
CHAPTER 13

TI,RBoMACEIıIERY

ı3.ı INlRoDUcIToN
In natuıe, eıı€rgy may exist in various forms. Eyüıulic energy ie the ğpe of

energy poesessed by a flüd and it may be in üe form of kinetiq preesure, pot€otial, stsaiı

o thermal energ5ı. Mechınicıl energy is üe type of energy associated uıith the moving or

rotating pırts ofmachines which tanemit poweı The basic pıııpose of flüd machinery is

to convert hy&aulio energy to nechanical energy or mechanical en€rgy to hydraılio

energ[.

lhe frst classification of fluid machinery is based on üe direction of energy

haosfer. in the first category, the input is the hydraulic eııergy and it is converted into the

mechanical energy in the foım of a rotating shaft or a noving paıt of a maohine. Therefore,

work ie done by the fluid and this type of fluid machinery is loown a8 power producing

truld mıchlnery. In the other category, the input is the mechanical eııergy and it is
taısformed into üe hydraulic cnergy in üe form of a moving flui4 sometlme§ at ı higher

pr€8sııre and temperature. In üis case, woık is done on üe flüd and guch machines aıe

refeEed to a§ power abıorbing iluid nachinery. Tbis §pe of classification is shoum in

Figure 13.1.

Fluid machinery

Ftgure 13.1 Classification of fluid maohinery acooding to 9e_d!r_€ctipı
ofeuergytransfer -

Another classifioation of iluid machinery is according to üe principle of
mechanical operation, as indicated in Figııre l3,2, Ia this case, fluid nachinery can be

Power absorbing
fluidmachinery

Poıuer producing
fluidmachinery
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divided into two main categories: positive displacement fluid macbinery, ırhich are

refered to as üe §tatic type and furbomacbines, uıhich are referıed to as the ğmamic §çe.
In posldve dioplıcement machines,'the fluid is fırst dranın or forced into a finite space

boımded by mechanical parts and is sealed in by some mechaıical means. The fluid is üen

forced out or alloqıedto flow out aom the space and the cycle is repeated. As a result, the

flow is intermitte,nt and the floq, rate depends on the dimen§ion§ of üe şace and

frequency ş,ith which the space is filled and emptied. The dweloped pre§§rıre and woİk

done are basically due to üe static forces raüer than üe dynamic forces. Tlpical exaoples

include the oommon tir" pırmp and hııman heart in which the work is done by üe dwice

on üe fluid. Internal combustion eııgine is another example to positive displacement fluid

machinery in which the'qrork i§ done by üe flüd. In turbomıchtneı, the fluid flows freely

betweeıı üe inlet and outlet of the macbine wiüout any inteımittent sealing of üe fluid"

All of these turbomachines have a freely and continuously rotating part hown as,a

rıınner, lmpeller oı rotor, which allows unintemıpted florv of fluid tbrough it. Therefore,

üe eııergy transfer betıııeen üe rotor and the fluid is continuous as a result of üe rate of

change of angular momentum. Rotation of üe rotor produces dpamic effect§ tbat either

addeııerryto üe flüd orremove eııergy aom the fluid-

T\ııbomachinery Positive displace,meııt
fluidmacbinery

Ftgure 13.2 Classification of fluid mıchinery according to the principle
of mechanical operation

It is possible to classiff üe tuıbomaüincs from sweral differeııt vieuıpoints. The

first tlpe of classification is based .oı the type of the working fluiğ as shown in Figrıre

l3.3. The pouıer absorbing turbomachines operating with an incompressible working fluid

aıe referred to a§ pump§ ıvhen the aim is to increase üe pressure of üe üquid and

propeller§ when the aim is to increase üe velocity ot the liquid. The power absorbing

turbomachinee operating ıvith a conpressible flüd are refeıred şıith seııeral different

names. They aıe referred to as fıns, if they impaıt motion b a ga§ uıith a small change in

the pressure, blowers, if üey impart substantial velociğ and pressure to a gas and
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flüdmachinery

,ı
Inoompressible Compressible
workingfluid workingfluid

r+
Pump Propeller ComDressor Fan Blower

Tt RBoMACEIıaERY 1799

compre8sorı, if üey transmit poıır€r to a gas to obtain high pressure ,ııith a emall change

in velocity. The power producing tıırbomachines opcrating with an incompressible fluid

are refened to as Pelton wheels, if the available kinetic energy of üe fluid is conııerted to

üe mechanical eııerry md hydrıullc tırrbineo, ifthe available pre§§rıre oergy of the fluid

is converted to üe meohanioal eııergy. In üe case of pouıer prodııcing turbomachines

operating with a compressible nıorking fluid, they aıe inoşın as gıs turbineg or gteım

turblneı, ifmechanical eııerry is obtained from the available pressure energy ofüe fluid

and wlıdmllls, if mechanical energy is obtained tom üe available kinetic energy of the

fluid"

Tiııbomactünery

Figure 13.3 Clıssification of tıırbomachinery based on the tlpe of üe working fluid

Thc diıection of fluid flow with req ect to the plane of .otutio, of the impelter

distinguishes the differeııt classes of turbomachines a§ ildal, mixed and radial flow

macbines. Boü pumps and turbineş can be axial flow, radial floıı, or mixed floıır.
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Flgure 13.4 An a:<ial flow impeller
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Iı odal flow tuıbomachines, the direction offluid flow is along the axis ofrotation

ııd poırpcııdicular to the impeller, as shoum inFigure l3.4.

In radial flow pumps, sometimes ıefeııed to as ceııtrifugal pumps, although the

fluld ıpproaches the impeller axially, it tııııs at the inlet of the pump so tiat üe flow in tbe

lnpollcr is in lhe plane of ıotation of tbe impeller. A tJ/pical radial floıı, trııımp imFeller is

ıhoçıo itr Figııre 13.5. Howwer, in radial flow tıırbineq the fluid eııters the inpeller

ndiılly and leaves it axially.

' Figure 13.5 A ceııtrifugal pump impelter

': 
in mixed flow tuıbomachines, üe fluid flow tbrough üe imFe|ler is partly axial aod

pırtly radial. In a mixed flow pump, the impeller is conical and the direction of floıy

loıvlng the imFeller is somewhere betweeıı aırial aııd radial. A §4ıical mixed flow pump

lmpcllcr is shown inFigure 13.6. Howwer, in a mixedflouı turbine, the dhection of flow

6taiıg üe inFeller iş iı betweenradial aod axial directioıs.

Flow

Flow

Power producing

Flow Flow Floş,
(Kaplan) (Franois) @aoki

ffiT$
Figure 13.7 Classification oftuıbomachinery based on the diıection offloşı

A ıoad map for this chapter is presented in Figuıe l3;E. The discussion starts $rith

the application of fimdameııtal relations to the flow thıough an arbitary turbomacbine by
using one-dimeıısional approximaüon. Velocity triangles for pı:mps and tınbines are then

inhoduced and conditions for maximum eııergy transfer aıe discussed. Energy relations

tbrough pııınps and turbines are analyzed and üe geııeral perforrıance ohaıacteristic§ fol
pumps aad turbines are considered. The discussion continues with the simiütude in

turbomachines with şeoial emphasis to the performance characteristics at similaı
opcratİng points. The sııne turbomachine operating at different rotational speeds and

geometrically sİmİlar turbomachİnes opcating at the same rotational speed aıe considered.

The specific speed or type number is defmed for the classificaüon, comparison and İesip,
of pumps aDd tırbines. Pumps aıe üen classified as radial, axial and mixed flow according

TIrRBoMACEIııERY l20|

The classification of turbomachines, which is based on the direction of flow is

pıesented in Figuıe l3.7. The cased power absorbing turbomachines can be radial, axial or

mixed type, while the uncased power absorbing turbomachines are usually axial flow
propellers. The power producing turbomachines are usually classified as üe impulse an(
reaction turbines. The static pressure remains con§tant in impulse turblnee, which are of
axial turbomachines. Howwer, there ie expansion.across reıction turbiıes \rith a

corıespondiıg decrease in the static pressure. Reaction turbines can be radial, axial or

mixedtype.

Turbomachinery

Power absorbing
fluid machinery

I

,ıuncased casedl r-+--ı
Axial flow Axial Mixed Radial
propelIer

Imgulse
Ill

pelton 
windmill

wheel

Reaction

Figure 13.6 A mixed flow pump imreller
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to üe geometry of flow pa§§age and anallzed in detail. Ttis is followed by the

classification of turbines as impulse and reaction turbines. The reaction turbines are fuıther

classifed as radial (Francis) ınd axial (Kaplan) turbines. Since pumps and turbines operate

in a pipe system, theirperforoances aıe closely related to the losses iı üe system ofpipes

connected to üem. For tbis rcason, pump§ and turbines operating in pipe systems are

anallzed and concept ofcavitation is intoduced. Itis discussion is extended to pump and

pipe systtm combinıtions. System characteristic is inhoduced and the operating point is

defined. Finally, the series and parallel combination ofpumps operating in a pipe systen

are consideıed and üe pump selection procedure is examined.

TURBoMACEII\ıERY 1203

Figure 13.8 Road map for Chapter 13 (continued)

|3,2 İ"UNDAMENTAL REIl\TIoNs FoR Tm FLow TIIRoUGE AN
ARBITRARY TURBOMACEİNE

13.2.1 Coordlnıte tr'rıme for theDescıiotlon of Flow

The analysis of tbree-dimensional flow tbrough üe iınFeller of an aıbitrary

turbomachine is very complex. The velocity ofthe fluid atpoint P is a fiıactioı ofthe tbree

positional coordinatns r, 0 ınd z in the cylindrical coordinate sy§tem, a§ shovın in Figııre

13.9 and givenby

v =l/,l,+ı/oio+t/,l, (ı3.ı)

wherc Z,, Te aıd V, are the radial, tangeııtial and aııial componenb of the velocity,

respectively. The plane of consbnt 9is inown as the meı,ldional plıne, ıvhile üe plane of
Flgure 13.8 Road map for Chapter 13
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oonstant r is hown as the surfoce of revolutlon. one should note that üe surface of

rcvolution is not always cylindrical, but it may have a flared shape, as shoıım in Figure

l3.9. 1he blades of tı:rbomachinee afe cut out into this plane and extend in the radial

direotion. The velooity distribution is dçendent upon the number of blades, their shapes

and üicknesse§ and the vridth of üe impeller. The velocity component, which i8 tangent to

the flared cylindrical surface, is known as üe meridional velocity and it can be giveıı as

,ı,="ffiE (l3.2)

' Flgure 13.9 Floıvthıough anaıbitary tuıbomachine

13.2.2@
The one-dimeıısional theory sirylifies the problenı considerably with üe aid of the

follovring assumptions :

(i) §ince the pressıue differonce across the blades is responsible for producing the

iorque, the thichess of blades is not imporbnt aod can assumed to be zero. In this case,

the blades can be regarded as surfaces of discontinuity and there is a suddeıı change in

pre§sure and velocity as one passe§ from one side ofthe blade§ to the other. The pıessure

difference across the blades can theıı be replaced by imaginary body foıces acting on the

fluid andproduciıg the torque.

(ii) As the number of blades tends towards infiıity, the strengü of discontinuity

across oach blade decreases and teııds to zero. This is equivalent of assuming axisymmetric

ilow tbrough thg,impeller. Axisymmetric flouı means that the flow properties on all planes

of constant d, that is üe meridional plane, are the saoe.

T[JRBoMACEııIERY ı2Os

(iii) The floııı can be assıımed to be uniform over each cross-section. This is valid if
the thickness of the sheamtube is very small when compared to the radius of üe

steamtube.

13.2.3

Consider the flow through üe control volumç in an arbibary tı:rbomachine, as

shown in Figure 13.10. The basic consorvation laws can now be applied to üis cöntrol

volrıme.

Ftgure 13.10 Conkol volume for the flouı across an arbitrary tuıbomachine

ı) Contiıulty Equıtlon: For üe steady flow, the integıal form of the continuity

equation is given by Eqııation (4.5) as

|r$.ı)d.ı=o

The fluid flows in tbıough area, lı, of the control surface and flows out thıough area, Az, of

the conEol surface. No flow can take place through other surhces of üe control volume,

since üey aıe formed by steaolines and V.n - 0 on theşe surfaces. Therefore, Eçıtion
(4.5) reduces to

I r, o,({r.o r)dA + İ n o"(Y 
" 

a r)dl = o

Sİnce üe flow İs one-dİmensİonal, areas lı and la aıe perpeııdİculaı to velocİtİes Vı and

Vı, respectİvely, then Vı.nı : -Zrı and Vı.nı - V^2.Hence,

revolution

- İ r, err ̂ rarl 
* 

1 n 
prY^rM = o



|206 ELuIDMEC]EANrcS

For a one-dimeıısional flo,ır, properties afe uniform over each crogs section and

ıh= AV*rA,= pzV*z$.

Noting thatlı =2ıvıbı and Aı=zıo,2bzwithbı aıdb2 being the width of the blades at the

inlet and outlet, ıespectively. Vrı Yrı

ffi,,Va l/t -T.-

r
^

I**,/a,
0

(b) Tıırbine

Ftgure 13.11 Compobeııts of velocity for a punp and a üırbine

c) The Fİrıt Lıw of Thcrmodlmanlcı: Wheıı the first 
'aw 

of therınodynaııicı(4'70a) foı one'dimeıısional and steady flow of an incompressible fluid is combinod withüe definition ofenthalpy (a.62), one can obtain

,8" *, ü" + a@ + tı +Ç + czı) =,h(ıı2 * Zz- *Ç * pr1

wheıı there ie no heat tansfer, üe internal eııerry of incompressible fluid§ is constont andüe above equotion becomee

,rr, * a( zı- * $ * 
",) = ı{ z * 9 * ",\lB 29 -, ) ..-la - 2g-"')

Noüng that ıh = @, hu = p, lQıg) + V| t(Zg) + z, aıd h,, = p, lQog) + Y| lQd + z,

TuRBoMAcm{ERY |2o7

ıh = Zııp{^rrrb r= 2xp"Yn rrb"= coİrstant

In üe case of one-dimensional floııı of anincompressible fiuid

Q = ZıtY.rrrbr= ZııIln rrb, = colsüant

b) Conservıdon of Angulır Momentum: For a steady flow,

component of the angular momeııtum equation (4.43) is

T, = ! n ArrV^N r,ır)dA + l n 
p"rrYu r(Y 

"n 
r) M

which can be reananged to yield

T, = lrp"r"YnY^"M- tnPrrrLnT,rdA

Foı uniform properties over each cross-section

Tg = prrrVg"V,rA, - pı1V e{,A

Noır, using the continuity eguıüon (l3.3a)

(l3.3a)

(13.3b)

the tangeııtial

T, = ıiı(rrVg, - r{g,) (ı3,4)

which is knouın as the Eulerls turblne equıflon. In this equaüon, subscript 1 indicates the

inlet section and subscript 2 indicates üe outlet section ofthe contol volune. The velocity

çomroneııts at the inlet and ouüet of a pump and a turbine are shorın in Figuıes l 3 . 1 la and

l3.1lb, ıespectively. For a p"-p, üc ıato of angular momeııtum at üe outlet, rtr{"r, is

greater than the rate of angular momentnm at the iı|rei, ıiırrYr, so that the toıque in üe

tangential diıection is positive. Houıever for a turbine, the rate of angular momentum at the

oıtlet, ıCırrVr", is smaller than the rate of angıılar momeııtum at the inl el, ıhrrVr, , so that üe

torque in üe tangential direction is negative.

_4

(a) Pump

bı

:H.-_--'
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,Iİr= pgQ(h,"-hu)

The theoretical head increase across a turbomacbine can be defined as hn = ha - hasfrld the

rat€ of woık can be denoted as the powerP so that

P=B0ha (l3.5)

d) The §econd Law of Thermodynamicı: For incompressible flows without heat

tansfer, there is no need for explicit consideration ofthe second laq/ ofthernodynamics.

llowevet, when comptessibility and heat tansfer aıe pre§ent, one should be careful so that

the second law of üeımodynanios is notviolated.

For incomlıressible floııs, the angular momentum eqııation and üe first law of
thermodynamics can be combined b yield a very u§eful relation. To obtain this ıelation,

frst note that the poıver is üe product ofthe tmqııe and angular velocity, so that

P - Tra = ıiı a(rrVr" - 47er) (ı3.o

with üe aid of Eqııation (l34). If the incpeller rotates about the z_axis with an angular

rotation positive in the z-direction, üe rotation will be counterclockırıise. Hence, the power

is positive for a pıımp and negative for a turbiıe. Now, combinin8 Eçations (13.5) and

(13.6), one can obtain

ho =9(r"Tr"-rrYrr)

Since üe iryeller is a ıotating menber, any point on the impeller has a peıipheral

vclocity [/, in the fqngential direction, which is given as

Tt RBoMACEINERY l2o9

13.2.4 Velocitv Trianpleı for Pumos ınd Turbines

Ifthe velocity ofthe fluid relative to ttıe rotating imFeller is denoted by \tr, the

relation betııreeıı the absolute and relative velocities at any ldcation on the impeller can be

eıçressed as

V=U+W (ı3.10)

The correqponding velocity triangle is shouın in Figure 13.12. The angles that üe absolute

and relative velocities make with the tangential direction aıe the absolute fluid a"gle, ğ,
and Üe ıetative fluid angle, p7; respectively.

u

E'igure 13.12 Velocity tiangle on a rotating impeller

(ı) Aıiıl E'low Pump: The velocity kiıngles at the inlet and outlet of an axial flow
pump aı€ shoıım in Figure 13.13. The fluid approaches the rotating blades ofthe impeller

at a relative velocity of W| andleaves them at a ıelative velocity of Wz, !f/.neı üere aıe

infinite number of blades on the impeller, the flüd and blade angles are eçal, tbat is

fv= fr": fi and B$= Pr= Ph. The zubscripts/and y indicate the fluid and blade,

U =ay

!
lu =;(U"rrr-UrYrr)

(ı3.7)

(ı3,8)

(ı3.9)

Hence

The sign conveııtion in the above eqııation is implicit and the positive signed head is a

ıesult of the head increaşe in the flow diıection, ııhile the negative sigled head is a result

ofthe head deoıease in the flow diıection.

i'igure 13.13 Inlet and outlet ııelociğ tiangles for an a;<ial flow pıımp



ı210 F!,İ,]IDMECEANIC§

respectively. Tbe aı<ial pump in Figure 13.13 does not have inlet guide vanes üat is üere
aıe no stationary blades to direct the flüd to the impeller. As a resul! aı = 9f. AJso, one

should note that the peripheral and axial velocities are coDstant for an aıial flow
tuıbomachine.

b) Aıtol Flow Tiırblne: For an oıial flouı fuıbine, the velocity tiangles at the inlet
and outlet ofan impeller are shown in Figure 13.t4.

