
pro,'ld~d all around the runner. Tile casing also acts as a safeguard agninstacC1dents. E,,identJ)' 
tl,c c~51ng has no hydraulic function to perforn1. A baffle is arranged in fhe. casing to prevt!nt 
the d1scfaa rged ,vater. befug carried along the runner direction: 

. (v) Goutntiirg_ ,1,etl1ni,i:;,1i : Speed to the turbine runner is required to be maintained C!onstant 
so th_at tl1e ele<;tr1c. ~enerato11 CO\lpled direct!}' to the hlrbme shaft ruru; at constant speed undcr-
\1ar.y,1ng load cond1t1ons The task ·sac 1· h~..J b 

J h . · 
1 conip 1s n.i }' a govem1ng mechanisn1 Ulllt automaticolly regu i'ltes t e qu~ntity of, ,,,ater flo,,1ng thro h ti.:. • 

in the load. ug ale runner 1n accordance ,vith any \'ariations 

~ FRANCIS Y.URBINE 
6 3• · . d f1 • . turbine lS an mwar ow reactfun tu.ib· 
fr~clCJS was designed and de\•eloped by thme 

,}l1 1 
- J -o F e ,, e,icaJ'l engineer ~es o. rancis (l81s.92). 

A~he earlier stages of 1ts development, Francis 
lrt . e had a purely radial flow nuiner· t1:: 

rbtn h ... i.:. , ue 
lU pnssing throug ute runner had velocity 
now opent only in a plane normal to Ille axis 
con

1
hP runner. 'tlne ntodem Francis turbine is 

of l e . d fl . . , 
ever a m1xe O\-\' urut m \~•hich the ,vater 

t,01t\' , d. 1 . 
5 the runner ra 1a ly at its outer perinhen• 

cJ'\tef •.:: I] t "ts TL• f" • J 
aJ1d leaves ~Xi-ell y a I . cen~ l '111S anangement 
~ ,ndes a laTige discharge area with the 
P:Cnbed diameter. of the runner. Francis fuibine 
P. 'th its full peripheral admission enjoys a great 
,\ft eriority and is well adopted in the 
~u ~roelectrlc p~,vei plants wliere Iar~ quantity 

0
r -.,va te11 is a va1la bJe at low and mecl1urn heads. 

Gomponenfiparts: @onstruction and operation 
Tihe main fcatur~ of the Francis turbine 

are illustrated schematically in fig. 6,7. 
(O Ri:11stock : It isa large sized conduit ,vhich 

can\reys ,vatef from the upstream ot the dilm 
to the turbine runner. Because of the largl! volume 
of ,valer: flO\\', si~e of the penstoclc requirl?d ior 
a Francis turbine is larger than that> of a Pelton 
~vheel. 1i11.e penstocR is in\·oria61y mad~ of steel 
md is embedded inside tnc dam. Trashrack 
are provided at inlet of the penstock in order 
to obstruct the en~ of debris and other. foreign 
maltci. 

Hygraulfc Machines It 2D5 _ 

-
j 

Runner vane_., '--..--'-<~-,-- saou casing 

.--Draft tube 

;J"ail Race 
--- ------.------- --------- ---------· ---- ---.----------------------------------------~--------------------· 

(a) 
Wateiinlet 

from~~ 

Gulde-.. 
wheet 

Runner-;.-~--
v~ne ff>,{, 

(b) 
FJg. 6.7. Elements or a F-fancis turbine 

Sctoll 
casing 

(ii) Scroll cn..,i11g Pens ockis connected to ~nd f_eeds ~ater directly'i~to an annular. chan_nel 
surrounding llie turbme runner. The chann~I 1s spiral ln its layout and 1s l<no~vn as the sprral 
or scroll casing. easi ng constitutes a closed P-a~sage ,..,f~ose cross:.section area gr:a.dually 
decreases a long the flo\V direction ; area is max1n1um at inlet and nearly zero at exit. The 
decrease in area is in proportion to ilie decreasin& volume of, \.vater to b~ handled a_nd thst 

ensures t~t lhe ,,etoc1t)· oi \Vi\ter is corlStant along its pnth. After, entry,_ 1n_to th: casi~g, t~ 
\Valer starts distributing itself into tfie gt:Ji<ie blades which nr~ arranged ms1de t e casing. 
the turn of 360-degrees, the entire. '.Valer has passed to the gttide blati~. 