Figure 13.14 Inlet and outlet velocity trianğes for an axial flow furbine

(c) Rıdtıl Flow pump: The velocity triangles at the inlet and outlet of a radial
flow Pump are shoŞn in Figure 13.15. In this case, the peripheral velocities at the inlet and

outlet aıe not Üe same, that İs tIı * tJı, due to üe differeııt radii at üe inlet and outlet For
the radial pump in Figure 13.15, there is no inlet whirl since there are no inlet guide vanas.

TURBoMACIIIıIERY l2ll

(d) Rıdiıl Flow Turbine: For a radial flow tuıtine, the velocity triangles at the
inlet and outlet of an impeller are shown in Figure 13.16.

Flgure 13.16 Inlet aad outletvelocitytriangles for a radial flow tıırbine

13.2.5 Mıılınum Enerqv Trınsfer |n Thrhonıchlnes

13.2.5.1 APump without lılet Gulde Vınes
in a pump, the maximum eııerry transfer takes place, if there are no inlet guide

vanes. The inlet guide vanes are the stationary blades just before the impeller, changing üc
diı,ection of the ftee flou, of the liquid before the entry to the imDeller. tn üis oase, Zaı = 9
and thene is no inlet whirl wiü aı = 900 and Z"ı = vı, ü shoşın in Figure 13.17. Then,

Equation (l3.9) becomes,

(hn>*-U"%"
c

Buç Vn= t}z- Wa, sothat

ffi
(a) (b)

Flgure 13.17 (a) Inlet and (b) dischargevelocity diagrams for a pump
with no inlet guide vanes

Uı

Figure 13.15 Inlet and outlet velocity kianglas for a radial flow pump
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whioh is valid both fo a:rial aad radial pumps.

13.2.3.2 A Turblne without Outlet Whtrl
In a tıııüine, the no outlet whirl condition is established by desigping the blades so

thıt [o - Q as shown in Figııre 13.18. 1a '\is casoı ma:rimumnegative head is achieved.

Itıo, Equation (l3.9) becomes

ün)*=-u{"

Bu! Za - t}ı - Ya, sotlıat

1hn1*=_Uı(Uı-WeJ (ı3.12)
c

13J.6 Inlluence of Flnite \umbe r of Btıdes

, The equıtions that aıe derived this faı re vaüd with the aı«isymmetic flow

ııııınption which also implies that there are infinite number of blades. The pıesence of
ln§nlto number of blades implies that the fluid is guided perfectly well tbıough üe
lnpotlor by invisible blades of finite lengü.

The existeno€ of finite mımber of bladeş on an imFeller reeults in the foltowing two

dlffaacegı

Yz= T,a

luılU,
'Wa'Ya

(a) (b)

Ftgure 13.18 (a) Inlet md (b) discharge velocity diagrams for a tıırbine
with no outlet whirl

TURBoMACEINERY l2l3

(i) The existence ofsolid vanes in the flow area oauses blockage and increases the

meridional vclocity for a given volumetric flow rate.

(ü) When üere aıe finite number of vanes, the fluid is not guided perfectly well so
that the fluid and blade angles are not üe same. Therefoıe, it is impossible to assume that

üe fluid leaves ft6 impellerwith the same angle as the blades.

Exınple 13.1

A oentifugal pump run§ at 1500 çm and disoharges 0.05 d/s of water. The inlet
and exit radii o1 1fo6 imFeller aıe 0.05 m and 0. 15 nı, respectiveln while the widü of the

blades at üe inlet and exit are 0.03 m and 0.0l m, respectively. The blade angles at the

inlet and exit are 6d and 450, respectively. Assumiug that üe fluid aad blade angles are

equal, find the

a) üeoretical head of üe puıqı,

b) angle at the intet between the absolut€ vetocity and tangential diıection and

c) mıxipııp p.sgible theoretical head of thepump.

§oludon

a) The rotational speed ofthe pump is

,=2B=9@Hffi157.ırad/s

Then, the peripheral velocities at the inlet and exit are

Uı = ğ= (157.1 rad/s)(0.05 m) = 7,855 mı/s

and

U z = üz= Q 57.1 rad/s)(0.15 m) = 23.57 -ı,
ıespectively. Now, the meridional velocities at the inlet and exit ofüe imFeller aıe

0.05 m3/s

ç61*=!ılL_-Wn\
c

03.ıl)

r^,=* = 5.305m/s(2)(r)(0.05m)(0.03n)

0.05 m3/s

and

n."=#=
(2)(z,)(0.1 5 m)(0.0l n) = 5.305 m/s
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respe,ctively. From the velocity triangtes given in Figure 13.19, the tangential componeııt

of üe absolute velociües at üe inlet and eııit aıe

Teı =Uı-Y.rcotB, =7.855.m/s -(5.305 m/s)(cot 60o) =4,792^ü"

and

Vgz =Uz-T^"cotP" = 23.57 m/s- (5.305 m/s)(cot45o) =18,27 
^ü"

respectively. Now, one can find üe theoretical head by using Equaüon (13.9)

hn =!ç]rıırr_urıı ,1_(23,57 
mls)(l8.2l m/Q -(7,855 n/s)(4,792als)-c" ffi

= 40.06m

b) The inlet angle between the absolute velocity and tangenüal direction can be

determined as

a, - aı44ı -*-ı 5.305m/g 
= 47.9lo' Vr, 4.792mls

one should note that üe fluid is directed towaıds üe impeller by inlet guide vanes

probably since aı is different than !$o. The üeoretical head can be increased by adjusting

üe inlet guide vanes so tbat 4ı is greater.

c) The maxinum possible theoıetİcal head can be obtained ıııhere üeııe are no inlet
guide vanes üat is Va:0.

1hn1*=9s!3z=c
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133 EI{ERGYRELATIoN§ TERoUGEANARBITRARYTI]RBoMACEINE
Al1 hydrauüc machines coovert one foım eııergy into the oüer and losses aluıays

occur during üese energy oonvergion procegse8. A machine becomes more and more

efficient as üese losses become§ smaller and snaller. The efficieııcy of a machine ij'
defned as üe ratio of the power output of üe machine to the power input into it However,

hydraulic machines are usually very compleıı and there aıe a number ofpaıts through

which üe fluid moves. For üis reason, it is more convenieııt to consider the losses in each

comPon€nt as uıell as as Üe overall loss and eı9ıess each ofthese loss componeııts in the

efficienry foro. In this section, thesğ losses in the components of the hydraulic mıcbinery

will be considered one by one for pumps and tuıbinee sepaıately.

13.3.1 PJEDS
13.3.1.1 Eeıd

when all loşses aıe neglected, tbe head delivered to the fluid is üe üeoretical heağ
io. As.the fluid passes through the blade pas§ages, it receives energy ftom the moving

blades. There are two major sources of energy loss in m impelleı The first one is due to

üe contact betweeıı üe fluid moving over the solid suıfaces wbich gives rise to bouıdary
layer developmeııt and viscous losses, The other §pe ofenergy loss is due to separation

which occurs as üe fluid changes it§ direction. In addition to üese two types of losses,

üere may also be anergy losses due to the secondary flows uıiüin üe iryetler beoauee of
the pressure distribution acıoss it.

In most hydraulic machines, üe iopetler is surıounded by a stationaıy casing and

the fluid passes ürough the paıts of the casing before it enters üe impeller and after

leaving it. Ilence, head losses due to ftiction aod sepaıation also occur in tbe casing.

Ifall ofüese head losses aıe deııoted by iı, then the head, h, delivered to the fluid
becomes

h=hıı-hı (ı3.ı3)

13.3.1.2 Volumetrlc FIoı' Rıte
The vohımehic flory rate ürough ftE impeller is not the same as the volumetric

flow ıate through the pump. All of the flüd passing through ü6 imFeller does not go to üe
discharge enğ but some of it flows back to the suction side tbıough üe clearances between

Q3,57 mls)(l 8.2l a/ ü ; (,
9.8l m/s'

Ftgure 13.19 Sketch for Exaople l3.1
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thc inpcller aod casing. This is öıe to the fact that the prerısure at the discharge side is
poatcr thın üe pressure at the suction side. Heııce, üe impeller always haıdles a gıeater

ıolumebic floır rate üan the dischaıge by the pump. If Q is the volumetric flow rate going

üıoug! üe impeller, the actual volumebio flowrağ Q discharged byüepump is

8=8-Q, (ı3.ı4)

uıhqc Qı is the volumeEic flow rate leaking back to the suction side through the

oloannceg.

133.13 Power

In a pump, the shaft power, P,, can not be tansmitted to üe impeller uıiüout any

loes. certıinly, there aıe mechanical losses of energy in the beaıings 6ğ şeeling glands

and they can be deııoted as (pı),r, Also, it is cu§tomary to include the losses due to the disc

ftlction which is also refen€d to as üe windage loss. This is equivalent to üe power

ıuquired to rotate the impeller at a required velocity without any work being done by the

lnpcllcr on tbe fluid. This is ontypossible uıhen the imFeller does not have any blades and

thio power loss, (pı)a6 takes care of the aiction between the outer surfaoes o1 1trg impell€r

aod the zurıounding fluid" Then, the mechanical power loss, (Pr», is

(Pı)" =(Pı)* +(P,)* (13.ı5)

Tho power imparted to üe impeller is referred to as üe intenıal power, pı, and is ğven by

P,= 1-Q)^= BQ,hı, (ı3.ı6)

In addition to üese, there are power losses dııe to üscous effects, separation, secondary

flows and lealrıge within üe pump. All of these losses are referred to as hydraulic power

loss, (Pı)t. Finally, thepower delivered to the fluid is

TuRBoMACEINERY |21,1

13.3.1.4 Eitrctency

The overall efficiency, 7, of a pump is defined as üe ratio of the poıver delivered to

the fluid to thepowerinput to üe shaft

Pı=ğ-(Pr)ı,=BQh

lhe relation betweeıı the shaft power and poırer deüvered to the fluid is

Pı = P, -(Pı)^ -(Pı)ı

The summarlı of energy balance for üe pump is indicatedin Figure 13,20.

Figure 13.20 Energy balance for a pump and summary of efficieııcies

,=Pt =BQh,11

- _P, _BO,h,,,l--i--- o -lı Iı

(l3.ı7)

(l3.18)

The mechanioal efEoiency, 7,, is the ratio of the power supplied to üe impeller to üe shaft
power

(ı3.19)

Meüanical powo loss, (Pı)j

Hydraıılic poıvo loss,

Fluidpower, P7

(l3.20)
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The hydraulic efficiency, 7ı, is the ratio of üe head delivered to the fluid to the theoretical

üat uıould have deüvered to the fluid if there were no losses

hllı =-]-
ilrı

(t3.2ı)

The volumetric efficieııoy, 7,, is ihe ratio of üe volımetic flow rate through a pump to the

volumetric flow rate tbrough the imFeller

Tt RBoMACEII\IERY l2|9

13322 Volumehılc Flow Rıte
One should note that üe volrımetric flow rate tbrougb the imreller is not üe §amc

as üe volumehic flow rate through üe turbine, All of üe fluid passing tbrough üe tuıüine

does not go through the imFeller, but some of it leaks through the clearances betçıeeıı the

impeller and oasing. If Q indicates the volumetric flow rate tbıougb the tuıbine, üe
volumetric flouırağ p1, passing through the İmpeller is

The internal efficieııcy, ?ı, is the ratio of the power deüvered to the fluid to üe power
imFarted to the inJıeller.

,"=*=#

o,=?=ffi=&t=r"r^

It is noıı, possible to show that tbe overall efficieııcy is equal to the product

component effoiencies

Pf P,P

'=T= ",i=o.4ı=4n4ı4"

(l3.26)

,,y
, ,(b

/ (ı3.27)

This power caonot be traosmitbd to tbe shaft wiüout any loss. rn"r" *. ç,/."o losscs öıc
to vigcous eflects, sqıaratioıı, secondary flows and leakage within *"@ All of üego

losses are referred to as hydraulic power loss, (Pü. so üat üe powerİmpartedplkc '

8=9-9ı
where Pı is üe volumetric floıı rate teaking tbrough the cleaıances.

13.3.23 Power

In a turbine, the available flüdpower, P; is

Pr= pgQh

(Pr)" =(Pı)r,+(Pı)*

Theıı, thepower tran§nitttd to üe shaftis

P, = P,-(Pr)^

The sıımmary of eııerry balaoce for a turbine is indicated in Figure 1 3 .2 1 .

(l3,»)

(ı3.23)

of all the

(l3,24)

133.2 Turblıeı
13.3.2.1 IIeıd

In hydraulic turbines, ihe impeller is usually surıounded by a stationory casing. For

this reason, the fluidpasses tbrough the parts ofthis casing before it enters the impeller and

after it leaves the impeller. Therefore, losses occıır due to viscous efEeots and separation.

When the fluid passes through the blade passages 61ft6 imFeller of a turbine, loss

ofenergy occurs because ofthe viscgus effect§ between the solid surfaces and fluğ and

drıe to the separaüon during the chınge of direction of üe flüd in the inneller. In addition

to thesg there may be losses due to the secondary flows in üe impeller.

If all of üese head losses in üe imFeller are denoted bı fu, üe üeoretical head, i,ı,
delivered to the impeller is

impeller is the intemal power, P1,

P, = Pı _ (P,), = *a,-« \x\n
This power impaıted 16 1tr6 inDeller cannot be tan§nitted to üe üaft due to tho

mechaoical loese§ in the beariags and sealing glands. In addition to this, it ie cuıtomary to

include the losees due to üe,disc friction into the mechanical power lossee. Thcn, tho

mechonical power loss, (Pğ, is

(l3.29>

(ı3.30)

hı,= h-hı (ı3.25)
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lt.3.2.4 Eifictency

The overall efficiency, 7, of a tıırbine is defined as the ratio of üe power detivered

to üo 8hafrto the available 0uidpower

TIJRBoMACEINERY l22l

The volumetic efficiencn ı7,, is the ratio of the volumetic flow rate tiıough the impeller

to the volumetric flow rate tbrough tie turbine, that is

DDn=a= 'ı' PJ BOh

,ı,=+

(13.3ı)

f )q\},
n =Q, =Q-Q,a0

The intemal of;Eciency, 76 is tho ratio of the poweı

, =P': 1'ın P, BQ,hn

o=L=1-4 _P, peQı\ 
_

'' = 
4= p, 1 

= İad; ='ı,'ı, = l-tl ıfl,

' 
,= 2P-V (2XrXP70rev/mio) 

=l53.9rad/s60 60s/min

(ı3.33)

imparted 16 tfog inreller to _tbe

(ı3.35)

(13.36)

Thc hydraulic efficieııcy, ?ı, is the ratio of üe theoretical head to 'le head posse§sed by

thc fluid
(13.34)

The mechanical efficiency, ?,, is the ratio of the shaft power to the power inFarbd to the

impe!ler

It is now possible to shorv that the overall efficiency is eqııal to the product of all üe
oompoıİent efficiencies

Eıımple l3.2

A radial pump rotating at 1470 rpm produces a head of 6.5 m at a volrımetic flow
rate of 3800 lt/ min. The impello, wbich is shown in Figure l322,has an inlet diameter of
80 mm and an outlet diameter of 200 m. The blade widü at the inlet and outlet are 25

mm and 10 ıım, respectively. The blade gngles at the inlet and outlet aıe 6d and 450,

respectively. The blade and fluid
guide vanes, If üe mechanical efficiency is 80 percenğ det€rmine üe required to

dıive the pump. The worHng fluid is water wiü a density of 1000 kgrh3.

§olufon

The rotational speed ofthe pump can be calculated as

\
\y

_3

Ltr\,- 'i*'.

§*'

Shaftpower, R

F'igure 13.21 Energy balance for a hırbine and summary of efficiencies
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Outlet

Flow-.-.,

Inlet

Outlet

tr'igure 1322 Sketoh for Example l3.2

while the peripheral velocity at the inlet is

Uı= üı = Q53.9rad/s)(0.Mm) = 6.156 -ı,
One oan obtain the meridional velocity at üe inlet of üe pump as

7,, = U, tm Br= (6. 156 m/s)(tan 600) = 19.66 Ş,

Now, the volumetric flouı ratepassing through üe pump impeller can be evaluated as

Q, =hıdr\ = Q0.66ııı/$(z)(0.08m)(0.025m) = 0.06698m3/s

The actual volumebic flow rate thıough üe pump is given and it is

g =(3800lymin)(10{ n3llt)/(60s/min) = 6.96333 rı7.

Then, üe volumetric efficiency of the pııırıp is

,.. = 
0 

= 
0.06ıısm]ıs 

=0.9455" Q, 0.06698m'/s

Now, üe meridional velocity at thp outlet of the pump is

V-,= q. =. o,o6698m3üs-=10.66mls'a' dr\ (z)(0.2m)(0.01m)

while the peripheral velocity at the outletis

ü
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one can calculate the component ofthe absolute velocity in the tangential direction as

Yn = U ı- I'"r@.P, = l 5.39 m/s - (l o.ee mlg1Q+s o 

) = 4 :7 3 
^ü "

so üat the üeoreti.rı n*a ota"lÇ:.-=_--.=.t\ l

,/a/2

The hydraulic efEcieııcy cannow be evaluated as \*--- t

- h =u;!,'=o.rrr, \ .-Yo,=i= 7.42lm '\ 
^ ^,rr1.so thatthe overall efficieııcy is A \\ Ş

0 =0,or4^ _ (0.945Ş(0.8759)(0.8) 
= o.6625

Finalln üepouıerrequiıedto drive üepump is

ıV'(

P _ pgio 

^ 

0 000 kyml X9. 8ı m/8ıX6.5 nx0.o6333 m3/s)
=6.096klil-+--------- /// ıı V 0.6625

13.4 PERFoRMANCECEARACTERI§TICS
The flüd çıanüties involved in hydraulic machines aıe the volumetric flow rato, Q

and head, İ, uıhile the mcchanical quantities a§sociated urith üe machine aıe tho ıizo of tho

machine, d ıotaüonal spee{ JV, pouıer, P and efficieııon 7. Although all of üoıo
quantities have equal importınce, cmphasis should be placed on a specific mımbcr ofthoıo
quantities, whioh are different for pumps and turbines.