The casi11g is o,ade of cast steel. plate steel,.,;nd. cothncerte doefp~gdg1:; u~: s:ye ~=~:~ 
h d -r c. &.:: • is subjected Furu,er, sn e case v1 , 

ea to ,vh1c11 t11e casing . · ·t d t d·rect the water horn the casing to the 
usuall}' provided inside the casmg to support 1 an ° 1 

guide .\'anes. . , , ies of airfoil shaped vanes, ca1Ied the guide vanes or. 
(111) Gttitle va11es or lU1c,<et gntes · ~ ser. t f rm a numoer of flo\v passages bet\veen the 

,Vicket gates, are arranged inside. the ~asing 
O 0

drr· ect the water onto the runner at an angle 
. bl d The guide vanes heel TI'"'L casing and the runner. a es. . the flow •ust as tli.e nozzle of the Pelton w : L'11e 

appropriate to the design- They direct 'd va~es 16 such that the energy of Ylatei as n ot 
configuration and arrangyment of.d th~ t~ :ow phenomenon causing energy losses. 
consumed by eddies and other. un esira 

-



20& // Fundamentals of Mechanical Engineering and Mechatronics 

Gu ide vanes are £ixed in position, ,.e., they do not rotate with the rotating ~nner ~ 
they can swing around their own axes and that helps to bring about a change in the o Vtf, 
between two consecutive runner blades. This provides a degree of adaptability to the O\\' 

3
Ie.t 

- 1. f I d · · M · quantity 
of water to be admitted to the runner in the w..,.e o oa vanations. otion is give 
guide vanes either by means of a hand wheel or automatically by a governor. n to the 

(iti) Guide whed 1111d govemt11g mec/111111,m • The governing mechanism changes the .. 
of guide blades to affect a variation in the water flow rate in the wake of chan~

1
liori 

conditions on the turbine The system consists of a centrifugal governing mechanism It ~Oild 
servomotor with its oil pressure governor and the guide wheel. When the load ch;n n &es, 
governing mechanism rotates all the guide blndes about their axes through the same ;:sl the 
that the wnter flow rate to the runner and its direction essentially remain the same at ~t 50 
passages between any two consecutive guide vanes. The penstock pipe feeding the tu :. the 
often fitted with a relief valve, also known as the pressure regulator. When the guid r Ille is 
are suddenly closed, the relief valve opens and diverts the water directly to tail rae vanes 
5imultaneous operation of guide vanes and relief valve is termed as double regulation~e. The 

(v) Ru1111er n11d nm11er bl/lrlts ; Runner of the Francis turbine is a rotor wluch has p 
formed between crown and sluoud in one direction and two consecutive blades on th assnges 
These passages take water in al the outer periphery in the radialJy inward ilirectie other 
discharge it in il direction parallel to the axis of rotor. Tile driving force on the runner ~n i:,lld 
due lo impube (deviation in the direction of flow) and reaction (change in press 

15 th 

velocity energy) effects. ure and 

. The number of runner blades usually varies between 16 to 24 With small units the 
1s made of cast iron whilst the bigger units have runner essentially made of stainless t r~nne, 
non-ferrous metal like bronze when the water is chemically impure and there is ds ec or a 

I Tl . k d . anger of corros on le rurn1er 1s eyt! to the shaft which may be of veiticaJ or horizontal d ' • . 
mostly vertical isposition; 

(ui) Dr11ft t11/1c : After passing through the runner, the water is discharged to the 1 ·1 
through a gradually expandjng tube called the draft tube. The free end of the d ft %i:ce 
submerged deep into the tail race. Evidently then the entire water passage from th rah d 

15 

lo the tail race is totally closed, does not communicate with the surrounding ~ ea hra~e 
pressure. a mosp enc 

Bec~use of its gradually increasing cross-section, the discharge velocity from th tu b' 
r~er 1s not all wasted; it is partly converted into a useful pressure head and ; r me 
discharges at a relatively low velocity to the tail water. e water 