In a pump, the ouŞut at a ğveıı şeed is üe volumebic flow rate ofthc fluid and

the head deüvered to the fluid. Then, the fundamental chaıacteristic of a pump ie a plot of
üe head against üe volumetic flow rate at a con§hnt şeed. Hoıvever, fhi§ perfonnancc

can only be achieved by a poırer input, ııyhich involves efficicııcy due to energy tanıfcr.

For üis reason, it is also usefiıl to plot üe power, P, and efficieııcy, 4 against üo
volumetric flouı rate, o. A §picat set of performaice chaıacteristics for a pump is showı
inFigure 13.23.

U ı = @ı = Q53.9 rad/s)(0. l m) = 15,39 6,
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Flgure 1323 A tlpical set of performance chaıacteristics for apump

i. For a turbine, the output is üe powo developed at a con8taot head for a given

,p""d. Fo, thi§ ıtn§on, the fimdamentıl chaııcterictic is a plot of the power against üe
epeed at a con§tant head. iı üi8 case, the volumetric flow rate of the fluid is the input.

Hence, to complete the set of characteristics, üe volrımebic flouı rate and efEciency aıe

plotted against the speed. A $ıpical set of performance charaoteristics for ı turbine is

showninFiguıe 13.24.

P,Q,n
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ı3.5 §IMILITIrDEINTIJRBoMACEINES
ı3.5.ı@

The independent physical variables, wbich describe iüe performance of a

tuıbomachine can be given as the

(i) volumetric flovı ıate, Q,

(ü) energy per unit weight or head, lı,

(iii) dimension of the machine sııch as üe diameter, d

9

(iy}ıowerof tbe machine, P
-"- (v) density of tbe fluid, p,

(v) üscosity of üe fluiğ p4 and

(vü) rotationıl speed ofüe impeller, a.,*ü,,ğ) 
ü?"'Yg Since the enersı per unit weight, /ı, and diameter, d, of the machine have the same

dimensions of lengü, üe enerry per unit ma§s, g/ı, is ıısed instead of the energy pef unit

weight, i, in order to make a distinction betrveen then" Hence, the funcüoıal relation can

f(Q,gh,d,P,p,F,a)=0 (l3.37)

Tbe dimensioıs of üe physical paran€tcr§ involved can be given ı8 |QJ = L3/T,

tghJ= L2lf,tdJ= L,|P|= ML'l?,|pJ= MlL',tıı|= Ul(tD and [a1] = l/u.

Since the prinary dimensions which aıe involved iı the dimensions of tbe

governing parameters, are the length, i, time, {, and mass, ğ the number of primary

dimensioD§ is ıı:3.
Now, one can select tbree ıepeating paıamet€r§ so that the number of these

repeating variables is egual to the number of primary dimensİons, which are u§ed in

expressing the dimensions of all parameters involved. The repeating parameters may now

be chosen as üe diameter, d, ıotational speed, o and &üit1 A which are the geomehic,

kinematic and dynamic variables, One should also note that these repeating variables

contıin all the primary dimensions.

According 19 ü6 lııçkinghem_Pi theoıem, üe number of nondimensional

parameters is n - m = 7 - 3 = 4,

jV

l.-1,-

i'igure 13.Z A typical set ofperformance characteristics for a turbine
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Tte four noodimeıısional parameteı§, ,b, ,ao ,D and ,ı can now be set ııp by
multiplying the ınselected paıameters Q, gh, P aıd, 1ı" wiü üe repeatiag variables d, p aıd,
a1 which aıe raised to nnknown exponents. Ileııce

ıo=Qpoabd"

ıtr= (gh)p'a»8dh

frp= ppıoıldt

ıcr= ppıaıd'

ııberc a,b,c, e, g, h,i,j, k, l,p and,r arc üeunhown exponents.

The dimenşional equation for üe nondimeıısional parameter zp can now be giveıı
as

fı of = çı3 r \g,r3). (r-' )' (r) " = M o 
Lo To

The equations for the uıhouın expoııeııts a, b aıd c can now be set up §o üat üe şum of
the exponeııts of eachprinary dimeıısion is zeıo. Therefore,

for M: a=0

for i -1-ö =0

for-ü: 3-3a+c=0

These equaüons can theıı be solv€il for the nnknown exponents to yield a : Q D: -l and

c : -3, so that üe nondimensionalparameter ıap becomes

ıo=gpooudu =fl (ı3.38)

ıvhich iş ofteıı refeıred to as üe flow coeficient Now, the dimeısional equation for the

nondimeıısionıl parımeter zı can be given as

|rı hJ= ğr)çvrr).(r-'). (r)' = Mo LoTo

Agai4 üe equations for the uıknou,n exponeııts e, g and i can now be set up, so that the
s ,n of the exponcııt§ of each primaşı dimension ıvill be zero. Thercfore,

TURBoIü{ACEINERY |xn

foril -2-g=o

for.L: 2-3e+h=0

These equations can then be solved for the ı,nlcnowo erponents to yield e - O, g: J2 arıd

i - -2, so üat üe nondimeısional parameter ,4 becomes

ır=(gh)pooaa-r =fu (ı3.39)

which iş ofteıı referred to as the heıd coefEclent. At thi§ point, the dimeıısional equation

for üe nondimensional parameter zr cao be giveıı as

|fi p]= Q,rT4\wt' )j (T-l )ı (L)l = Mo tTo

Agaia the equations for üe uıinoıın eryronenk ı', j and t can now be set up, so that the
sum ofthe exponeııts ofeachprimary dimeıısion uıill be zero. Therefore,

forM: l+i=0

for ?'! -3- J =o

forL: 2-3i+k=0

ıı_hİch can the_n be solved sianıltaneously to yield i = -l, J = -3 and İ : -5, so that the

nondimeıısional parameter ıa becomes

ıı"=pp-l6,-ı4-s =#"
which is ofteıı referıpd to as üe power coefficlent Finalln üe dimeıısional equation for
üe nondimensional parametemp can be oçressed as

b,l= <*-V">(MI1 )ı (T4)ı (L), = M o 
Lo To

The equatioıs for the unhouın oçonents /,p and r can nowbe giveıı as

forMı 1+i=0

for?'l -l-p=o
fotL: -1-3i+ı=0

(ı3.40)

forM; e=0
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Tho abovc cquations can üen be solved simultaneously to yıeldl: -1, p: -l and r : -2,

ıo that the nondimensional parameter r, becomes

fro = 1ıp-|aı'|d-2 = (l3.41)

wblü lı üe reciprocal of tbeReynolds number.

Then, thc fiııctional relationship betweeıı the nondimeıısİonal paıameters ro 7ü, rtp

ınd ,ır, aan be e§tablishİd as

,=r(#,#,#,#, (l3,42>

Howcver, it is not possible to establish the eçality of all of theşe four

noodlmonıional terms in practice. If one as§ume§ that the efficienoies aıe the §ame at two

oporatİıg coııditions, eqııality of the frst tbree nondimensİonal terms, namely, ırp, a and

a oan be estabüüed.

The frst three nondimensional terms are also reftrred to as the ıffintty lıws. The

lııt amdimcnsionat term, ıt* is the reciprocal of the Rgmolds number and it is used to

ooccot the gimilarity fc üscous effects.

Tbo moıt common u§e of similitude in tuıbomachineıy is duriıg the şçali,g down

ı proüotypc to build up its model of smaller size, so that relatively inexpensive experiments

oıı bc porformcd in üe laboıatory.

ı3.§.2 ptı§t.oı sioniltcrnce of Nondimen§İonal Gnoııp§

Tbe physical significance of the nondimensional ırterms and their combinations

oan bo giveıı as follours:

The first ,ğterm is proportional to the following e4pression:

*=#*#*şb*h*7 (ı3.43)

Thprcforg & : con§tant means that the ratio yJu is constü, in two dif,ferent operatiıg

conditions.

Similarlı ıa oanbe arıaoged in the folloıving ırıaııDen

(ı3.44)

Hence, the ratio IUU is canstaıt in two diffcrent operating conditioos, when ,n is constant.

The equality of the fiıst two ır terms impües that the velocity tiangles at two

differeıt opoating condiüons are similar şince üe ntıoe YJU aıd V/U aıplhe same,

It is possible to combine the nondimensional ,rterm§ to obtain new ıondimeıısional

paİamebrs as

",=fu*ffi*gI*Y**?
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(l3.45)

F
gr.

r g_Y_g_)

'ü,ffir,\vw1
and

(ı3.46)

Wheı q, n aıd ıış are tbe §ame at tıro differeııt operating conditions of
geomehically similar machines, üe effıcieııcies of these two machines aıe the same at

these paıticular o1ıerating conütions.

13.5.3 Effect of Revnolds Number on Slmilıri§

When the cffect of the Reynolds number is neğectcd, üe efticiencies of the model

andproto§pe tuıbomıchines are exactly the same ifüe first tİree nondime,nsional zterms

aıe the same. Therefoıe, when the viscous effecb aıe takeıı into consideration, efficiencies

of the model andprobqpe are üe same at two differeııt oper*ing conditions uıhenever

(i) üe Reynolds numbers aıe equal and

(ii) üe surface rougbness and cleaıances are geometrically similar

in addition to the equality of the first three zt€rms.

The difference in efficiency at different operating oonditions for üe model and

protogpe is usually given by relations that are obtained eııperiınentally. Such a relation is

the Ackeretış relıtlon and can be given as

P
pgah 'ıı
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i*=o,[,-tği'] (|3,47)

wherc ı1o aıd q, are üe efficiencies of the prototlıpe and model, reşectively, while ie,
and ie" deııotes the Relmolds numbers for the prototJpe and model, respectively.

13.5.4 Performınce Charıcterlstlcs ıt Slmllır Onerıting Polnts

In tüis section, the affinity laws ınd conclu§ions reached by keeping them con§tant

re investigated" The two important cases, when the saıne turbomacbine i's operating at

difierent rotational şeeds and wheıı the geometrically similaı tuıbomachines are operating

at üe same ıotational speeğ aıe discussed"

13.5.4.1 The §ıme Tlırbomıchlne Operıtlng ıt Dlfferent Rotıtlonıl §peeilı

In üis case, the diameter is no longer a variable in the affiıity laws that is in the

fust tiree nondime,ısional zt€üns. Then, the affiıity laıys reduce to

,^'=9"N

.hıı;=ff

and

,Pııp=ff

where JVis the rotaüonal speed of the turbomachine in rpm"

Eıample 13.3

The performance characteristics of a oentrifugal pump, which is running at 750

lpm, aıe givcn in Table l3.1. It is deskable to predict üe performance of the §ame pump

when it is rııoning at a qpeed of 900 rpm. - '

(t3.48)

(ı3.49)

(ı3.50)
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Table 13.1 Performaoce chaıacteriştics ofüe centrifiıgal pump
in Example l3.3 at a speed of 750 rpm

§oluüon

By using üe modified ,ffini§I law§, tg', 14'and, ı@', ,ıvhich aıe given by Equaüons

(13.48), (13.49) and (13.50), reşectiveln it is possible to determine the lı versus ğ P
versus Q and ? versu§ ğ characteristİcs at a speed of.ıVı : 900 rpm from the correspondİng

known characteristics at a speed of ıvı = 750 rpm. The performance chaıacteristice ofüis
p,r-p ut 7SO ,p- are üou,n by solid ciıcles ia Figuıe t3.25.

If üe pıımp is operating at point lD with a speed of ıVı = 750 rpm delivers a

volıımetric flow rate of Q, = 0.3 mls, generate§ a head of iıa = 40 m and consumeg ı
power of Pp = 152.9 kW at an efEcieııcy of qa = 77 percent, the correşondiıg point 2D,

wbich is a similar operating point at a speed of 1Vı = 900 rpm vı.ill be obtained by üe
application of the modified affinity laws as

8,o = *Q,"= l99 
ry' 

«o.ı -r/s1 = 9.36 -'r,Nr-" 750çm

a, = ffi'a, = (rffi',o. m) = §7,69 -

"- 
= [ğ]'ı, = [T9'Pe)'a52.9 kw) = 264.2 kw
\ryı,/ \ /Jurpm/

Finally, the overall efficiency of the pnnF ie dcfined as üe ratio of the power delivered to

the fluid to üe shaft power, that is 7 = qBQUP.If tbis expression is applied to poiatı lD
and 2D, üen

Point 1A 1B 1c ıD ıE 1F ıG ıE
o(t'^) 0.0 0.ı o.2 0.3 o.4 0.5 0.6 0.7

i (m) 40 4l 4l 40 38 34 26 15

P(kly) 0 l14.9 134.ı |52,9 l75,4 |96.2 204.1 l87.3

ıı(%) 0 35 60 77 85 85 75 55
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80

60

i(m) +o

20

0

P(kllD

400

300

2oo

100

0

ı00

75

tı(Yo) 50

25

0

0,2 0.4 0.6 0,8 1

a(üh>

(a)
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Table 13.2 Performance chuacteristics of üe centrifugal pıımp
in Example l3.3 at a speed of 900 rpm

Potnt 2A 28 2c 2D 2E 2İ 2G 2g

o(m'ıo 0.0 0.12 0.24 0.36 0.48 0.60 o.72 0.84

i (m) 57.60 59.04 59.04 57.60 54.T2 48.96 37.M 21,60

P(k}v) 0 ı98.6 23|.7 2g.2 303.ı 339.0 352.7 323.7

O(/") 0 35 60 77 85 85 75 55

n, ^ = n, _ bbp9g _ o,77 
| 52,9 kW 57,60 m 0,36 q3/s _ o_"

"" Pro l\o Qro 264,2kW 40a 0,3m'/s

One should note that altho.eh 7o is üe §aıne as ?ıo, its position in Figuıe l3.25c is

changed since it is nouı plotted against Qo.
If üis procedııre is now applied to the ıemaining poinq üe resulb pıeseııted in

Table 13.2 are obtained. Also, i versus Q, Pversus Q and 4verıus P charıcteristics at a

speed ofü :900 rpm are shoıım by üe solid sqııares in Figuıe 13.25.

Eıınple 13.4

The chaıacteristics ofa centifiıgal pump at a speed of 1500 ıpm are ğveo as

h=50 -200Q-24OOO8'

and

q=60Q,L2O0Q1

uıhere lı is the head in m and Q is üe volumetio flow rate in m'/s. It is desiıed to deliver

0.03 m'/s of water against a head of 36 m. In this case, determine üe
a) speed of the pımp,

b) efficieocy of tbe pump and

c) power coısıımption of the punp,

0.4 0.6

8(dls)

o)

o 0.2 0.4 0.6 0.8 ı
Qüıg>

(c)

Flgure 13.25 Performance chaıacteristic§ of üe centrifugal pump
in Exımple l3.3 at 750 ıpnı, (solid ciıcleo) and 900 rpm (solid squaıes)

İ
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§oluüon

a) From the given i versus Q characteristic, one could easily determine that the

pıımp can only produce a head of 22.4 m at a volumetic flouı rate of 0.03 m3/s. In order to

operate üe punp at point 2 in Figure 13.26 having a head of iz = 36 m and a volıımetric

flow rate of Qı - 0.03 m3/s, its rotational speed mustbe changed.

The locus of eimilar operating points in üe i-Q plane for differeııt rotational speeds

can be obtained by eüminating the speed from Equaüons Q3.a8) and (l3.a9) ae

n=ffio"=co"

ıyhere C = n'/(ıra\2 i8 a coü§tant. Ttis coDstaot can be determined by using operating point

2 on the locus of similır operating poinn as

c=..b,= 36T 
= =4il)O0s2/m,q, (0.03m'/s)'

Then, üe equation for üe locııs of similat operating points takes the following form:

h=4CfiOOQ2

40

i(m) 30

20

0.0ı 0.o2 0.03 0.M
8(Üls)

i'igure 13.26 Sketch for Example l3.4

l0
ü

0
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The point of intersection of the locus of şimilaı operating points with the i versus Q
characteristic ofthe pump atJVı = 1500 rpm gives the coordinates ofoperating point l. At
this etage, if üe equıtion for the locus of similaroperatingpoints is combined şıith the

equation for the lı venus Q characteristic at .ıYı = 1500 rpn, the following quadratic

equatioo can be obtained.

64Cf,ı0Ü +2OO8|-50=0

The solutioıı of üis quadııtic eqııation gives two solutions for the volumetrio fl.ov/ rate at

poİnt l as Q1 = 0.02643 m3/s and Qı = -0.02956 m'/s. Since üe negative root has no

physical meaning theıı

Qı=0,02643t' ls

Ite corresponding value ofthe head at operating point l ie

lr, = CQ? = (40000 §2lın X0 .O2643 m3 /a)2 = 27,94 m

Now, the speed at operating point 2 can be calcutatcd by using Equation (13.48) ıince

Va\ı = (ıa)2 at the similar opetating points. Then

N, = N, 
ff = Qsoorym) 0m = 170l lpm

At this point onc ehould note üat tie speed at operating point 2 can also be calculated by

using fuuation (13.49), since (ıa)ı = (za')z at the ginilar 6perating points. In üis case

w, = r, ff = (r roo "dlffi = 1703 rpm

b) The efficicııry at operating point 2 ie equal to üe efEcieııry at point l, since they

aıe similar operating points. Ilowever, the effıcieııcy versus dischaıge curye is ğven for

1500 rpm so that

ı?z = ılı = 60Qı _ı 20ooİ = (60X0.02643 mı/s) - (1 200)(0.02643 mr/s)'

=0.7476

c) Finalln the pouıer congumed by the punp ıt operating point 2 is

Iocrıs ofsimihı
operatiıgpoifr



F"

H' f,LUıDMEcEANIcs

ııd

ıııpoodwly.

İİJJ' Gıomeüicılly §lmilır Turbomıchlneı Operıttng ıt the Sıme Rotıdonal

§pıcd

!n thİı caıe, the rotational speed is no longer a variable in the affinity laws, so that

fu ıülıltylıwebecome

P _ 44o, (ı0O0kg/mlX9.8lP/.§_'X36mx0.o3m3/o 
=14.1? kW' n 0.7416

oo'=3

oi'=#

D
,r"=}

T[RBoMACEIIıIERY |237

60

'(m) 40

0

0.00 0.05 0.10 0,ı5 0.2o o.25 0.30

o(frü8)

Ftgure 13.27 Sketch for E:ıample l3.5

L_ fil"h=Gfua'l'.-cozı'

where C = A"l(rb'Y is a constant. This constant can be determined by using point 2 on

üe locus of similar operating points as

C= t. = , |0T,", =371.3s,lm- 8i'' (0,1m3ıs):yı -"

Then, the equation for the l6guş 6f gimilar operatingpoints tat<es the following form:

h =37l30:ı'

The point of intersection of the locus of similar operating points wiü tbe iı versus Q
characteristic of üe pump with a full size impeller gives the coordinates of operating point

l. At this stage, if the equation for the locus of similar operating points is combined wiü
the equaüon for the i versus P characteristic of the pump with a full size impeller, the

folloıring quadıatic eqııaüon can be obtained.

1.954x10{i| +ğ -10O=0

which can be solved to give

100

80

(ı3.5ı)

(ı3.52)

(l3.53)

Eıımple 13.5

Tto İ versus @ characüeriatic of a centrifugal pump is given as

iı=l00-100002

ıı,ücro 
', 

İı üe head in m and o is üe volumetic flow rate in m3/s, It ie de§iıed to deliver

0.1 m% of ırater against a head of 80 m. For üis reason, a smatler impeller is used"

Dotcrrıiıe üe perceııtage reduction in the diameter of the impeller.

§oludon

a) From the given lz versus Q chaıacteristic, one could easily determine üat the

Eımp can prodııce a head of 90 m at a volumetic floııı rate of 0 , l m3/s. In order to operate

Üe pımp at point 2 in Figure 13.27 hıviıg a head of iz = 80 m and a volumetric flow rate

of g * g ,1 m3/s, the size of the impeller mrıst be changed"

The locus of similar operating points in the i-@ plane for different rotational speeds

con be obtained by eüminating the diameter aom Bquations (13.5l) and (l3.52) as

\|l

Locıu ofsimihı
operatingpoitts
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4 =87,1m

The coııeqpondiog value of üe volumetic flow rate at operating point l is

n = (.^)"' = (#H-^)"' = 0, ı ı36 -,/*

Now, the ratio of the diıneterş can be calculated by using Equation (13.52),

(a')ı - (aı')ı at üe similaroperatingpoints. Then

TÜRBoIuACEINERY |239

Therefore, tuıbomacbines caıı be compaıed by usiıg üe valuea of ır9, zroıd ıo paıameteıs

at the desigp point

Flgure 1328 Nondimeıısional performance characterietic of diffoent sized
geometrically similarpumps ruıoing at different speeds

d-

dI
lu=ıln .@=r.r5ra

ll 87.1m

Finally, the peıcent redııction in the impeller diameteı can be calculated as

% reduction in diu-"ro = [' - $11166 = 6 - 0.9584Xt 0O) = 4.16 %[4/

ı3.6 THE §PECIFIC §PEEDoRTEETYPENıJMBER
The performance of geometically similar turbomachines, üat is the ones belonging

to üe sane frmiln is goveııed ğ the nondimensional similarity paıameters md the

perfotmance of üe whole fanily can be represented by a singlg plot of dimensionless

paıametcrş. In other words, wheıı the nondimensional eıçerimeııtal characteristics, that is

,a vcnıu!ı ıD of üfferent sired geometrically similar turbomachiıes ruııning at different

speeds, are plotted on the same grap\ they coiacide on a single curve with some §cattef,, as

shown in Figııı,e 13.28. This scatt€r is due to the eırperiıneııtal errors and the Reynolds

number effects. Therefore, one can compııre the performance ofmachineg belonging to

different families by plotting their nondimcnsional chancteriştics on the sane graph.

Ileııce, üe fımilies of geometrically similaı tuıbomachines can be classifıed by using the

noıdimensional §ılıe number or thespecific speed.

Every turbomachine is desiped for a specific duty to operate at the deeigppoint In

üe case of a puqı, üe volı:metic flow rate and head dwetoped are şecified at the design

point and üey represeııt a sinğe point on its performance chaıacteristic. The design point

uzually conesponds to the point of maximum efficiency, as shoıryn in Figure 13.29.
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For prımlıs, 4ta, aıd n aır the most important nondimensionaı paİaınetEr§ and their

rstio indioate§ nıhether a particular pump is euitable for large or soall ıolumetic flow

rıtoo ı€lative to the dweloped hea{ Meannıhile, if üe inpeller diameter is eliminated as

thie ratio is obtıine4 the compuison will be independent of machine size. §uch ı ratio,

iıown ıs the tl4ıe number or the üpeclfıc ıpeed,,lV,, is obtıined by dividing rg raised to

tho poııer lD to ıe nised to the power 3/4. I1ence

TtJRBoMACEINERy l24l

Alüoug\ it is possible to calculate the value of the specific speed for any point on the

chaıacteristic curııe, such ııılues have no practical interest. Therefore, mly üe'ııalue of the

specific speed at th.9 desig poiıt refened to as the specific speed is used for the

classiilcation, comparison ınd desiga purpose§. Vaıiation of pump type§ ı^rith the specific

speed is presented in Figııre 13.30.

( 8\''"
*-#=ff+=ffi-

laF)
N.

F ı\1\ ,ğ,(n .YV

(13.54)

J -L *,gp_A 0.20.ı 0.4 0.6 0.8 ı
lVrp

6 8ı0
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oe/ö 85

80

75
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o,4 0.6 0.8 l
JV,

t00

95

0.20.t 6 810

t00

95

90

,ıeE 85

80

75

70

0.ı o.2 0.4 0.6 0.8 6 810

i'lgure 1331 Classification of furbine t5pes nıith respect to the şecific speed
based onpower

124
jV4p

0.ı 0.2 o.4 0.60.8 ı 2 4 6 8 ı0
JV,

Figure 13.30 Classification ofpump types ıııith respect to the specific epeed
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The classification and comparison oftuıbines are also carried by üe specific
speed. In üis case, üe pouıer oıı|put is üe most important ııariable, üe type number
or the speclf,c speed based on power, .lV91 c6D be obtained the imFeller

diameter from the heıd and poıra coefEcients. This ratio

ıaised b the poırer of l/2 to ıa raised to the power 5/4 as

obtainedbydividing ıç

TuRBoMACEII\IERY 1243

Casing, hou§ing
or volute

Flgure 13.32 §ketch of a ccııtrifugal pump

In general, pump inpellen aıe of tg,,o types. In opeı lnpelten, the blades are
arıanged on a backiıgplate honın as a hub and ıre opeıı on üe casing or ıhroud side, as
shown in Figure l3.33a, Horvever, üe blades are covered boü on üe hub and sbroud sides
in an eıclosed or shrouded inpeller, as shoum in Figure l3.33b.

(a., (b)

Figure 13.33 (a) An open impeller and (b) aa enclosed or sbrouded impeller

pump impellers can be ıtngte or double cuctlon type. The fluid eııtcrs through the
eye on one side of a siıgle zuction impeller, while üe fluid enters tbrough üe eyes on both
sides ofa double şuction impeller. A double suction i,npeller looks like two single suction
impellers placed back to back so tbat it has double widü wiü a center plate. tn üis
anangement üe volumetric flouı rate is doubled at the saıne head.

-lı2N"ft=
( =-)"'\pr'a')
( sh \'''
lar)

oplll
p"'(gh)''o (ı3.55)

It is possible b classis ıraıious t]?es of turbines by using the specifc speed based on
po\i/er, a§ shorım in Figı:re l3.3l.

l3.7 PIrMPs
In geııeral, it is possible to classis üe pumps as radial, mixed and aıcial floıv

according to the geomeky ofüe flow passage.

13.7.1 Ceıh:ifugal Pumog

A centrifugal puınp, which is shown in Figııre 13.32, is a radial flouı turbomachine.
They operate most efficieııtly in applications reguiring high head rise at low volumekio
flow rates. The specific speed for ceııtifugal pumps is in general less fhan 1.0. It consisb
of an lıııpe|ler attıached to a rotating shaft and a stationary cııing, houşing or volute
eııclosing 1trg impeller. Thert are a number of curved blıdcs or vınes atüıched to üe
impeller. As üe impeller rotates, üe fluid is first sucked in tirough the eye of üe oasing
and üeıı eııerg5ı is added to the flüd by the rotating blades. The fluid wiü increased
velocity and pressure leaveş the impeller radially and discharges intothe volute casing. In
the volute casing, as the flow area increases, the kinetic energy of üe fluid decreases

resulting in an additional pressure increase. However, for large ceıınifugal pumps, üe
deceleration ofthe fluid is achieved by stationary diffiıser guide vanes surrounding üe
impeller.

Hubplate



lıa4 FLIrIDMECEAMCS

Pıınpe can be ıingle or ııulüstage t)De. ln 1 ginglç §tage pump, only one impeller

lı noııntod on üe üaff, ııhile sweral impellers aıe mounted on the sane shaft in a

nıltbUge pıımp. The stages in a multistage pump op€rate in serieo eo that the dischaıge

fion üe first stage floqr§ into the eye ofthe second stage, the discharge ftom the second

ıtı3o 0owe into the eye of üe tbird stage ind so on, Therefoıe, üe volumetic flow rate is

thç uop foı all stıges, while the p,ressıııe of the fluid is increased over each stıge. For tbis

ııım, a loıge pıes§uıe rise can be obtained in a multistıge pump.

Ccııhifugal pumps may have Q backıvaıd, (ii) radial or (iii) forward curved blades

ıt thc oııtlct The inlet of üe ceııtifıgal pumps is alnost desiped for no uıhirl, üat is

İı - 0. Inthis case, Equation (13.9) becomes

h=g{n_
c

Fııon Figıııt l 3. 15, one can observe that Y a = (h - W@ aıd b^Bı = V,a] W a so that

L
c

(ü"-V,rcot Br)

Shutoff
head
Uz'ls

Flgure 13.34 The head pıoöıced by a centrifugal pump versııs the dischaıge
for diflereııt values ofthe outlet blade angle
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Bıthı: ğAzand it is possible to exlıress the same eguation

,=ui _(ğg"*p,, t9-.
For a specified centifugal p,r-}l6q a hoç,n

constantssothat \
h= A-BQcotFz ,/:.

geometry and speeğ Uz aıd Az ue

\: /r^ A"Jp 2 l|0 /

h=

A -/
where l = Uttc g a {lW».Jl"above equation is plotbd in Figure 13.34 for

differeııt values 6f tfo6 9uft6f $ffig nnglg.

]he value ofthe head corresponding to zero dischaıge is known as üe chut-off

head and the head produced by üe centrifugal pump at this conditioıı is Uz2/g.

Alüough all ftıee differeııt §pes of blades are possible, configurations ı,ith radial

and forward ourved blades are not used in practice. In configuıations with radial and

forward curved blades, the produced absolute velocity is high and the head loss is

proportional to the square of üis absolute velocity. For this reason, it is recommeııded that

l50<A < 500 andzü < Pz<250.

i'igure 13.35 Effect ofloşses on the head versus discharge charaoteristic
of acentifugalpump

o

o
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The tbeoretical head decreases linearly u,ith the volumetric flow rate for ceııtrifugal

pıımps with backward curved blades, as shown in Figuıe 13.35. Hoırever, the actual head

rise is always less than the theoretical one due to several differeııt sowces oflosş. Losses

due to üe ekin tiotion in tbe blade pa$age§ are proporüonal to thĞ square of the

volumctic floıv rate. Other losses are due to the flow through tbe clearance betweeıı üe
imFeller and casing, flow sepaıation, etc. These losses aıe minimum neaı the desip flow

rate.

The effect ofthe outlet blade ongle_on the performance charagteristic§ is shoşm in

Figuıe 13.36. One should note that although forward bladed impeller geııerates greater

head at a giveıı volumetrio flouı rate, the najor part of this head is the velociş head. Also,

the power versus dischaıge characteristiçs shoııı difereııt behavior for impellers wiü
backward curveğ radial and forwaııd curved blades. In the case of an impeller wiü
backward curved btades, the power is maximum at üe desip point with üe ma:ıimum

effrcieııon but it decreases beyond this point. For üig reason, üe elecEic motor, which is

used to drive üe pıımp, can be seleoted at üe desip point This type of poırer versus

discharge characteristic is hoşın as self-lioiting. However, üis is not üe case for pumps

wiü impellers having radial or forward curved blades for qrhich the power requiremeııt

increases as the volumetric floır rate increa§es. For this reason, there are difEculties in the

selection of the elecEic motor for üese ca§es.

TIJREoMACEINERY 1247

Typical performance ohaıaoterisüos for a centrifiıgal pıımp are preseııted in Figıııo

ı3.37.

h,P, O

Ftgure 1337 T}pical performance chaıaoteristics of a ceııkifiıgal pump

13.7.2 §!cl§!sg.Ec!cp!
Axial flow pıımps consist of an impeller, ,ıı,hich is rotating in a conccııtıio cyllndoı,

as shown in Figure 13.38. In most a:ıial flow pımps, except üe cheap and incfficiot oaoı,

there are stationary guide vanes downstream of üe rotating impellcr 80 thst üo flow ıt tbc

outlet of the pump is only in üe a:ıial direction without a sııirl.

Floııı

o

/JJJJzJlJ/z/JJl

#
a

,-,,
...jo'- - 7-L

Backşıard

Figure 13.36 Effect ofblade angle on performınce characteristics
Flgure 13.38 Sketch of an axial flow pı:op
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Ttc ıpcoific speed forıxial flow pumps ranges from 2.8 to about 4.8. Axial flow

lrp oğıb moıt efficieııtly in applicaüoııs reçiring low head rise at high volumetric

tıw ıırı. T}pical performance chaıacteristic for an axial flow pump is üouın in Figure

llJr. lf tboıo performance characterisücs aı€ compared with the performance

*iıeldıüoı of a centrifiıgal pump in Figıııe 13.37, it is possible to note that there are

hdc dfrmcoa bctween theın. As üe volıımetric flow rate is decreased from the desip

Uılı bwıidt üutofi, the poıuer ıequirement of üe ceııtrifiıgal pump decıeases while the

Flı ııq'ıİı@mt of the a"xial pump increases. Therefore, the power versus discharge

*İaE|ıdo of an axial pump is overloıüng type and the electric motor can be

grıloıdad lf tbo volumetric floıv rab is sigpitrcantly decreased from the desip oapacity.

ll| lııd vcıııs dioc,harge chaıaoteristic for the axial flow pump is much steeper than thıt

İ b oottfugal pump. For fhis reasoır, there uıill be a large change in the head with a

3İİ olıosc lıİ tho volumetric floııı rate for aı<ial flow pumps. However, the head versus

alÜını oııtp for the ceııtrifugalpump is flat so that there will onlybe a small ohange in

İaaa wlÜ lugo changed in the volumetrio floııı rate. Finally, one should note that the

6diry of tho axial pump is lower than tbat of the ceııtrifugal pump except at the desip

llİü ıhoı ııial flow pumps have steeply descending efEcienry cuıves. Therefore, a"ıial

tlııunnı ııo only economical if üey arğ operated at or very neaı to the desip point

h, P,4

a
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13.7.3 @-EsELEp!
Mixed florv prımps cover the specific speeds ıaıging from 1.0 to 2.2 ırhich is in.

between the ceııtrifugal and a:<ial flow pumps. The impeller of a mixed flow pump consists

of a conical hub ,ıııiü attached blade.s. The blades aıe so arranged üat tbe flouı enters the

imreller a:cially and leaves in a diıection which is partly axial and partly radial, The fluid

leaving the impeller is diffised tbıough the stationary guide vanes and discharged a:rially,

as shown in Figııre l3.40a. Sometimes, the flow is collected by a volute casing and üen

disüarged in a direction perpeııdicular to the axis of rotaüon of üe impeller, as shouın in

Figure 13.40b. They usually operate at the lower end ofthe specific speed range for mixed

flow pumps. Tbe most important advantage of mixed flow pumps with a:ıial discharge is

that they may be ananged in multistage units to provide high pressures. The efficieııcy of

mixed flouı pumps aıe çite high and approaü 90 percent

Volute
casing

Impeller

Outlet Iıı!et

Figıre 13.40 Mixed flow pump uıith (a) axial discharge and (b) wiü volute casing

13.8 TIrRBıNES
In general, it is possible to classifu the tırbinas as the impulse and reaction turbines.

In iınpulıe turblneı, the available total head ofthe fluid is first converted into the

kinetic energy through a ıozzle, The jet that is issuing from üe nozzle stikes the vanes

attıached to the periphery of a rotating wheel. As a result of üe momentum exchange

between üe fluid and vaıes, energy is tansferıed to the wheel. For this ıeason, the kinetic

OuU"tI

Flgure 13.39 Typioalperformance üaıaoteristics for an aırial flow pump



l25o Fİ,IrIDMECEAMCS

energy ofthe fluid is reduced so that the absolute velocity ofthe iluid at üe oıit is less

than the one at the inleL Furtbermore, üe pressure is ahospheric tbıoughout and the

relative velocity is almost con§tant o<cept üe slight redııction due to the aictioa

In reaction turblnes, as üe fluid pas§e§ thıough a ring of stationary guide vanes,

part of its availıble total hcad is converted into the kinctic eııergy. Afterııııaıds, üe fluid

having boü pressure and kinetic eııergies eııters the rotor tbrough its peripbery. In the

rotor, the pressure energy is converted into the kinetic eııergy so that the relative velocity

ofthe fluid increa§es. Heııce, there eı<ists a pressııre differeııce acro§§ the fotor.

The eııergy taosfeııed by üe flüd to the tıııbine per uıit weight of the fluid can be

obtained by üe application of tie Beınoulli equatioa betweeıı the inlet and exit of üe

tuıbine as

P, *Tr" =22*ğ_*7,B29 B29

In üe above equation, üe subscripts l and 2 denote the inlet and e:dt of üe turbine. The

above equation can now be reaıranged as

TIRBoMACEINERY t23l

There are tbıee important ğpes of water tuıbines. These aıe üe Pelton wheel

which is an impulsive turbine and Frınclı (rıdiıl f,ow) and Kıplın (ııtıl f,ow) tıırbinoı

which are both reaction turbineg.

13.8.1 ImoulıeTurblnes

Although üero aıe various ğpes of impulee turbines, üe Peltoııwheel is the eaeiost

one to understand. The Pelton wheel, which is shown in Figure 13.4l, is named'aftr

Laster Pelton (1829-1908), an American mining eııgineer. The jet of water which isruoı

from the nozzle impinges on üe vaneg attached to the periphery of a ıotıting ıııheel. Tho

vanes aıe of double outlet section, as sho]ıB in Figıııe 13.42, so that the jet epüts

synmetrically to both sides of the vane eliminating the eııd thnışt in lhe bearings. [t is most

efficieııt wheıı operated under a large head rırhich can be converted to a large vclocity ıt
the e:ıit of üe nozzle,

The velocity of the jet of fluid leaving üe nozzle is

Tr=C"Jü (ı3.59)

qrhere C, is üe velocity coefficient of the nozzle and its value is in between 0.97 and 0.99.