6.4 . PROPELLER AND KAPLAN TURBINES 

~~~ l;;°t~ler, turbi~c is a ~acti~ turbine which is particularly suited for low head (upto 30m) 
• g O\, rate 111Stallations 1.e., at barrages in · Tl · · f'k 
operatiJ:lg [n reverse The ship 

II 
rivers. ic urut IS 

I e the propeller of a ship 
causes the ship to . f . dprope er rotates, thrusts the water away behind it and thus 

move orwar In a propell t b" h fl and sets it in motion w~te 
1 

· th b" er ur me, t e water ows through the propeller 
· " r en er e tur me lateralJ ts d fl then flows through the propeller Ro thi Y, ge e ected by the guide vanes and 

units. · r 5 reason, these machines arc referred lo as axial flow 

Component Pa.rts : Construction and Operation 
The main features of a propeller tu b' . 

Except the runner, all other par~ such a ; me ~re tl~uSlrated schematically in Fig. 6.8 and 6.9 
of guide vanes) and the draft tube' :r e scro I casmg, stay ring, guide mechanism (arrangement 
turbine. Between the guide vanes and ~~r;..;ller turbtne are similar to those of a Franci!i 

nner, the water turns through right angle and 

Fig. 6.8. Elements of a Kaplan turbine 

The runner is in the form of , b h' h · - · • • • u oss w 1c IS nothing but extension of bottom end of the 
shaft mto a bigger diameter. On the 
periphery of the boss are mounted Shaft 
equidistantly 3 to 6 vanes made of 
stainless steel Thus compared to the 
Francis turbine which has 16 to 24 
number of blades, a propeller turbine 
with only 3 to 6 vanes will have 
less contact surface with water and 
as such a low value o! frictional 
resistance. Further more, the runner 
blades are directly attached to the 
hub and this ft!ature eliminates the 
frlclional losses which are caused 
by tl1e bend provided in a Francis 
turbine. 

Blades fully opened Blades pallly closlld 
Flg. 6,9 Kaplan turbine runner 

The fixed blade propeller turbine is installed only at the sites where the head and load are 
constant. At part load, the power efficiency curve of such a unit is very much peaked, i.e., a 
poor performance Is indicated. This problem of poor efficiency at part load was successfully 
solved by the Australian engineer Victor Kaplan who introduced the concept of adjusting the 
runner vanes in the face of changing load conditions on the turbine. Hence the name wriable 
pitcl, propeller t,1rl1111e is often given to the Kaplan turbine. With proper adjustment of blades 
during its running, the Kaplan turbine is capable of_ giving a h(gh effici~ncy fora wide range of. 
load coi'\d.itions, The pitch of the runner blades 1s automatically ad1usted by the govemor 
through the action of a servomotor. 

The Ka Ian turbine has double regulation which comprises the movement of guide vanes 
and rotati! of runners bladfs (Fig. 6.10), Tile mechanism employs two servomotOl'S; one 



controls the guide vanes and the second operates on thl! 
runner vanes. The governing is done by the governors 
(servomotors) from the Inside of the hollow shaft of the 
turbine runner and the movement of piston is employed 
to twist the blades through suitable linkages. Th~ double 
regulation ensures a balanced and most saasfact~ry 
relationship between the reli1tive po~itions of the gu_ide 
and working vanes. Both the servomotors are srnch:orused 
; they are actuated simultaneously and a high efficiency 
is maintained al all loads. 

Turbine 
shaft 

Kaplan turbines are capable of taking overloads from 
15 to 20 percent and gi\•e a very high efficiency at all the 
gate openings while working at full load and part load 
conditions (speed and the head remain constan~)- :me 
velocity plots do change with the now rate vanations 
caused by changes in load on the turbine. However, the 
blade angles also get simultaneously adjusted and as such 
under all working conditions, water enters and nows 
through the runner blades without shock. As such the Crosshead 
eddy losses, which are inevitable in the Francis and the 

d • Fig. 6.10. Kaplan runner blade 
fixed-blade propeller turbine, get entirely eliminate rn mechanism 
the Kaplan turbine. 

Quite often the electric generator coupled to the Kaplan turbine: is enclos~d and works 
inside a straight passage having the shape of a bulb. The water tight bulb IS submerged 
directly into the stream of water, and the bends at inlet to casing, draft tube etc., which are 
responsible for the Joss of head are dispensed with. The unit then needs less installation space 
with a consequent reduction in excavation and other civil engineering works. These turbines 