To calcıılate the torque and power developed by üe Pelton turbine, ooc c.n

consider the inlet and velocity diagrams in Figuıe 13,42, At üı averagc radiug of

r, = 0,5(rı + n) , the toıque tan§mitEd to üe Pelton wheel can be found tom Eqııdoı

In Eçation (13.56), the first term on the right hand side represents the drop in üe static

pres§ııre head ofthe fluid across the hııbine, uıhile üe second term repre§€ııts üe drop in

the velocity bead across üe tuıtine. if a turbine is purely impulsivc, üen pı = p: and

lı= (t1 - rrYQe>. Ontheotherhand,Yı- Vzand i = (pı- p|(g) in apurereaction

fuıbine. For üe üııbines, which are not purely impulsive or purely reactive, the degree of

reıcüon,ıR,is defmedas

ıJJ-%JLIL
B29

_ Staticpressuredıop

Totalenergy trasfer

The above equation can be rcformulated as

(ı3.56)

(ı3.57)

('-.'-
(ı34) a§ \ i

\/_
1, ıİi

(o *'

.Pı- pz h_rİ -U:.
o_ n =" i-g_+İ,ü

hh2sh (ı3.58)

Figure 13.41 Sketch ofa Pelton uıheel
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where G is the blade ooeffıcient and it repıesent§ the ı€duction ofthe relative velocity due

to friction. NotingthatWı = Zı._ tıfFom the inlet velociğ diagram of Figıııe 13.42

.} >_ 
V+ıTeı=U +Cı(Yı-U)qs9,

7-\

Tho above relation can now bo suİstituted into Equation (13.60) ııith üe fact *^İ W^| n
to yield ' J

?

T = ıhr.(4 - U)(C, cc,s P, - l)

Then the power is

(ı3.6ı)

(l3.62)

03.63)

P = T o = ıhU (Yı - U)(C o coe P, - |)

since U = ar.. Eqııation (13,62) indicates that th€re is no energy tansfer when the vane

velocity is zero or when it is equal to the jet velocity. Thercfore, the energy hansfer should

be a maximum at an inteııııediate value of the vane velocity. For tbis ıeason, Equation

(13.62) can be differentiated with respect to the peripheral velocity and theıı equated to

zeno as.

UVı_

-

h

§ectionAA

Figuro 13.42 Iılet and outlet velocity diagrams for a Pelton turbine

T =ıhı,(Yeı-Ve,1 (13.60)

hoo tlıo outlet velocity tİangle in Figııre 13.42, üe tqngential component of üe absolute

volooİty ıt üe outlct is

Veı =tJ -Wn =t] -Wı rrıs(l\lo - F) = U +W, qş P,

1lo rclative velocity at the exit can be expressed ae

9İ _(c,cosA-1) V,-2u)dUc"

U =0.5Tı

Then, the maximum torcuo and power developed by üe Pelton tıııbine can be found by

substituting Equation (13.63) into Equations (13.61) and (13.62), respectively, to obtain

T* = 0.5 ıiır^Vı(C, aı P 
" 
- |) (ı3.64)

and

P*=0,25ıiıTt'(CrcaPr-|) (13.65)

One should note that the maximıım torque and porver in Equations (13,64) and (13.65) are

negative, since cosPı < 0 ırhen Pr> 90o. This is basically due to üe fact that üe tıırbine

exhact§ energy tom the fluid.

The maximum theoretical efficiency of the Pelton turbine can now be defined as

üe ratio of the absolute value of the maırimum power developed to üe available kinetic

energy ofüejet.
Wr=CrW,
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0.8

P/P,* 0,6

TE^*
0.4

UlV1

Ftgure 13.43 Voriation of üe toıgue aıd power with üe ratio
ofthe ııheel speed to thejet velociğ

. = lp*l . _|oısaııiQocos%,-»| _|-crcos1,'ıffi o.1irv|2 o.srhv|1 2
(ı3.66)

In üe ideal case, when there is no friction, Cö : 1.0 L^d, fh = l8d, üe maximum

üeoretical efEcieııcy is 100 perceııt. In pracüce, howwer, tbere is friotion so tbıt Cı is in

the range of 0.80 to 0.85. Also, in order to prevent the interfereııce of the incoming and

outgoing jets, the ııme angle is usually l6f. The variation of üe toıque and power with

the ratio of the ııheel speed to the jet velocity for ideal and actual cases i§ preseııted in

Figıııe 13.43.

Eıample 13.6

The Pelton şıheel in Figue l3.,l4 is driveıı by a jet of water, ırhich is 50 m below

the free surface of üe supply resovoir. The diameter of the pipe ie 0.2 m, while üe

diameter of the Pelton wheel is 1 m. The fluid is deflected by 1650 in the buckets. Negleet

the losses jn üe noızle and assume that üe blade coefficieııt is uni$.

ı.0

TlrRBOlviACEllIERY l2SS

a) If tbe fluid flow is aictionless, deteımine the angıılar spbed of the Pelton ııheol

and power developed by üe Pelton wheel for mı:rimım porüref output.

b) If üe leııgth of the supply pipe is 250 m n iü a frictioo faotor of 0.02, deteımine

the exit diameter ofthe nozzle, angular speed ofthe Pelton wheel and powcr developed by

the Pelton wheel for maximum power outlıut Neglect minor head losscs.

iı:5O m

0,2

0.0

t.00.80.60.40.20.0

Ftgure 13.44 §ketch for Example 13.6 A
n ..)

§olutloı , \ş
l

a) 1he velocity of the water jet can be evaluated by using Equıtion {lİfl as

ıa = c" J-2 gh = (t ohFo} 1 ./t'X50 -) = 3 t.32 m/a

For maximum power oı,ıtpu! lhe^relation between the wheel speed and the jet velocit} iı
given by Equati* tııt'ü * "$ı

U =0,5Tı = (0.5)(31.32 m/s) = 15.66 m/.

The angular speed of üe Pelton wheel is theıı

U l5,6644l3znaıs
'=E=-i]5-

or

JV= g 
= 

(60s/Tin)(31,32 rad/O 
= 299.ı rpm2ıı 2tradlrerı ,T

The mass flow rate ofıııater can be evaluated as

ıöı = pyı { = Qoooı<ga'Xı ı.ız -ır)(4XO,X 
-İ- 

= 984 kg/s
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Ttı pouıu &vcloped by the tııbine can noıv be evaluated by using Eqııation nN' *

fu ı nııılt, üe velocity of üe water jet at üe exit of the nozzle can be orpressed as

D

4 ijlq56254o l+lSeZS,ta o

U =0.5Vı = (0.5)(25.57 n/s)=12.79mls

The angular speed ofthe Pelton wheel is then

= 25.58 rad/s

or -r'-

A1rudd ofö. @d!üy.qüdo! t ıg6ıb pi, attld. aityiddt .ıJ, J t ^.ı ^ 
4'&!Zll4t 

_4 ),*-ı1 ( ıl^ı|){A r, r, rn-3^ _ e 
jrıY:Şi_H_*_,*{/ J,u = }, 

lL
_. a, ( ı*nJ.q )- 3,,.J,.h =o =; Jla= * -"_,__,"J.H3k;**}_,._*r,*_ 1"''l7 üyr4uı!im(ı3.7s)ü ,/

4=

mııı flow rate ofthe

ıh=p\ =(oOOtslm3)[

\

\by üe turbine now be calgulated by using Equation
The mass flow rate ofwater can be evaluated as

\nj h*4 Lo*\,*} a = on ff = <looo kg/m3 X25.5 ı il r'1 
ı @'o? 2U üı 

= ı ı ı.) rgı-'

r
İ

|-*l4ı_-
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The maximum power developed by the turbine can novıı be evaluated by using Eçatioa

(l3.79) as follows:

r* =laıır'lcrcosp, -ı) =!çıl3.7 kBtm')Qs,ss mıs)'ftl.o)cosıeso -ı)]

=-36.57k}Y

Again, the minus sip indicates that the eııerry is exhacted from the fluid.

13.8.2 BgsüagJsrlb§§
In a ıeaction tııöine, only a part of üe avıilable total head is converted into the

kinetic energ5ı befoıe the fluid eııtgs üe rumer. For this reason, boti üe stıtic pı€ssııre

and velociğ drop during üe enerry transfer in the ruıner. There are basically tıiıo ğryes of

reaction hırbines. These are the radial flow Francis turbine and axial flow Kaplan turbine.

13.8.2.1 Fraıcls Turblne

In ı Francis turbine, the fluid which is coming aom üe peııstock completely fills

the spiral casing, which is knouın as volute or ıcroll, as shown in Figrue 13.45. The

available total head ofthe fluid is partly converted into üe kinetic eııergy in üe stationary

but adjustable inlet guide vanes. The fluid eııters the impeller through its whole perimeter.

If üe inlet guide vanes suıround üe impeller, üe fluid flouıs towaıd§ the ceııter of üe

impeller md such a turbine is refeıred to a§ aD lnwırd flow §pe. As an alternative

aırang€meııt, üe flüd may enter the inlet guide vancs at the ceııter and flouı radially

outwaıd§ into üe inpeuer suırounding üe guicle vanes. In üis case, üe turbine is ıeferıcd

to as an outwırd flow type. Tbe fluid leaves the irnpeller tbrough tbe draft tube after doing

work on the impeller, Finally, the fluid joins the tailıace which is a channel for carrying

away the used water.

The velocity diagrams at the inlet and exit of the impeller of a Francis turbine is

shown in Figure 13.46. At the exit of üe inlet guide vanes, the direction of üe absolute

velocity of the fluid is the sıme as the direction of üe stationary blades. If üere aıe no

losses, üis velocity is equal to the absolute velocity of üe fluid at üe inlet of the impeller.

If the stationary guide vanes aıe adjusted pıoperln üe inlet 19 1trg ifiTeller is shocHess,

üat is üe relative velocity of the fluid entering üe impeller is in üe same direction as tİat

TuRBoMACEINERY 1259

of the blades at the inlet of üe inpeller. Finally, the fluid leaves the irnFeller in the s@o

direction as üe blades at a relativevelocity of Wı, if the blade and fluid angles are exactly

üe same.

Adjustıble
iılet guide

vanes

Rotor
Adjustable
inlet guide

vaneg

Rotor blades Drafttube
Tailıaoe

I

o)

Flgure 13.45 A scbematic diagram ofa Francis tıııbine

Eıımple 13.7

An iarııard flow ıeaction turbine ofthe vertical shaft §pe having a specific speed of

0.5 operates under a net head of 55 m at an angular speed of 370 rpm, as shown in Figıuo

13,47, T\e inl* guide vaneg make an angle of 2d uıith the tangeııt to tbe impeller. The

impeller has a diameter of 1.2 m and a thichese 0.1 m at the inlet The enğ to üo

impeller is shocHess with a radial velocity of 8 ıılg. Water leaves üe inpeller uıithout

whirl at an absolute vclocity of 6 m/s and enters into üe draft tube. Finalln the water

Frompeııstock
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dlıcbargos to üe tailrace at a veloci§ı of2 m./s. The gage pı€ssures at the inlet ofthe

lınpollc,r and at the inlet of the draft tııbe are measııred to be 250 kPa and -30 kPa,

rcspocdvely. The mean height of the impeller inlet and entanco to the draft tube are 3 m

ııd 2,5 m from the şıater level in the tailıacg respeotively. The blade thichess blocls l0
pcıcot of Üe flow area atthe inlet Determine Üe

TIRBoMACEINERY |26,.

Adjustable
inlet guidç

vanes

Rotor blades Drafttubo
Tailrace

trlgure 13.47 Sketch for Exaople l3.7

Uı = üt = (38.75 rad/s)(0.6 m) = 23.25 -ı.
Using the velooiğ. diagram at the inlet oŞ 1!g impeller in Figure 13.48, the

velocity at üe iılet is

v,= |" = ?!|r=23.39mts' sin a, sin 20'

while the tangential component of the absolute velocity is

Yrr=Yrcosar= (23.39 ın/s)(oos 2001= 21.93 -ı,
Then, üe taogeııtial component ofthe relative velocity can be calculated as

absolute

tr'igure 13.48 Velocity diagrams at the inlet and exit ofüe impeller
inExample l3.7

4",ll
ı--ı>V,
Y}

DL

a)

b)

o)

o
e)

D

s)

l'Igure 13.46 Inlet and exit velooity diagrams for a Francis turbine

rclative fluid anğe at the iılet of thg imFeller,

hydraulic effıcieııcy,

headlossinthe casing,

head loss inthe impeller,

head loss in the draft tubg

overall efficiency and

inlet diameter of üe draft tııbe. Yl,u"
»L

Soluüon

a) The angulaı velocity of the impeller is

zrni (2zıadlsY370revıbıin)
a= 

-= 
=Jö./)ıa{y§60 60§/min

llc periphcral velociğ at üe inlet of üe impeller is

Adjustable
inlet guide

Adjustable
inletguide
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Weı=Uı-Teı=23,25als,2L98 m/s = 1,27 m/s

Finally, the relative velocity at the inlet of the impeller is

a =anaLı-=tor-' 
8D/§ 

- 80.98.W", 1.27 mls

b) Since there is.no outlet whirl, üat is 7o: Q the theoretical head delivered to'the

iryeller can be evaluated by ,qing the Eıılds üırbine eqııaüon (13.9) ıs

,. _U,Vn (23.25mls)(2l28mls) 
= 52.09 m^ g 9.8lm/s'

Thehydraulic efficieııry is üen

n.=L!-=52,o9m =o.941l'" h 55m

c) Since the net head available to the turbine rcpreseııts the total head ıt üe inlet bf

the casing eııcluding the afuospherio pre§sııre heağ the appücation of the Beınoulli

equation between the inlet of the casing and inlet of ft6 imneller yields

TI,RBoMACEI}ıERY 1263

e) The head loss in üe draft tube can be found by app$ng üe oıtended Bernoulli

equıtion between üe inlet of the draft tube and tailrace as

P.- a Pr, aP+ z, = !uaÜ-+ z, +|h^BB29'pc29''
Noting üİat zı = 2.5 m and zı : 0

d) The head loss in the impeller can be evaluated by applying the Bernoulli

e$ıation between the inlet and exit ofthe ıotor as

2, + fu + fu =4z* P^ *L| + 21+ h"-pcBBzg

n"=r-#-*=r,--*rffisffi
=1.6.31m

fu*F*"r=P'++?+rr+h+ı\
B zg pc /.g

şn.,_=&-*L*r_-Ü- -3(»ON,tn2L.İ,, - B - i-", -Ei =-@EEE:ET;ET

f) The pou,er delivered to 1trg imreller can be obtained by using Esuıdon 0&
for üe specific speed as

, _ ı,ı'rkh)"' p _ (o.r' kg. 
g ı n/s' Xss mf: G ooo tgln' ) 

= ı. ı25 Mw' or €8.75ra<t/sf

The volumetric flow ıate thıough üe impeller canbe evaluated at ilg inpeller inlet a§

8 = 0.9Vnıığdı = (0.9X8 m/O(z)(0.1 m)(l .2 m) = 2.7|4m3ls

sinco there is l0 peroent blookage ıaıd, Ynı - 4ı. The overıll efficiency cm now bo

evaluated as

n= P== 
=' BQh (1000kgİn3x9.8|ml8z>(2.7l4mlls)(55 n)

The inlet diamcter of the dnft tube is

d - _@. = lıEız,zı+ -lı-ı-gşıı*
'\xY, 1(z)(6mls)

13.8.2.2 Aiıl FlowTurblneı (Kıplın Turblneı)

The sketch of an a:ıial flow turbine is shown in Figure 13.49. The arrangement of

inlet gı.ıide vanes ig similaf, to tiat of a Francis tuıbine. The inlet guide vaıe ring is looatcd

in a plane perpeııdicular to üe shaft of the oıial flow turbine so that üe 0üd flours ln

radia[y thıough the inlet guide vanes, 'Ihe inlet guide vanes are used to impart whirl to thc

4ÇA/

l\)

ı.126xıo5 w
=0,769

l\- 25ü)O0N/m' Q3.39mta)2 ,._ (6nlsf

-!-aJ--g-

rıoooty-'xsTıro' @1ı.eı.ır)' - - (2)(9.8ln/s')

-30000N/mı
-, (1ffi -2,5m-52,(Dm =3ogilE
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lluld which is inversely proportionıl to üe radius. The fluid hxıs ninty degrees to tbe ıtial

dİrccdon bcfore eııtering the impeller.

TLrRBoMACEINERY l26s

U

Flgure 13.50 Inlet and exitvelocity diagram foı a Kaplan turbine

a) volumebic flowıatg

b) outl* blade angle of the impeller and

c) üeoretical power out ut.

,§olution

a) The angular velocity of the impeller is

, _ 2ıd{ _ (2ıı rıdl s)(300 ıev lrın| 
= 3 1,42 tıdl s60 60§/min

Themeon diameter canbe evaluated as

4 =.d,+dı _L6m+ü8a _r.r^n22

The peripheral speed at the mean diameter is constınt througb the impeller so that

Adjustable
inlet guide

vane§

,\x
ı Adjustable

inlet guide
vaııe5'*ğ'.:

(a)

Adjustable
inlet guide

vanes

o)
i'igure 13.49 A schematic diagrıınof aKaplantııtine

lhc vclooity diagrams at the inlet and exit of the impeller of a Kaplan tuıbine is

ıho*ı tı Figııre 13.50. The peripheral velocity of the blades is directlyproportional to the

ııdluı ııd İt is constant across the impeller at a given radius. Also, the axial ııelocity is

ooııhıt, ıioao Üe flow area does not change.

Eıımplo 13.8

The ıotor ofan ıxial floıv tıırbine hıving stationary inla guide vanes is rotıting at

3ül ıpm. The hub and üe tip diaıııeters of üe impeller aıe 0.8 m and 1.6 m, ıespectively.