are referred to as bulb or /11b11/11r turbines and the power stations using such turbines are called 
1111der watu power sfatio11s. The tubular turbines have become very popular and are invariable 
employed for very low head (as low as 4 m) installations such as those in tidal power plants 
and in rivers al very modest falls. 

The salient points of difference between the Francis and Kaplan turbines are enumerated 
below: 

Francis turbine Kaplan turbine 

1. Radially inward or mixed flow turbine. Purely axial now turbine. 
2. Horizontal or vertical disposition of shaft. Only vertical shaft disposition. 
3. Runner vanes are not adjustable. Runner vanes are adjustable. 
4. Large number of vanes; 16 to 24 blades. Small number of vanes; 3 to 8 blades. 
5. Large resistance need~ to be overcome owing Less resistance as there are fewer vanes and 

to more vanes and greater area of contact less wetted area. 
with water. 

6. Medium head turbine (60 m to 250 m) and 
Lo,;v head turbine (upto 30 m) nnd requires works under medium flow rate. 
very large volumetric £10,;v rates. 

7. Specific speed ranges from 50-250. 
Specific duty ranges from 250-850. 

8. Ordinary governor is sufficient for speed 
Heavy duty governor is essential for speed control as the servomotor is of larger size. 
control due to smaller sizes of the servomotors. 

5 ttVDAAULIC PUMPS 
6• • · d t h · , economic an ec rucal pro 
,1,1on i:pment from the primitive pugres_s lhrough the ages might be measured in tennf &J­
d0".e·ve displacement nnd dynamic p mpin~ devices operated either by man or animal t6 dll 
pe$1

t1 rnps is found in municipal wa:ps e fashion, today. Typical progress in the dn~r 
of P0 otillty services and industries works, power plants, agriculture, transport and many 
other . . 

A pmrtp has been defined different! b 

h 
wever, all similar and nearly t Y different investigators ; the different definition9 

lire, 0 . equivalent. 
• a device which raises or transf Ii . 

machine designed t I ers . quids at the expense of power input 
a o e evate, dchver a d . . . 

unit that transfers lh ha . n move various liquids 
~netic energy of a liq~i:,ec rucal energy of a motor or an engine into potential and 

B their action, the pumps rPnui th Y f b -, re at energy must be expended and as such they belong 
h category o power a sorbing m hin . . 

to t e th h <IC es. Further, smce the temperature grad1mlS are 
. ·-al pumps are e non-I ermal h' nun1o.. ' h dr r . mnc mes. The expended energy enables the pump to 

overcome the Y au ic reststance and make the fluid rise through a geodetic elevation. 

5,6, PUMP CLASSIFICATION AND SELECTION CRITERION 
p.ccording lo d_esign and principal of operation, pumps may be placed in one of the two 
general categones: 

(n) dynamic pumps, and 
(b) positive displacement pumps 

These two categories are further subdivided as depicted below 

Pumps 

Dynamic pressure pumps 
I 

Posmve pressure pumps 

I 
Cenh;fugal 'l'nrbine Propeller J~t 

I 

Reclproca ting 

I 

Piston 
plunger 

Diaphragm 

Essential data for the selection of a pump includes : 

Rotary 

[

Gear 
Lobe 
Vane 
Screw 
Rotary plunger 

• pressure and capacity of the liquid being handled . 
properties such as viscosity, temperature, corrosiveness and grittiness etc .. of the flowmg 

liquid 
• ini lia I and maintenance cost 

d · h ther the pump is to transfer the liquid or to meter it also • pump uty, ,.e., w e . 
• availability of space, size and position of locating the pump 

• speed of rotation and power required d k f pumps already available al the 
standardisation with respect to the types an ma es O 

-

site 

• scale up problems. h t . ti'cs that limit its practical applicatiom. For 
. 11·ng c arac ens Each pump has its own opera 
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example in a centrifugal pump, a 5 mall ,:hJngc in pressure differential _causes ii rel a ti:;;;:;: 
change in flow. A positive displacement pump, on ~hc _o~hcr hand• deh\' l!l"S ,m il lmost const.i~t 
quantity regardless of pressure fluctuations. Thus 1£ £mite pressure d ifferences arc knoiv 
e:'lit in ~ particular application then the demand of a constant s upply of liquid would be n to 

' L"k · trif gal met by installing .-i positive displacement type o! p~mP: : cwise a cen u piun p Would be th~ 
obvious choice if in a particular pump application 11_ 1s nL>eCssary to maintain a constant head/ 
pressure on the mains despite flu ctuabons in capac1ty/d1scharge. 

Centrifugal pumps have hig h output and high efficiency :1'eir simple design and converuetit 