At üc mcıo diameter, the exit blade angle of üe gııide vanes and inlet blade angle of the

|npollcr arc 3f and 2f, respectiveln relative to the tangential direction. Assume that the

ıxlıl rıolocity is uniform at each cıoe§-section and üeıe is no outlet whiıl. The eniance to

tho impoller is shockles§. Determine üe Ftgure 13.51 Sketch for Eı«ample l 3 . 8
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U

Flgure 13.52 Velocity diagrams at the inlet and exit of üe impeller in Example l3.8

Tt]RBotuAcEIıtERY 12üı

Y.ı=Ta=5.276mls

From üe velocity diagram at the outlet of üe impeller in Figuıe 13.52, the outlet blado

angle of üe impeller is

B. = taı-| 
Y,' [, *, s,2ı 6 al,s, 

= 15.640UrV - 18.85ıı/s

r'"/" 13.9 TuRBoMAcEIıtEs oPERATING INPIPE §YsTEMs
Till now, the floıv through isolated turbomıchines is disou§scü Houıevcr, pıımpı

and tuıbines operate in a pipe §ystcm so that üeir performances are closely related to tho

losses in the system of pipes conaected to them.

13.9.1@
Consider a pump, which is tılcing şıater fiıom a suction regervoir and diıchaıging lt

to a discharge ıes€rvoir at a higher elevation, as shown in Figuıe 13.53.

Applying the exteııded Bernoulli eqııation along a streımline betwccn tbo ftcc

surface ofüe şuction reserııoir and suction side ofthe pump yields

#-E-o=&***,,*Zno
Noting thatz-: 0 andz = i,, the,n

(Jı = t] ı = u = ar* : Q1l2 16d/o[!2!t,) = 1 8.85 m/s

From the velociğ diagram at üe inlet of the impeller in Figıııe 1352, one can obtain

*,,=ffi,

and

%,=3-İ2Iıa|

whic,h can be added to yield

U ı = Yeı * Wa = Y,r(cot a" + cot Pr)

Then, the axial velociğ at the inlet is

' tJ, 18.85 m/s

'"= "*or*"ot4=ffi;F
Therefoıe, üe volıımetric flouı ıate is

g = 
t(d? : di)p, 

= 
a[G,6 m)' : (o. ı m)' ] (5 27 6 ml s) = 7 956 a' l g4"4

b) In an axial flow tuıbine, the axial velocity is constaıt sinco the flovı area is

con§tant. HeDce

c) The +"ngeııtial component of üe absolute velocity at the inlet is

Y,, = Vo, cot aı, =6@""r' 7\ = lP al" ?' 6g5
yl-}<,ılb

When there is no outlet-»fiİrf, the theoıe-tical head can be evaluated by using EEıatim

(13.9)as -t' -k,Ç9'

,/-' 
^n_ 

!t%r - 
(ı8,85 D^X7,Y9 E/O. 

= ı$/ı. a

,"finally, the üeoıetical power is (h' '

p = Bqhü: o0o0 kg/m')(9.8ıDA'X?.956 m.^XıFı E) 46"
\\jp
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(L3.67)

whco po iı the suction reservoir ıries§rıne, Vo is thevelocity at the free surhce of the

ııodoı rcıervoir,p, is üe pump sııction side pressuıe, Iı, is the pump zuction side velocity,

lJıp lı tho total aictional head loss in the suction piping and i, is the aıction geometic

hğd.

§imilırlı appücation of the e.:rtended Benıoulli equation along a steamline

bctnıoco the dischaıge side ofthe pump and free sıııface ofthe discharge resovoir yields

!* *fL, 
", = !4 aÜ-,,, _ *ş 1..pc 29 " B 29 g HP

Notlng thatza = h,+ lı,arıdzz,: h,+ h,+ ia vııith ıespect to üe dahım in Figure 13.53, one

cıı obtıin the following relation:

TIrRBoMACEINERY 1269

velocity, Eia is the totıl frictional head loss in the discharge piping and lıais the discharge

geometsic head.

The total geometric head cannow be defined as

ho=hr+h,+h, (13.69)

Ftgure 13.§3 A pump operating in a pipe system

n=ff-r#-zr,

,,=fu**rİ-Şİ, ^»h,

ııhere i. indicates the elevation diference between the şuction aıd discharge sides of the

pump and it is negügible for smallpumps. Substituting Equation§ (13.67) and (13.68) into

Equation(13.69), one can obtain

1 = 
pı - p, 

*Vİ :tı|. _ p" - p-. -rl:F _|n, -|no + ı. (13.70)"üpc29B29

Now, applying the ortended Bernoulli eqııation between the suction and discharge

sides ofthe pump gives 
^ V

L *F * 
", 

+ n = lı- +F + ",{n.)'pc 29 ' pc 2g "\_7

However z, : h, aıd a : i, + i" with respect to the datum iı Figııre 13.53, one ban obtain

the following relation:
\

?s
+h, (t3.7ı)

\
wheıe Iı is the head deliveıed to the fluid by the pıımp.

Finalln Equations (13.70) and (13.71) can be combined to yietd

h=ho+|ho+|n^+leff-ry

In gcnera| üe suction and discharge reservoirs are exposed to the atıosphere so that

pd. = pı = pohn and the velocİty of Üe free surhc€s İn the suctİon and dİscharge reservoİrs

areıegügible, that isYd,=0 aoıd,ro=0. Then, the above equationbecomes

h=hı+Zhı,+2hı (L3.72)

Therefore, the head deliverd by the pump is used to overcome the tictional losses and to

raise tha fluid by an elevation equıl to the geometric head.

B

(l3.68)

whorc pı, is the discharge reservojr pres§uı€, T* is the velocity at the free sıırface of the

dischaıge reservoir, pa is the pımF discharge eide preszure, Zı iı the pump discharge side
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13.9.2 A Iurbine Ooerıdng ln ıPioe Swten

A turbine is fed nıiü water from a lake tbıough a penstoch as shoçn in Figure

13.54, After enerry tansfer in the tuıbine, üe ıııata passes tbrough the draft nıbe and

discbarges to üe tailwater.

Ftgure 1354 A turbine operating in a pipe system

Applying üe exteııded Beı:ıoulli equation along a ştreamline betweeıı the free

surface of the lake and inlet side of üe tuıtine yields

**?r*",=#*#*"^+Zha
Notİng that z1 = hb + h,+ h" aqd zn - h, } hq çtr6n

Tt RBoII{ACEIIıIERY l27l

k*#*",=#-#-u*Zh*
Noting that z, - lı, ü zn - 0, üe above equation becomes

,,=T*Ü#+Zh,

',=T* ,_M+Zh*

(|3.74)

wherepm is üe pressııre at the aee surface of üe tailııater, zı, is the velocity at the free

surface of üe tailwater, p, is üe pressure at üe suction side of üe turbine, Z, is the

velocity at üe suction side of üe turbine, l}ıg is the total frictional head loss in the draft

tube and Lis the sııctim geometric head.

The total geometric head can now be defined as

ho=h,+h,+hn (ı3.75)

where i. İndicates the elevation differeııce betç,een the inlet and suction sides of the

tııtine and it is negligible for mıll tuıbines.

Now appllng the exteııded Bemoulli equation between the lake surface and

tailwater ğrıes

#** *,, = H 
*#* 

"* 
*Zhn +|n* + 4

However, zı= ln+ h,+ l1"= hg ü, zş = ğ and the head deüvered to üe hırbine by the

fluid, r2r, becomes

ü\ = h, * # -'r {İ _Zh^ -Zht,

At thio point, one should note that pı : pu: pa,, and the velociğ in üe lake ie negliğble.

However, the velocity of the ailwater is usually noıızero and it has to be taken into

acc,ount. The tetm Y*zlQğ is called üe cırry over loıı, In this case, üe above equation

becomes

(L3.73)

ııherepı is üe pressııre at the free surface of the lake, Zı is üe velocity at the free sur&ce

of üe lake,pı. is üe pressurt at üe turbine iılet [, is üe velocity at the turbine inle! Efu"

is üe total frictional head loss in the penstock and il,is the inlet geometic head.

Similarly, application of the oıteııded Bernoulli equation along a steaoline

betweeıı the suction side of tbe turbine and free sufface of the tailwater yields

h, =ho-Zhıo,-Zr^-# (|3.76)
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Iı practice, üe losses in üe draft tube and carry over losş aıe oonsidered a§ a paıt

oftbo loııoo in üe tuıbine and the head that is available at the inlet ofthe turbine, ia

ddlııdıı üo ngt heıd, i,

h=hı-Zhn (l3,77)

ıt.ı0 c/\vıTATIoN
Cıvitıtion is the local vaporization ofa üquid when the absolutepressure falls to a

tıtııı gqııat to or lower tban the vapor pressuıe of the liquid at the local temperatuıe. In this

31ıa, 16ıtl bubbles of vapor aıe fgmed and boiling staıts, while the dissolved air in the

llqııld lı relcaecd. The combiaation of boiling and air release is referıed to as the

oıvlİdon.

h practice_ cavitation stırts wh€ıı the pressure is sügbtly lower thın üe vapor

Fııu9 of üo üquid. Alüougb the achıal mechanism that cause§ the cavitaüon is not yet

' ,ı!da(;b6ğ, it ıeems to be related to üe preseııce of microscopic gas nuclei. These gas

ı;üı6İal 8lvcrİrç to the foımation ofbubbles during caütation inception.

Dnııhg ı flow, as the velocity increases, the pressuıe decreases and ifit falls to a

ııflolotlv low level, cavitation oocrırs wiü üe formaüoıı of bubbles. These bubbles first

ııot ı!d tbpıı flow wiü the flııid to üe regions of higher pİ€§sure wheıe üey coııap§e

nıodııoİıı prooııııe rraves. Aş a result of these pre§suı€ waves, the local pressure may be

u htıh ıı 4 MPa ıııhich is accompanied by an increase in the local tcmperatureby as much

r.7rü c.
1}cro arc two important coısequeoces of cavitation These are as follows:

(i) The pres8ure waves, whicb originate during the collapse of bubbles, may

dııııgo tho eunounding shıcture.

(ii) The vigorous mixing in the cavitationregion dissipates eııergy and decteases

thc totıl pıtosıııe.

In hırbomachines, cavitation may occıır in ıegions where üe pİ€s!ıure iş minimın.

ln tho case of pumps, ffog minimum pı€ssure occuı8 at the suction side or the iılet of

pıımpo. Itrowever, it ie the outlet eide or üe suction side for turbines.

Net positive sucüon head, :YP§ii, represeııts üe differeııce between the total head

ıt üc sııctioo side ofpumps or turbines and the head corıesponding to the vapor pressuıe.

wheıep, is the suction side pıessure, % is üe §uction side velocity andp, is the vapoı

pressuıc at the suction temperature.

Net positive suction head for a pump can be obtıincd by applyıng üe exteııded

Bernouüi equation aloıg üe gheanline in Figure 13.55 betıı,eeıı the suction reservoii "nd

suction side ofthe pump as,

fr-#-r=L*#*",*Zno
The suction reservoiı is exposed to üe afuosphere so thatp, = p"n and its cross-sectional

aıea is very large when compared to üe cross-sectional aıea ofthe suction pipe so that

Z- 
= 

0. Finally, z., = 0 and z, = i, according to üe datum in Figure 13.55. Hcııce

#-#=#-h"-Zho
In this case, Equation (13.93) becomes,

Therefore

upsa =l,-+fİ-_tB2gpc

Tt RBoMACEINERy L273

(ı3.78)

(ı3.79)MPSII =!a-2z_h,_Zh"

On üe oüer hand, the net positive suotion head for a turbine oan be obtained by the

application of the exteııded Bernoulli equation along üe steamline in Figııre 13.56

betnıeeıı üe suction side of üe turbine and tailwater to yield

Datum. -. -

Figure 13.55 Determination of the net positive suction head for a pump
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Datıım _. -,

NPSIIo=-r

o- ağız
"-(8^m;ry

TtRBoMACEINERY l27s

(ı3.83)

stea.mline

Cavitatİon can be preır€ııted wh€ıı the suction specifc speed is lese than its critical

value, that is § < §o

The relation betweeıı the Thomı cavitaüon coefficieıı| suction spccifio şeed and

şecific speed can be obtained by combining Equations (l3.8l), (13.83) and (13.54) to

yield

İV, = §ol/a (ı3.84)

For ceııtrifugal pumps, the gitical value of the zuction specific sıreed is 2,7 <S" <

4.0. For pracücal pıırposes, üe critical value of the suction şecific sl,eed c8n be taken as

3.0.

Eıımple 13.9

A centifugal pump deüvers a head of 80 m and a volumetic floırı rate of 0.5 m3/s

wheıı it is rotating at 1470 rpm. The pıımp takes water ıvith a vaıror pres§ure of 4 }fa from

areservoirwhere the ıfuoqheric prcssure is l00 lcPa, as shown inFigıııe 13,57. The

ftictional head loss at the suctİon side iş 3 m. If üe accqıtoble value of the §uction opeoific

speed is 3.Q detcrmine the elevaüon of the pump inlet relaüve to the ıvater level.

Soluüon

Tbe rotaüonal şeed of üe pump ie

iigure 13.56 Determination of the net positive suction head for a tuıbine

#*#*,,=#***,*+Zhg,
The tailırater is exposed to the afuoşbere so üat p» = p^. t the carry over loe§ ig

neglected, Y» 
= 

0, Finally, ," = fu aıd z* = 0, according to tbe datum in Figııre 13.55.

Heııce

*-#=H-h,*Zhn } i jıg
/ /.-_-- 

_,/4," \

Inüis case, nEıaüon (}Ql)'becomes

ypşH =!*--Pz-n,*Zhn

The net posiüve zuoüon headcan be noııdimeıısionalized a§

(l3.80)

(ı3.8ı)

where ois üe Thoma cıvltıüon coefficient. This factor is constant for similar flows in

similar tuıtomacbines.

At üe point where thc cavitıİon starts, that is at üe cavltıüon lıcepüon polnt

6=6o (ı3.82)

where q is üe crlücıl Thoma cıvltıdon fıctor, Therefore, to preveııt cavitation üe

required condition is ğ> d" .

Similar to tbe specific şeeğ suction şccific §peeğ S, can be defined as

I
lk

l

Figure 1357 Sketch forExample 13.9
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a = 
g= (za rad/ı:E,,/)(1+l9 rev/hin) 

= l 53.9 ıad/s- 60 (60 8/min)

Thc net positive suction head for the pımp can be evaluated by using üe defnition

of ıuotion epecific speed given by Eçation (13.98) as

j\p§ii 
= rg)"' O'l' _ 

1, 
ı53,9 rad/s 

)4" 
(o,5 m' / s)' 

=|2.24 m\§/ c \ ,3 ) ı.a|aüs2

Now, using the defnition of the net positive suction head given by Equation

(l3.9), the rucüon geometric head can be obtained as

h,=2rB--7,7pş1_|1oB
ım0O0N/mı -4000N/m'= (9^8 -1224a-3a-=§J§4g

Ito,oiaus sip indicates that th€ inlet of üe pump must be at least 5.454 m below the

wıü lora in the suction rçservoir.

ı3.ıı PIJMP Aİ{D PIPE SY§TEM coMBINATIoNs
In this section, operation ofone ormore pumps in apipe system is considered,

l3.1 1.1 §vgtem Chırıcterlifc
Consider üe pıımp urhioh is hansporting water from a suction reservoİr to a

diıcharge reservoir at a higher elwation, as shouın in Figuıe 13.58,

If üe exteııded Bernoulli equatioı is appüed betwe€n the free surface of zuotion

and disoharge reserıroiıs, oıti can obtain

L *fr *, _ * ı = 
*le 

+fr +, * +|ı,

Fıom Figure 13.58, one should note üat zo = 0 aıd zt - i,1 and the suction and discharge

reservoiıs are exposed to atnosphae so tbat pç: p* = pm. Also, the cross-sectional areas

ofruction and discharge reservoİrs are very large so that üe velocities at the free surface of
Üese reservoİrs aıe negÜgiblg tbat is /- = 0 and Za = 0. Ileııce

Flgure 13.58 A pump transporting water between two reservoirs

h=hg+»hı (ı3.85)

In Üe above equation, Ü1 represents the total frictional head loss in the suction aıd
dischaıge pipes due to major and minor losses and can be expressed as

Zor=»,ı|[*»r,F, d,2g a'2s
But using üe continuity cquation Y4 - ğAı, ao thatüe above equation can be expressed as

»h,=»İ,*,#-1r#
Now, deiiningüe resistance coefficient,K, as

K=lJ;*#-pr#
the total fricüonal head loss becomes

Datıım,-. -

Zhı=K9'
Fiaalln substituting Equation (13.86) into Equation (13.85), one can obtain

TTrRBoMAGEINERY 1277

(ı3.80

(13.87)h=hg+KQz
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The above relation is knoş,n as tie ıyıtem chırıcterlıdc and it is şhown in Figure 13.59.

Ftgure 13.59 A §pioal syste,m characteristic

The syste,n cbaracteristic can be alte,red in two differe,nt ways. These ııe as

follows:

(r) !Uhe" the geometric head is increa§ed from i5 to irl, the system characteristic

sbifo up, as shown in Figııe 13.60. However, if the geometric head decreases from i6 to

i6", the system characteristics sbifts doşm.

l-
h8,

I

TırRBoMACEIhıERY l27!,

(ii) Wheıı the resistance coefEcieııt is increased foı example by closing a valve, üe
system chaıactoistic rotatcs in the counterolooloııise ılirection about point A, as indicated

inFigure 13.6l.