operation has resulted in their wide spread use. In general, 1t 15 always advantilgeous to go for 

a centrifugal pump unless 
(i) viscosity of the liqwd is greilte r than 1000 centlpoise 

(ii) low capacity and high heads a re m demilnd 
(111) percentage volume of dissolved gases is greater than 5'.tti 
Reciprocating pumps a.re be:;t in the field of high _p~ure an~ moderate ~apaci_ty pumping. 

Rotary posi th•e d i~placement pumps are employed m 011 conduits, hydraulic devices etc. 

6. 7. PUMP APPLICATIONS 
A pump adds to the pressure, existing on a liquid, and increment s~ci~nt to do the required 
service. This service may be increasing the pressure, 1mparbng_ ~ellc energy, lifting and 
circulating, exhausting or extracting liquids etc. Some notable .ipplications of pump installation 
.ire in the fields of · 

- agriculture and irrigation works 
- municipal water works and drainage system (sewrage disposal) 

- fire protection systems 
- condensing water, condensate, boiler feed, sump drain and such other services in a 

s team power plant 
- hydrau lic control systems 
- circulation of water in compressor and diesel engine cooling systems 
- oil pumping 
- transfer of raw materials, materials in manufacture and 

the finished products in industry 

6.8. CENTRIFUGAL PUMPS 
Centrifugal pumps belong to the category of dynamic pressure 
pumps wherein the pumping of liquids or generation of head 
is affected by rotary motion of one or more rotating wheels 
called the impellers. 

A centrifugal pump consists essentially of the foUowing 
elements: 

(i) Rc>lali11g ele111e11/ consisting of shaft and a vaned rotor 
called impeller. The vanes are curved, cylindricaJ or have more 
complex surfaces. The uni t has a finite number of vanes· the 
number is selected to assure motion of the liquid in the de;ired 
direction and varies with diameter of the impeller eye and the 
radial depth of the vanes. The number usually ranges between 
six and twelve. 

The impeUer is mounted on a shaft coupled to the driving 

Jnlel 

Fig. 6.11. Elemenls of 
centnfugal pumps 

-1 ,.,hich may be an intcrnaJ ~n-1.... -.:==--------~~~~~~~~~ un1 • '-··-lion 
or ;in efectrte motor. By virtue of force in engine 

,iwcen the vane5 ,1nd the liquid th lftaction 
: erg}' of the driver 1s transformed in4:o lllechanJc.-i1 
of now, . the l!tlergy 

(ii) S /11/lc>1tnnJ elemeut consist! 
•tuffiIIS box and bearings. The cas· n~ of ~Ing, 
• ham bet surrounding the pum ing _is an airtight 
c JJects liquid from the impel) P •mpeller; it 
co hi h er a11d I d 
;1,v.iy under g pressure to the deliv ea .s it 
packings, h.tbyrinths and glands are ery side. 

d uce the shaft lea kage both . needed to 
re 1 ' internal and 
e,cterna • 

(iii) S11ctia11 pipt' stmi11er n11,/ i;..1 1 "'~~-
th '"" t'<I , ~ Su lion ..._ 

pipe connects e c~ntre (eye) of the \Ill · c level 
the sump from wh1~h_the liquid is to :~erto --..,_'"':-""':_ .. _--' 
The pipe 1s laid aunght so that th ~d. ~..-e;....._- FootVallle 

passibility ot ~orm~tion of air pod,ette is no Sump -111..J~- Slr.kne, 
Suction pipe 1s proVided With '1lm'11111;wm=wmm,,!~ 

I d I a strainer ' 
al fl5 ow~ en so as O ptevent the entry f Fig. &.12. Typfcal Installation of 8 cent""-•' 
solid particles, debries etc. into the O 

'""""" pump 
,..,ould adversely aHect 1ls petforma~~mTp. These foreign m.iterials, if carried - 1 th 

• t th · ·~"- he foot v l • m o e pump 
,tramer m o e suction pipe. fl s;,rves lo fill a ve is ~ one-way valve located above the 
prevents back flo:v when the pump 15 stopped lhe pump 1vith liquid before it is started, and 

(iv) Delrni:ry ptpt 1111d <kliwry lllllvr . Del · _ 
the point of use A regulating valve provi~v~ry pipe leads the liquid from the pump outlet to 
now of liquid mto the delfvery pipe. e JUSl ntar the pump outlet serves to control the 

Working 
The pump is initially primed where the . . 

pipe upto the delivery valve are comple:I m::tio_n pipe, _cas_ing and portion of the delivery 
!11lpa.rted to impeller then builds u Ct'n~fu Wi

th the hquid to be pumped. Rapid motion 
impeller periphery. This causes p~sure dg:" fo_rc:e which throws the liquid to_ wards the 

· th · 11 gra 1ent m the suction pt" • 1 eX1Sts at e 1mpe er eye while the liquid . th . pe, 1.e. a parlla \'acuum 
liquid from the sump is sucked in towar: U: ~mm~I: at atmospheric pr~~e. Consequently 
the impeller, it receives energy and that results . p th r eye.thWhen the bqu1d passes through 
The casing collects the liquid from the impeller :d :~w 't lof thbothd pli~ure and velocity. 

5
- • . 0~ es I o e e very pipe SU1Ce the 

c~ mg _mcreases m ~~-secti~aJ area towards the delivery, kinetic head repr-n~ed b, the 
high d1SCharge vel~•ty 15 _partially trill\Sferred into pressure head before the liquid leav~ the 
P~P·. The process ts continuous as long as motion is giv~n to the impeller and there is sup I 
of hqwd to draw upon. p y 

6.9. CLASSIFICATION OF CENTRIFUGAL PUMPS 
B~sed on their utility, design and constructional features, centrifugal pumps can be classified 
with respect to the following characteristics : 

Shape and Type of Casing 
liqujd leaving the impeller has an appreciable high \'elocity. This n«essitates some 

arrangement to bring about the desired conversion of kinetic energy to pressure energy before 
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the liquid reaches the disc:hnrge end of the. p_ump. 
11lis c:onvetSion has to be accomplished with iruni~um 
energy loss. The task is accomplished by providlllg a 
casing around the pump impeller. 

In general, there are three casing arl'llngements, 
and the pump is named nfter the casing arrangement 
it uses. 

ti n • Volute or Sf>irnl casing wherein cross-sec 0 

of the moving stream gradually increases fro~ 
the tongue towards the discharge pipe. Th.is 
increase in area results in a 1,rradual decrease m 
velocity with corresponding increase in the 
pressure. Most of the single stage pumps are 
built with volute casings. However, the volute 
casing has greater eddy losses and hence lower 
overall efficiency. 

Oelrvery 

Fig. 6.13. 
• Vortex pr wlurlpool chnmber wherein an annul.ir 

space is provided between the volute and 
impeller. This arrangement arrests the formation 
of eddies and g1ves an improved performanc~. . . 

• Vo/ult cnsing wit/, guide blades wherein fixed i;:iude blades are provided around the impeller 
• h When the liquid flows through diverging passages formed between the guide 

penp ery. L' 'd I . th · vanes conversion of dynamic into static head occurs. iqm eavmg e vanes 1s then 
collec;ed in a volute chamber where further diffusion occurs before~~ l!quid is discharHged 
to the delivery pipe. Pumps fitted with guide ,;'an~s are called .d1ff~ser pumps or 
"l:)lrbine pumps~ as dis tinct from '' volute pump~ . ~iffu.ser typ~ casmg 1s adopted wh1:n 
the pump impellers are to be connected in senes, 1.e., 1~ _multistage deep well_ pumps 
Machines with diffuser blades have rather mmdmum eff1c1ency, but are less satisfactory 
when a wide range of operating conditi_ons is require~. This may be attributed to the 
losses caused by the change of blade incidence angle with flow rate 

SuctlOll 
Fig. 6.14. Pump with vortex chamber Fig. 6.15. Pump with guide vanes 

With respect to mechanical cons =:.:---------~ftydnllllo~~~~~~~ 
(i) Integral casing pumps: pum lruc:tion of c1au,g. We have : 
(ii) Horizo~tally split casing pu!5 ~ulpped with a casing made in a single piece, 

cen~e lme, . ps · purnpsequipped with a casing split on the 
(i i i) Vertically spht casing pun,ps. 

ce~tre line, . · Pumps equipped with a casing split on the iv~ 

(iv) Diagonally spht casing pum . 
(v) Segmented casing pumps : :;~ Pumps_ equipped With a casing split diagonallr, 

These may either be of the b d ps equipped with a casing made up of segmeJ!ls. 
turbine pumps. an type for multi purpose pumps or of the bowl type for 

closed, Semi-closed and Open Impellers 
rn the closed or shrouded im 11 

bOth sides The back shroud is mo'::: _the vanes are covered with shrouds (sideplates) on 
forfTler by the ~anes. The arrangerne e 

I 
into _the shaft and the front shroud is coupled to the 

reduced to mlmmum. Th1s ensures fut~ provides a s~ooth passage for the liquid ; wNl' is 
running period. This type is howeve capacity operation with high efficiency for a prolonged 

liquids may be ord inary water hot w rt meant to pump only clear liquids of low viscosity ; 

(!)Open 

' a er and acids. 
Plate on 
one side ......... -..... 

(j) Semi-open 

Bolhsides 
shrouded 

Vane 

Fig. 6.16. Closed, semi-closed and open impellers 

(liil) Enclosed 

The se~-open impeller has a pli!te (shroud) only on the back side. The design is adapted 
I? industrial . pump problems which require a rugged pump to handle liquids containing 
fibrous material such as paper pulp, sugar molasses, and sewage water etc. 

In an open impeller, no shroud or plate is provided on either side. That is the vanes are 
open on both sides. Such pumps are used where the pump has a very rough duty to perform 