I
hg

I
Ftgure 13.61 Effect of üe ohange in resistance coefficient on

the systc,n chaıacterisüc

13.11.2 Ooerıtlnp Polnt

The point of intrrsection of the system characteristic and pump characteristlc

r€pres€rıt§ the operating point, as shovm in Figure 13.62. This is üe point on the systcın

chrıcteristic at whiü the system operate§ and at üe şaıne time, it is üc poiıt on tbe pıımp

charact€ri§tic at ııhich the pıımp operates.

sy8tEm
characteristio

Opefatiry
poiıt

O*

ilgure 13.62 Operating point ofa pump

Ftgure 13.60 Effcct ofüe geometic head change on thc syst€m chaıacterisüc
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Eıınplo 13.10

A oontifugal pump is used to hanşrort ııraterbetween two reservoirs, as shown iı
llıııro 13.63. Tho performance characterisüc of üe oentrifugal pıımp oan be Eıproximated

by

h=50-2ü0Cf,2

ı!d
tı=64Q-I28OQ'

vutoıo i ls üg head in m and Q is üe discharge in d/ş. The total length of the suction aod

dtırüırgo pipos is l00 m and they both have a diameter of 0.1 m. Assuming a ftiction

tobr of 0.02 aod neglocting minor head losses, determine the power reçıired to &ive the

DuEP,

Figure 13.63 Sketoh for Exaınple 13.10

§olution

The system chaıacteristio can be deteımined bv applyıng the extoııded Bernoulli

oquüion along the steamline in Figure 13.63 betneen points on the ftee surfaces of

ıuction and disoharge reseııroirs as

P-_ *Ü_+ r, * 1, = 
Po *Yİ, * 

"_ 
+Ş ı.pc 29 - g 29 u Hl

Slnce the cross-sectional area of suction and dischaıge reservoirs aıe very largo when

comparod to the cross-sectional aıea of the pipes, r- = 0 and Yı 
= 

0, Meanı,yhile, boü

TIRBoI!4ACEINERY |28l

reservoits are eıqıosed to the atmoşhere so thatpo :pa :pom. Also, zo: 0 and z* : Iıı, so

that

h=hı+Zhı=o"-4#

However, Y : QlA: 48l(r*), so that the system characteristic is

h = h" + -ffiQ' = ıo,* rffifuı Q' =30 +ı6525ü

The point of intersoctioı of the head-discharge chaıacteristic of üe pump with the system

charaoteristic ğves the operatingnoint 1
h = 50 _ zooooQl 4 o + l 6525 Q:?

which oan be solved to yield

Q=0,0234üls

This operating point is shown in Figuro 13.64. Then, the bead aod efEcieııoy coıresponding

to this volumetric flow rate are

h = 50 - 2OOOOü, = 50 - (20000)(0.0234 m3/s)' = 39.05 m

n (m)

100

80

,ı5

60

45

30

l5

Eft

]

ıeİıcv

-\
System

cbaracteristic

-/--\-(
\

,ı

\
\
\

l
l

oJ;tc \ \
poıfr ,\ \

l
ı Pıry \'.

characEristb \
0.0ı 0.02 0.03 0,o4

O (-'/r)
0.00 0.05

50

ıı(Y")

40

20

00

Figure 13.64 Operating point for Example 13.10



1282 FLI,IDMECEAıIıCS

and

ıı = 64oq -12804 = (64xo.o84 m3/§) - (ı280)(0.0234 m3/s)1 = o.7967

Finally, the power ıeqııired to drive the pump is

p 
= 
@n!z_ =0000 

kg/mlxg.8ı nx/_s:X_o:o234 mlgx39.o5 m) ıı,ı5 ııT1,tl.p 0.7967

13.11J §erleı Comblnıtion of Pu4pı
Wheıı the head suppüed ğ a single pumı, can not meet the head increase requiıed

by üe system, prımps aıe usually combined in series. In Figııre t3.65, puıüps A and B aıe

oombined in series for traısporting water from üe suction reser_voir to the discbııge

reservoir. In this case, üe total head üat is eupplied to üe fluid is equal to the sum of the

heads zuppüedby eaüpump, üat is

iigure 13.65 Two pumps whiü aıe coaneoted in series

h=hı+ lh (ı3.88)

while the volıımetic flow rate of üe fluid paseing ürough each pump is üe samg so that

Q-Qı=Q" (ı3.89)

The combİned pnml, characteristic can be obtained by adding the head of each pump at a

coostantvolumetİoflowrate, as inÜcatedbyüe dashedcurve inFigure 13.66. Thepoİnt

TIrRBoMACEII\IERY 12E3

ofintersection ofthis oombined pıımp chaıacteristic wiü the system chaıacteristic gives

the operating point for the configııration, which is shoıın in Figıııe 13.65. Oııe should notc

that pıımp B can not operate below the line i = i. in Figııre 13.65 and it 8cts as a ı€sistaace

to the flow. The powerrequiıed to drive these two pumps which aıe connected in soies, is

eqııal to the sum of üe powers required to drive each of these pumps. Heııce

P=Pı*Ps

or using lhe definition of powo whiü is requiıed to drive a pump

pcQh _ pgQ^h, *BQghıtl llı 4ı

(ı3.90)

Innoducing Equation (l3.1M) into the above equation, the overall efficieııcy of the serially

combinedpumps becomes

hn--'' hr,h"
4ı 11ı

Figure 13.66 Determioıtion ofthe operating point for the configuıation
inFiguıe 13.65

(ı3.9ı)

o

Operating
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Eıımplc 13.11

Ttvo idontical ceııtifugal puops are oombined in series in order to tran§port water

hiwa6 two rııcrvoirs, as shown in Figuıe 13.67. The total tength of the sucton and

dlıoÜırıp plpoo io l20 m and they boü have a diameter of0.12 m. The friction factor in

boÜ plpcı lı 0,022. The performance characteristic§ of each pump can be appıoximated by

h*41-1600082

ııd
q=64Q-l280Oı

whı İ lı tho hcad in. m and Q is üe dischııge in m'/s. Neglecting the minor losses,

dıtıohc thc power ıeqııired b drive üe two pumps.

Ftgure 13.6? Sketch foı Example 13. l l

§oluüoı

Thc oyotem chaiacteristic can be determiıed by applying the extended Bernoulli

cquıtion ılong the streamline in Figuıe 13.67 between the free zurfaces of zuction and

diıohırgo reeervoirs as

Zo *fr* 
",, 

* nı + n" = ff +fi + zo +|h,

§inco üe cross-sectional area of zuction and dischaıge reservoiıs are very large when

conp8ı€d to the cross-sectional ırea ofthe pipes, Z. 
= 

0 and [+ 
= 

0. Meanwhile, both

rogervoİrs aıe exposed to the ahosphere so thatp,,= pa = pa, Also, z,, = 0 ,nd za1: hg, so
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that

h=hı*hı =hg+Zhı =r"* f *#
In the above equation, lı ıepreseııts the total head supplied by pumps A and B. Noting that

l/ = 8lA -- 48l(Ü), the system chaıacteristic i§

h = hğ + ;Wo' = ro * 7ffiffiı Q2 = 5o +8766Q2

The combined pury chaıacteristic, which is shorım in Figure 13.68, can be obtained by

adding the head developed by eaoh pump at the same volumetic flow rate as

h = hı + hı = ?{ 40 -l6fi}0}\ = aO -}ZOOO8'

The point of intersection of the combined pump characteristic with the system

characterisİc gives the operating point as

i,, = 80 -32OOO Q}e = SO + 87 6ü

Q, = Q., = Qı - 0.027 13 m9 la

100ı00
Conbiredpıııp

chqacterbtb
Sphm

üaractçrbtb

*.Öx
Y_---4

)peratinc

l
l

\
\
\ı

l s,nghpıry -
cbıactsristb \

80

60

i (n»

40

20

80

@
ıı(Vo)

40

20

0 0

0.00 0.050.0ı o,02 0.03 0.04

o (t'h)

Figure 13.68 Determination of the operating point for Example l3.1 l
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At the operating poin! üe head delivered by each pıımp is

h^= |ı" = ğğ-|6CfiıOOL= 40-(l6000X0.027|3m3l8r2 =28.22a

while the efEcieııcy of each pump is

ııı =İ" =üQn-|28o8L = (64)(0.02713 m3/s)-(1280X0.027ı3 m3/s)2

=0.7942

Ireııce, the power required to drive each pıımp is

rlı 4g

= 9.457 klv

while üe powerreqııiıed to drive botb pumps is

P"a = 2P = Q)Q.457 kW) = 1ggl3g

F.11.4@
Wheıı the changes in the reqüred volıımefric floşı rate of a systeıı are quite large,

pumps aİe usually combined in parallel to meet üiı ıeqııireıneııt economically. In Figure

13.69, pumps A aad B are combined in paratlel for transporting water froın the zuction

reservoir to the disüırge reservoir. In this case, the total head supplied to the fluid is equal

to the head suppliedby each of the two pumps, that is

PıımpB

Ftgure 13.69 Tıvo pumps which are conıected in parallel
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h=hı=hı (ı3.9)

şrhile üe votumetric flow rate of thc fluid passing tbrough the main branch is equal b sum

of the volıımetric flouı rates passing thıough each pump, that is

Q=Qı+Qı (ı3.93)

The combined pıımp charactoietic can be obtained by adding the volumetric flow reto

delivered by each prımp at a constant heağ as indicated by the.dashed curve in Figure

13.70. The point of intersection of this combined pu-p characteristic with the systo

characterİstio gives tbe operating point for the confguration in Figure 13,69. One should

note that pump B can not operate to üe leff of tbe line g = Q" in Figure 13.70. The poıror

required to drive these two pıımpe, whiü are connected in parallel, is equal to üe sıım of

the pouıerı required to dıive each of these individual pıımps. Hencö

P = Pı*Pı

Using üe definition for the powerrequiredto drive a pump

(13.94)

BOh -B0rh, *nQf,
O rlı 4g

Innoducing Equation (13.107) into the above equation, üe overall effıcieııcy of the pumpo

cmbined in parallel is

0.7942

Coınbinedpump
ohaıactoistio

System
characteristic

-\_
'. noint

PumpA\.

O=O,

X'tgure 13.70 Determination of the operating point for tbe oonf guration
inFigure 13.69

o
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Dıımple 13.12

Tiryo idotioal ccntrifugal pump§ ar€ combined in parallel in order to tan§port

;ıtİ üo!ı a ıuation reservoir to a disohaıge reseıııoir at a higher elevation, as shown in

Üıııt l3.7l. Thepeırforoancecharacteristics ofeachpump can be approximated by

, h=5,o_zoooo2F

Eö
ıı=649-128W!

şİıı İ |ı thc heıd in m and Q is üe volıımetic flow rıte in m'/s. The length of eıch

Lısh lı ıoğigible u,hcn compared to the totıl lengü of tbe suction and discharge piping

ef P0 ıı All pipes have a diameter of 0.2 m and üe aiction faotor is 0.018 in all pipes.

§oluüoı

Thc ıycteın oharacteristic can be deteımined by applyiıg üe oıtended Benıoulli

qrııdoıı along thc ştreamüne in Figure l3.?1 betıueen the free surfaces of suction and

dlıüıııp rçgcrvoirs a§
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_ 2-#-,-+n=lz+fi+zo+|h,
Sinoe the cıoss-sectional area of suction and disoharge reservoirs are ve,ry lorge when

comparcd to the cross-sectionıl area of üe pipes, U- 
= 

0 af Vo, = 0. Meannıbile, both

reservoirs' are exposed to üe atmosphere so thatp,, = pe ğ pr. A|8o, z- = 0 aıd zı. = İrı, so

that

h=hı+|hı=o,ni1#

In the above equatilın, i, represents üe head sışplied by eiüer one of üe two pumps.

Noting that r = UA = 4ğ(ıÜ\, the system charactcristic is

1, = ıo + ffFg' = ıo - * 6rffiör Q2 = 3o + 697,2Q2

ıvhere Q: Qı+ Qıreprüeıtüe sum of the volıımetric flowrates delİveredby cachpump.

The combined pump cüoracteristio, which is shown in Figuıe 13.72, can be obtained by

adding the volumetic flow rate delivered by eachpump at üe same head as

Q=Qı+Qı-r'm

or 
i=5o-5ooo9,

The point of intersection of üe combined pumlı characteristic with the system

oharacteristic gives the operatingpoint as

hq = 5o - 50ood" = 30 + 697.28tr

or

Qq=0,05925a3la

Therefore, üe volumetric flow rate delivered by each pump is

8ı=8ı=#,=0.02963mls
At this volumetric flow rate, the head deliveredby each pump is

o=g--Lg
Oı llı

(l3.95)

İ{İhodıı üo ninor losses, determine the power ıequircd to drive the two pumps.

Pıımp

E'igure 13.71 Sketch for Example 13. 12



l29o FLI]IDMECEAMC§

h, = h" = 59 - 2oooo(9*)' = 50 - (20000)(0.02963m3/§)2 = 32.M m

and the efficieııcy of each pump is

ıt ıi ıtı = (ü)(0.02963 m3/s) -(1280)(0.02963 m' ls1" = 9,7726

Heııcg the power ıequired to drive each pump is

p:p _ruQrh,|_PgQRhEll-'B 
4ı 4ı

_.(1000kymr)(9.81D/srX0.02963 mr/sx32.44m) _r, , t Lıı,
0.7726 =LL,LL*''|

while the power required to drive both pumps is

P r,= Pı + P" =|2.21Ya7 + l2.2|kW = W.
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deliver wheıı it operate§ in a system" Ia addition to these, üere mıy be some other

conshaints on the pump to be selected. These aıe tİe

(i) pıry speed if the primc mover and ib sped aıcbown,
(İİ) mininum 6perating efficiency,

(iii) §tatic lift which may affect the pump location to prweot cavitation

(r9 typ, of fluid to be handled since the woiİng fluid may contain solid paıticles,

acids, etc.,

(v) type of pump such as oeotrifugal or axial dııe to the ease of instıltation in a
8,ysbD,

(vı) space available to tbe pump,

(vii) moıimum allowable noise level and

(viü) nonoverloading power characteristics.

Certainln all of these restrictions may influeııoe the pump selection. Ilowever, onc

can üeoretically selec,t any pump ğpe if these resnictions aıe disregarded. In tbis case, the

only differeııce will be in the şize and operıting speed of the pump. If üe t5pe numbcr is

low, üe size of the pump will be large and the operating şeed will be low. On üe otbcr

hanğ if the type number is high, the size of the pump vıill be small and üe operating speed

will be high.

If the only specificatim giveıı is üe head and volumetric flow rate, the ğpc
numberoftbepump

* :_'J0"' (gh),,,

is directlyproportional to the rctıtional epeed. Therefore, tbe §ıpe nn-ber of üe pıımp can

be fixed by üe selection ofthe rotationıl speed.

Usually, pıı_Ds aıe driveıı by alteılating curreııt (a.c) electric motors whose spccd

depeııds on üe alternating cuırcnt line frequency and number of poles. The slm.cbıonouı

speed ofm a.c. electric motor can be giveıı as

N*=ğ,6o (ı3.96)

where /v- is thc syı,cbronous speed in rpq"fie üe line frequeııcy and z is tbc numbcr of
poles. Howwer, üe nominal speed is less üan the synchronous speed due to üe slip. Tho

75

60

45

i (m)

30

l5

0 0

0.00 0.02 0.M 0.06

, o (ffu)

I'ğure 13.72 Determination of tbe operating point for Example 13.12

ı3.12 PUMP §ELEcTtoN
In gmeral, it is desirıble to select a pıımp which delivers a reqııiıed head and

volumetric flow rate. Therefoıe, these are tİe two important quantities that a pıımp must

0.ı00.08

\ Operıt'ng Sysbm

\ poit ctaıaoterbtb

i smcbpı!ry



|292 FLIIDMECEAMC§

rynchronou§ and nominal speeds of a.c. electric motors are preseııted in Table l3.1 for a

llno tequcocy of 50 Hz

Tıble 13.1 §pcbronout and nominal epeeds for a line frequency of 50llz

No of poles /Vo,, M-
2 3000 2900

4 ı500 l450

6 ı000 960

E 750 120

ı0 600 575

12 500 480

14 450 4ı0

ı6 375 360

If an a.o. electric motor is used to drive the pump, theıe are difbrent values of the

Donİnıl speed§ that can be selected giving a number of choice§ for tbe pıımp ğpes.

Howcver, any ofthe reskictions that are considened above may re§ult in the elimination of

toEO ofthğ§e choices.

Final selecüon is usually based on a proper balance betweeıı the initial invesfueııt

ınd operation costs. For example, ifa pump uıith a low type number is selectd the size of

thc pıımp u,ill be laıge r€qııiıing a high initial invesbeııt. However, it oan be more

officieııt so that the operation cost will be low. Heııce, although such a pıımp is expensive

lnitially, its selecüon can be justified since it pays off in the long run,

Wheıı the nominal speed is fıxeğ the type number cao be calculated which

idenüfies the pıımp type. The final stç is the determination of the size of thepump üat is

the diametq of the impello. in general, the performance charaoterisüc of a pump is

ıpocifed in teros of üe nondimensional parametos, oamely the head coeffıcien! ar and

the flow coef6ci€ııt zra. In this ca§e, the speoific speed ğven by Equation (13.54) can be

expıessed İn terms ofthe head and flouı coefEcieııts uıith the aid ofEquaüons (13.38) md

(l3.39) as
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(|3.97)

However, one should note that it is very difficult to find a p,-J, having a şlıe nıımber

which is ideııtical to the calculated one. The perfect solrüion to this problem would be to

design a new prımp which exactly meets üe given requiıemeııts. But, this is a very costly

process and it can only be justified if the pump in considdation is very large and/or a large

number of them is required. If ıhis is not üe oase, the pump having a ğpe number greater

than the calculated one. In this case, the pump will not operate at its design point but

slightly to the right ofit to prevent the instabilities.

Exımple 13.13

it is rcqııired to pump water ftom a §torage basin at a volumetic flow rate of

0.4 m3/s into a reservoiı, whose water level is 35 m above üe water level in the storage

basin, as shoşın in Figure 13,73, The aictional head loss in the suction and discharge

piping are 7 m and 23 m, respeotively. The atnospheric pıessure iş 100 lcPa, while the

vapor pressrıre ofıvater is 2 lçPa. There are thıee pumps ıvhich are driveıı by an a.c electic

motor, whose characteristics are shouın in Figure 13.74. Select a prımp to meet the giveıı

requiremeııts and speci§ its size, speed efficiency, powğ oonsr;mption and its location

relative to the water level in the storage basin.

N,=#

Flgure 13.73 §ketch for Example 13. 13
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§oludon

The tlpe numbers of the pumps whose characteıi§tics are giveıı in Figure 13.74 can

be oalculated by considering üe value ofthe head and discharge ooefficients at tbe point of

maııimrım efficieııcy.

For pıınlı A, one oan obtain (za).r - 0.07 and (ra)^ = 0.025 at üe point of

ma:ıimıım efficiency from Figı:ıe l3.74a. Then, üe §pe number of pımp A can be

calculatedby using fuuation (l3.112) as

(ü,=W=ffi=,,,u,

The Thoma oavitation parameter at the point of maııimum efficiency oao also be obtained

üom Figure 13.7ıla ae oı = 0.09. The same procedıııe can ıow be repeated for pıqs B

and C. These results are preseııted in Table 13.2.

Tıble 13.2 Tlpe numbers forpumpe inEııample 13.13

'ro
fu .ıv, o

PunpA 0.025 0.07 |.|62 0.09

PumpB 0.010 0.ı7 0.3711 0.06

Pump C 0.030 0.14 0.7568 0.M

tn order to determine üe rcquiıed heağ one can apply üe oıtended Bernoulü

equation between points 1 and 2 along üe streamline in Figure 13.73 as

ı + lL +$ + 
", = ft *fr* 

", 
+|no +|n,

Since points l and 2 are boü otposed to üe ıfuosphere, pı * pz = pm- Aleo, rr 
= 

0 and

Zı 
= 

0, since the çmss-sectional aıeas of storage basin md discharge reeervoir are quite

large wheıı comparcd to the cross-sectional area of the suotion and diecharge pipes.