1.t., to handle abrasive liquids such as a mixture of water sand, pebbles and clay. Presence of 
these foreign materials is liable to clog between the impelleT and stationary side plates of a 
closed or semi-closed type impeller. 

Axial, Radial and Mixed Aow Impellers 
In the axial flow pumps, the head is developed by the propelling or lift action of the vanes 

on the liquid which enters the impeller axially and_ discharges axially. The action is similar to 
the generation of lift by the wings of aeroplane. Axial flow pumps have a very large d~ 
and are best suited for irrigation purposes. 
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lmpeUor 

(a) Rodlal (bl A><lalfiow (c) Mixed now 

Fig, 6.17. Axial, radial and mixed flow Impellers 

. In radial flow impeUers, tl1e head 
15 developed by the .\Clion of 
centrifugal force upon the liquid 
Which enters the impeller a:dally at 
the _centre illld flows radially to the 
penp~ery. Plow through ii mixed 
flow impeller is a combinntion of 
axial and radio! flows. The head is 
developed partly by Ute action of 
centrifugal force and partly by axial 
propulsion as a result of which the 
fluid entering Ute impeller axially 
at the centre is dischargeu in on 
angular direction. Mi xed flow 
impellers resemble the shape of screw and a_re som~ti~es _called screw impellers. Centrifu al 
pumps with mixed flow impellers are best suJted for irrigohon p urposes where large quantJt!es 
of water at low head are required. 

Shape and Number of Vanes 
fmpeller of a centrifugal pump has a finite number of v anes , usually from 6 to 12. Thl!Se 

vanes may he curved, cylindrical or of more complex surfaces. 

Working Head and Number of Stages 
Based upon the range of working head, centrifugal pumps are called low head (upto to 15 

m), medium head (15 m to 40 m) and high head (over 40 m) pumps. Maximum head built u 
by a single a stage centrifugal pump seldom exceeds 40 m of water. Greater heads are achieve~ 
by having pumps with several stageSi the number of stages is indicated by the number of 
impellers in series. fn a multistage pump, the liquid discharging from one impeller and its 
volute enters the eye of the succeeding impeller, and so forth, there by increasing the head~ 
The total head added by a multistage pump equals the sum of the he.ids built-up by each 
impeller. 

Single Suction and Double Suction 
With respect to how the liquid enters 

U,e impeller, the pumps may be with 
one-sided suction (admissio11) or -with 
two-sided suction. The one-side feed 
arrangement has the liquid entering 
through one side of the impeller. In 
two-sided feed the liquid enters on botl1 
sides thereby increasing the discharge 
of the pump. Further this arrangem,mt 
~liminates the axial lhrusl A single sided 
1mpellenvould, however, experience an 
.ii.:ii!l thrust towards the inlet end. 

Specific Speed 

~ 

Impeller 

Inlet Inlet 

(a) Sio9le suction (b) Double suction 

Fig. 6.18. Single suction and double s uction pumps 

. Sp~dfic speed is a term used for classifying pum ps on the basis of their performance and 
dm~ensional proportions regnrdless of the ir actual size or the speed a t which they operate lt Is 
def med ns the speed of an imaginary pump geometrically s imilar tn every respect to the a~tual 

and capable of delivering lllllt . 
pllrtldF N for a pump is given by, 4Uantity agalnat,1 

59ee • 

N=~ • H t 

where N "' pum~ speed in rev /min; Q • 
JI "' head per st~ge m meters. discharge In ml/sofa single suctroit 

Representative values or specific speed 
i,eloW : for different type of pump impeUers anrllfi 

pump Speed 

Radial flow Slow 
Medium 
High 

Specific speed 

fv{lxed flow 

AJ(:ial flow 

Shaft Position 

10-30 
30-35 
50-80 

80-160 

100--450 

Most o f the centrifugal pumps are of hori . 

0110
my in space, the pumps may be d . zo~tal sh~ft disposition. However, to affect 

:Od mine pumps. estgned with vertical shafts as is done for deep well. 

aassification of pumps can also be made on the basis or. 
type of the liquid to be hand I d h . .' . . · e sue as water, solids m suspension i!nd viscous liquids 
application such as irrigatio bo·t £e d n, 1 er e and condensate circulation 
power used such as LC. engine or electric motor 

6.10. HYDRAULIC SYSTEMS 
There exist _numerous ~ydra~lic systems and devices in which force and energy are transmitted 
throu~l~ an m_compress1ble fluid, generally an oil Notable examples are the hydraulic accumulators, 
intensifiers, lifts and cranes, nuid coupling and torque converters. 
. ~igure 6.19_illustrates one typical layout of a hydraulically operated machinery (press, crane or 

~ift) m~~rpor~ting a pump_ (power so11Tce to provide hydraulic energy), an accumulator and an 
intensifier urut. The operation of these devices is essentially based on the principles of hydrostatics 
and hy dro-kinetics. 

From 
supply Pump Accllmulator Intensifier Driven machine 

(Lift, PreN, ei-i 
Fig. 6.19. Typical layout of a hydraulic device 

6 .10.1. Hydraulic Accumulator 
F1111ct iou ; To store the energy of fluid under pressure and make this energy readily available as a 
quick secondary source of power to fluid machines such as presses, lifts a~~-This~~ 
is analogous to Ulat of an electric storage battery, and the flywheel of a reoprocating engine. AA 



- "\/v,vv , ...... , ,., 

8.10.3. Hydraulic Lift 

building. 

arrangement with a cage or platform fitted to the top end of ram. en fluid under pre 
forced into the cylinder, the ram gets a push vertically upwards. The platform carries load 
passengers and moves between the guides. At requisite height, it can be made to stay in level 
each floor so that the goods/passengers can be transferred. In these direct acting lifts, stroke of 
ran1 is equal to the lift of the cage. 

and these have lifting speeds of 150 in/min or even more. 



2nd floor 

1st floor 
Sliding ram 

f:t ~ '-' •·~ ~A~1! 1st Floor Wire rope 
Ground 
floor 

Ground floor 

Fixed cylinder 

Liquid under 
-
_-_-___ _ 

pressure 
Liquid under 
high pressure - c===::::::, 

Fig. 6.23. Direct acting hydraulic lift Fig. 6.24. Suspended hydraulic lift 

1:fY~raulic lifts have, in ~eneral, been superseded by the electric lifts. Hydraulic lifts then find 
apphc~tlons as stand by uruts to electric lifts or in places where there is danger due to fir 
explos1011. e or 

RE,VIEW QUESTIONS 

A. Conceptual and conventional questions 
1. How hydraulic turbines are classified ? 

2. Describe, with sketch, the construction and working of 
(a) Pelton wheel ; (b) Francis turbine; (c) Kaplan turbine 

3. Sketch the Pelton turbine/Francis turbine/Kaplon turbine. Name the various components and state their 

function. 

4. Distinguish between : 
(a) Impulse and reaction turbine 
(b) Kaplan and propeller turbine 
(c) Inward and outward flow reaction turbine. 

5. Draw the schematic arrangement of a centrifugal pump installation and state the function of different 

components. 
Explain with a neat sketch the construction, operation and utility of the following hydraulic dev.ic:e.e . 

(R) simple and differential accumulator 

(b) hydraulic intensifier 
(cl hydraulic lift 



► 20. I INTRODUCTION . 

. 1 deli d the punlp~ as lhc hycJr,1ul 1L' n1a<.: h111t, \\ lli;.h • ,1111 •·11 tlt 1.: n1cd
1111111 

,l Jn the Inst c.:hopter. we 1ave ,nc • - I I I 
· • h' h mainh 1n thc lur111 nl r11·1:,,;u rc cnc r,• ~ I I ll 111c~ 1,i111, ,11 t' t111

1 
v, 

1 
eoe"'Y' into hydrauhe energy w ic as . . I I . 

·,c, • d 1· by means nf ccnlnfuual lorl'c al'.lirig c111 the li ttlHt, l 11.' p11111p ,, 1,
111

,
1
~

11 
.,, canverted 11110 hy rnu ,c energy. • e _ 

'fu I 8 1 ·r thc mechuruc::il energy ,s con vcrtctl 1nlL1 h)<.lr.111111. c n ~•r!,!) 1111 r1 ,·,.•,u1,· , ·1 11-
1 

,, , h\ 
<ien~ ga Pl_umpd•' u I 1· d r n wb1.·ct1" p ·1~lon 1·, rcc1pro1:.ning (111nv1ng ha.:\..\\ .11d~ ,,nd 1,,111:inJ , 1 11111\11 $Ue:kino: the IQUI UJIO a cy 1n e I " , • 

·-.p · h 1· 'd ndLO · cretlS •s '1t~ hytlr0 ulic encrla!" t pn:~,urc c 11.: 1 }', 1. 1h1' 1111111r, ,, l.11,, •, , cxert8 the. thrust on t e Jqu1 a c. . ... • • 

recjprocating pun1p, 

► 20.2 MAIN PARTS OF A RECIPROCATING PUM'P 

Tbe folJbwiog are the main pun.~ of a reciprocating putt1p as ,;h(lwn 1n f,j~ 2!1. l · 

, DELIVERY PIPE 

OELlVERY VALVE. 

CYLINDER 

PISTON 

Pig. 20.l i Jain parts of a reciprocaci11g pump. 

t. A cytiodc:,. wilh !I plStoq, pi ston rod, connecting rod and 14 crank. 
2. su~1,on r,Jp.e. 3. OeJivcry pipe, 
4 Sue11on valv.:, Md 5 0~1,vcry o.lve.. 

► 10.J WORKING OF A RECIPROCATING PUMP 

rig 20.1 ,how.a 1l ,1nrle D.CI UI& tCCipfCK:a1i11g ()ump. \\ hich w n~llil\ ur ~, f"l"1on \Vh1ch ni11\ c:, l \tn,\ ~r,J~ in,I 
mu:bur,,h, 1n a clu~ fiuint: i:ylinder. The ruuvcme,11 of 1hc pi'lton •~ ub1.doet.1 b) rn1

1
nc.: uni thl' p1~11

11
11•-.l 11 ' 

i:rauti. by rut11n • of .J t!tmncct1ni rod 'Thi: c:r.itlk 11 rl"ttOtcd by inc.in, ur 11.11 cl~4•tnL n1111nr S11~·111,n .111J tlC'lt, ~r~ 
pipe~ w,1h ~uc-tlon vuJve und dC!llVcr) valve art: l.'!unnei=1c.~ le, 1hc c-ylin<ll!r 1llc ,il"7tu,n unJ Jr It, l't~ 1 JJ\ t'' ,,rt 

956 