Aocording to the ohosen datum 
^= 

0 aorlz2= hr2, so tbat
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Figure 13.74 Pump performance ohaıacteristics for Example 13.13
h=hı +ıhı,+|n, =35r-+7 m+23m= 65m
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Thoo, tbc ı€quired §pe nıımber can be calculated as

(N,, - = Zi#= ffi = o.o04984o*

Fc difrcrcııt nominal speeds of a"c elechic mobrs, the ıequiıed tlpe numbers are

pcoıoobdinTable 13.3.

Tıble 13.3 Required tlrye numbers for different nominal speed of ıo electric motors

JV,"-(rpm) aı.,(rıd/ı) (jV.),,ı

2900 303,7 ı.514

ı450 ı5t.8 o:l566

960 l00.5 0.5009

720 75.q 0.3758

575 60.2| 0.300ı

480 5027 o.25M

4l0 42.94 0,2l4o

360 37.7o 0.1879

At this point, if the requiıed type numbers for diffcrent motor şeeds aıc comparcd

wlth tho typc numbas of the tbree available Prımp§, one can determine that there are two

nıbhoı. tbcsc ue (i) pump B rıınning at a speed of 720 rpn and (ii) pump C running at a

ıpood of 1450 rpm.

Onc can first conşideı pump B. 1X6 impeller diameter of this pump can be

oıloıılıbd tom the florv coefficieııt as

. \|l'

o =( 
g)"' 

= [ ==,o,o.=:,,,,. __. ) =0.8095m|ron) \(75.aOrad/s)(0.01)J

Pıımp B is operating at it§ ma]dmum efEciency point, since üere iş an exact matoh

botween its type number and ıequired type number. Irence, the efficieııcy is 80 percent

üom Figııre l3.74b.Then, üe consumedpoweris
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P _ pgoı 0000 kym3x9.81 D/s'X0.4m3/§X65 n) 
= 3 l8.8 k}V? 0.8

At the point of maximıım efEciency, Thoma caütation p8ıameter is o= 0.06 ftom Figuıe

l3.74b. The4 the net positive suction head is

ypŞ17 = ğ1 = (0.06X65m) =3.9m 
.

The suction geometric head can noııı be evaluated ıııith üe aid of Equation (t3.92) ıs

4= P*- P, -ıfpsrr-iı. ='99999i'r;-ryTi{ -3.9m-7m' pc H' (l000kg,tn'X9.Elm/s')

=-0.9102m

Therefore, pump B must be located below the water level in the storage basin in order to

pıevent cavitation. The same calculations can now be rcpeabd fon pıry C. The results aıe

presentedin Table l3.4 togeüerwith puop B.

Tıble 13.4 Results for pıry B and C inEııample 13.13

PumpB Puınp C

fra 0.0ı 0.03

,* o.17 0.ı4

M o,3717 0.7566

N(rpm) 720 1450

o(rıd/s) 75,4o 15ı.8

d(n) 0.8095 0.4145

,ı 0.80 0.85

P(kw) 3l8.8 300

o 0.06 0,04

JVP§İJ(n) 3.9 2.6

&,(m) _o.9192 0.389E
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At tbis poin| if the results for prımps B and c aıe compaıt4 one could observe that üe
impeller diameter of pump c is smaller thm üo impeller diameter of p,,mp B. In addition

to üis, p"mF c is more efficient and consumes less power. In order to prevent cavitation

pump B must be placed below üe water lwel in üe storage basin, ıııhile puıry C can be

located above ground. Therefore, it is better to gelect oumo C,

13.13 st MMARY
This chapter is devoted to üe discussion ofüe turbomachinery. The discussion

sbrts with the classification of fluid machinery according to direction of energy tansfgr
direcüoı as power producing and power absorbing fluid machinery. This is followed by
the classification of fluid machinery accord,ing to principle of nechanical operation as

positive displacemeııt fluid machinery and turbomachinery. The fimdamenbl relatioııs are

applied to the flouı through an aıbinary turbomachine by using one-dimeıısioııal

approxination, velocity triangles for pumps and turbines are then intodııc€d and

conditions for maximum eııergy tmnsfer. During this enılygig, üe axisyometic flow
assumption is used ,ıııhich implies üat there are infinte number of blades in the flow
passage and the fluid is guided pofectly well ürough the ruıner. The losses in the

components ofhydraulic machinery aıe considered and energy relations through pumps

and turbines aıe analysed" The general performance chaıacteristics for pumps and tubines

aıe discussed. The discussion continues with the similitude in turbomachines vııith special

emphasis to üe performance characteıistics at similar operating points. The same

turbomachine operating at different rotational speeds and geometically similar

tuıbomachines operating at üe same ıotational şeed are considered. The şecific şeed or

tlpe number is introdııced for the classification, conparison and desigp of pumps and

tı:rbines. pıımps arc theıı classified as ıadiat aııial and mixed flouı according to the

geomefoy of flow passage, This iş followed by the classification of hııbines as impıılse and

ıeaction turbines. In impulse turbines, thÖ available head is fiıst converted to kinetic eııergy

and then tansfe,ıred to the ıotor while üe pressure across üe rotor is alınost constant in
ıeaction tuıbines, only a part of üe total head is converted to kinetic eııerry in the

stationarY guide vanes, which is üen transferred to rotor with a decrease in static pressure.

The reacüon tuıbines aıe fiırüer claesifıed as radial (Francis) and axial (kaplan) tuıbines

according to the geometry of fl,ow pa§§age. Since pıımps and turbines operate in pipe
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sYstem, their performances aıe closely related to the losses in üe system of pipes

connected to them. For üis ı€asorr, pumps and tıubines operating in pipe systems arc

emabzed. '-Iü1 concqt of cıvitıtion, which is 61 important desip parameter, is also

considered TLe pump and pipe system combinatioı$ı are then discussed, system

chaıacterigtic inboduced md üe operating point is defined. The series and parallel

combination of pumps operating in a pİpe system 8ıe analyzed. Finatly, the restrictions,

whichinfluence the pump selection, aıe examined.
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B,1 13.l A centifugal pump haüng an impeller diameter of 20 cm is rotating at 2950 rpm.

The blade angle at the outlet is 7d, while üe meridional velocity at the outlet is 4
m/e. Determine üe theoretical head of üe pump, if there is no inlet wbirl.

4z,r l3.2 Acentrifugalpumphavinganimpellerouteidediameterof0.2mdelivers0.02m3/s

of ıvater wheıı it is rotating at 1450 rpm" Blades are eıcteııding up to üe inlet eye

where üe hub and tip radii are 3 cm and 6 cm, respecüvely. There are no inlet
guide vanes and üe blade angle at the exit i9 2d. 1üe meridional velocity ie

constant tbroughout 1tr6 imneller. Assııming üat üe fluid and blade angles are

equal and ncglecüng friction, detemine üe head of üe pump.

l3.3 A ceııhifugal pump produces a head of 25 m at a volumetric flow rate of 1.15 mlq
when it is robting at t470 rpm" The inlet and exit diametcrs of the impeller are 0. 15

m and 0.4 m, respectively. The blade uıidü at the inlet is 0.025 m, uıhile the blade

angle at the inlet is 600, The meridional velocity acrogg üe impeller remaine the

43,3
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ııne. Tte blade and fluid angles are üe same. Assııning aııislmmetric flow and

noglcıting üe aiotional effects, determine üe
a) tangential componeııt of the abşolute velocity atthe inlet,

b) bladenngl66üeoutlet, _ a
c) bladewidüattheoutletand _}- tlö§> '.

d) shut-otrhead. .-.-'
A pump deüvers a^head 6f 40 m at a volumetric flow rate of 0.1 m'/s. The leakage

ln the pump is@pfuls.If the hydraulic and mechanical efEcieııcies aıe 0.85 and

0.9, detcrmine the sbıfrpower.

Tho nçt head of a radial infloıı tuıbine is 80 n. The overall efficiency of the tuıbine

lı 85 percent, uıhile üe mechınical efficieııcy is 98 perceııt, The leakage tbrough

tho gap bet,ııreen the ıotor and casing is 3 peıcent of üe incoming floıv. The head

logs in the draft tube is l m and the velocity of the fluid at the exit of üe draft tube

ls 1.5 E/s. Determine üe inteı:ıal head loss in the turbine.

Thc net head of a radial flow turbine baving a hydraulic efEciency of 80 percent is

40 m. The inlet guide vane ang|e is 20, ıııhile the relative blade angle at üe inlet is

900. Tte inner and outer diameters of the rotor are 1.0 m and 0.5 m, respectively.

Ttcre is no outlet whirl and the blade angles aıe equal to the fluid angles. A§suning

thıt üc meridioıal velocity is con§tant acrogs the rotor. Detomine üe
a) angular speed ofthe rotor and

b) ıelative fluid angle at the exit.

A ceııtrifugal fan ıvith an impeller diameter of 0.8 m deüvers 2.5 m3/s of air wheıı it

ia rotating at 800 rpm. At üis operıting condition, it creates a pıe§sure difftrcnce of

700 Pa. The volumehio efEoiency is 95 peroeııt and 40 percent ofthe üeoıetical

head is dissipated in the fan. The ıpidth of üe impeller at the outlet is l0 cm and

there are no inlet guide vanes. The density of ü is 1.2 kglrt, Determine the

relative fluid angle at the outlet of üe impeüer.

A centrifugal pump produces a head of 40 m at a volumefuio flow ıate of

0.025 mlğ ııhen it is nınning at 2950 çm" There are no inlet guide vanes. Blades

are e:rtending up b the inlet eye where üe hub and tip radii are 2 cm and 4 cm,

respectively, The diameter aod vıidth of the impeller at üe outlet are 20 cm and

TIrRBoMACEıNERY 1301
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l .2 cm, respectively. If üe volumetric and hydraulic efEciencies aıe 95 peıcent and

80 peroent, determine the

a) inletrelative fluid angle at the meanradius and

b) outletrelative fluid angle.

A centrifugal pump produces a head of 17 m at a volumetric flouı rate of 0.04 m'/s

when it is rotating at 1470 rpm. The loss dııe to the leakage is 0.00l mYs and the

mechanical loss due to friction is 0.5 kw. The iılet and outlet diameters öf the

impeller are l0 cm and 25 cm, respectively, ıııhile the şıidü of the impeller at the

inlet and exit aıe 2 cm and l cm, respectively.lhe relative fluid angle at the outlet

is 300. There are no inlet guide vanes. Determine üe

a) ıelativefluid angle ıt üe inlet,

b) absolute fluid angle at the outlet,

c) absolutevelocity atthe outlet,

ğ hydraüo efficiency and

e) oveıallefEciency.

A ceııtrifiığal pump produces a head of 2Q m, when it run§ at 750 rpm. The

meridional velocity is 2 m/s and it is constant across the ,imFeller. The fluid angle at

the outlet 6ç ft6 impeller is 4d. There is no inlet whirl and the enğ is shockless.

The hydraulic efEcieııry of the pump is 85 percenL The ratio of the outlet to inlet

dianeter of üe impeller is 2.5. The width of the impeller at the outlet is 1.6 cm.

Neglecting leakage and mechanical losses, determine the

a) diameterofüg imFeller,

b) inletbladeangle,

c) volıımetric flow ıate,

d) ıvidth of the impeller at the iılet and

e) power consumption ofüe pump.

14 1 13.11 An aııial flouı fan having a diameter of 1.5 m is operating at a speed of 1450 rpm.

In this casq lhe axial velocity of the aiı passing tbrough üe i,ıpeller is l0 m/s. A
model ofthis fan having a scale ratio of5 is to be tested in the laboratory at a speed

of 2900 rpm.

13.10
""l
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a) Detcrmine the ı:rial velocity of üe air in üe model, if the effect of the

Reynolds number is neglected.

b) Ifthe model is to be tested in a large pressıır€ vessel, find the required

pre§sur€. The depeııdmce of Üe absolute vİscosİty of air on the pressure can be

The prototlpe is desiped to operate in the aünosphere wiü apressure of
l 00 kPa. The temperatuıe of the air is the same for the prototype and model.

l^ \ 13.12 A ceııtrifıgal pump is desigped to deliver a head of 60 m at a volıımehic floıil r&te

of 0.8 m3/s nıheıı it is running at 1470 rpm. The performance of üis pump is to be

determined in üe laboratory by using a model. The power consumption of the

model is 10 kW when it i8 delivering 0.1 mls of weter. The efficiencies of the

protoq/pe and model are boü 80 perceııt Deteı:oine the

a) rotational speed ofthe model and

b) leııgü scale.

4 l1.1l A centrifugal pump ,.iltr 6a inFeller diameter of 0.2 m is desiped to deliver a head

of l0 m at a volumetric flow rate of 0.1 m3/s when it is rotating at 1500 rpm, It is

desirable to operate this pump at 1750 rpm to deliver üe same head. For this

reasoıç the dİameter of the İmpeller İs changed without üstuıbing the geometric

similitııde.

a) Determine the diameter of the nodified impeller.

b) Determine the volumetric floıı rate of the pump wiü the mödified

impeller.

üt| 13.14 A propeller type wind tuıbinc having a tip diamettr of 2.4 m is desigped to run at

l50 rpmwhen the average wind apeed is 5 m/s. A model of üis tuıbine having a tip

diameter of 0.6 m is tegted in a urind tunnel where üe air speed is 12 n/s. The

deıısity of the air is 1.2 kg/d. Detetm,ine üe
a) rotational speed oftbemodel,

b) power outtrıut of the fiıll scale turbine, if the power output of the model

is measured üo be 2 kw and

o) power output of üe full scale tıırbine ş,heıı it is operating at 200 rpm"

^ ,,d 13.15 A ceııtrifugal pump operating at 1000 rpm is delivering 18.2 m'lh of water at a total
1\ 

- 
pıEssrıı€ diffeıence of 1030 kPa bctııveeıı iDlet and outlet, and requires 6.0 kW of

43,|5 8.|6
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üaft power. Detemine the volumetric flow rate, head, §haft power and efficieııoy

atthe similar operıting point of the pump wheıı it is operating at 1500 rpm. (MBTU

2ol3)

A turbine is desigıed to qıerate under a net of 80 m nıheıı the volumetric flow rate

of şıater is 2 d/s. The perforoance of üis desip iş to be predicted in the

laboratory by using a 1/4 scale model. The model turbine is operating under a head

of 10 m ınd its efficiency is 80 peroeııt" Deterınine the

a) volumetric flowrate forthe model and

b) efEcieııcy ofthe prototype.

A 2.4 m diameter hydraulic turbine is designed to run at 430 rpm under üe head of
289 m with a flow rate of a a'k. To estimate üe pouıer produced by this turbine,

a model is oonstucted ia a laboratory whcre üe head is l0 m. To simulate the

desip operation, an experimeııt is performed on üe model while ruııing at 640

İpm.

a) what should be the floııı rate in üe cxpcrimcııt?

b) If the shaft power is measured as l0.2 kW in this experimeıı! eetimate

the power produced by üe designed turbine. (METU 1999)

A 3.5 m-diameter hydraulic turbine is 66gigned to operate at2|2 rpm under üe
head of 30 muıiü the floııırate of 79i7 m'ls. A l:10 scale model of üis turbine is

constucted and a simıılation test is planned to esümate üe pouıer of the designed

(prototype)tuıbine. The head ofthe model test is to be 2.5 n
a) Determine the şeed of the model tuıbine and the şıater floşı rate for üe

simulation test Can you ıealize full-simrılation? Comment.

b) If the shaft power of the model is mea§uıed as 5.02 kW as üe result of

the above te§l e§timate the shaft power of the protoğpe by using Ackeret's

coırelation. (METU 2003)

§hoıı that "\ilheır zrg, m ııd, m aıe the game at two differeııt operaıng coııditions

of geometrically similaı tuıbomaohines, üe efficiencies of these two machines are

the game at these particularoperating conditions". A 200 mm diameter centrifugal

pump @ump A) operating at 1200 rpm is geometrioally similar to a 300 nn
dian€ter punp @ump B). Dimeneional and non-dimensional characteristics of

13.ı9
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Dıınp B whllo oporıting at 10ü) rpııı, arc shown below. Determine the discharge
(Q), pıovtdod hoad rise (i) and the shaft power for pump A working at maximıım
ıiİlo|ooy. Worling fluid is ı,ater. (METU 2006)

13.22
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A pump vıiü the ğveıı chaıacteristics belour, is operating at it§ de'ign point at l20o
rym.

a) The system ıequiremeııts change such that the pump must noııı deliver
ıvater with a head of 69.12 a at a flow rate of 0.12 m3ls. This is achieved by
changing üe speed of the pıımp. Neglecting the Reynolds number effects,
detemıine the neg/ pump speed.

b) Calculate the perceııt change in pımp efficieııcy, when the pump speed is
changed as explained in part (a). (METU 2OO7)

'ı(m)tı(w

0.05 0.10 0.ı5 o,2o

Q (t/s)

Problem 13.22
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0.04 0.08 0,12 0,16 o,2o

'tQ

0.00

Proble,m 13.19

A muldetıge pump is formed by mounting five ideııtical impellers on the same
ıhıft. lt delivers a bead of 100 m at a volumetric flow rate of 0.02 mrls ııyheıı it is
opcnüng at 1450 rpm. When one of the impellers is broke4 it is removed.In order
to obtıin the same head ftom the four stage pump, determine the required rotational
epeed and the volumetic flow rate. Negleot the Reynolds number effects.

The performance oharacteristic of a pump operaüng at 1450 rpm can be
ıpproximatedby

h=50-4O008r and ıı=32Q-320Ü

where i is in m and Q is in d/s. It is desirable to pump ıvater against a head of 45
m at a volumetic floç, rate of 0.05 d/s. Determine the

a) rotational speed of the pump,

b) efficiency ofüepump and

c) power consumpüon of the pump.

0Eİ
0.00

#,/8 ü.23 The performance characteristics of a

approximatedby

pımp operating at 1450 ıpm can be

h=50-40O0Q2 and ı =32Q-320Q2

where i is in m and p iı d/s. It is desiıable to pump water against a head of 35 m
at a volumetric flow rate of 0.05 m3ls. Determine üe

a) perceııtage reduction in the diameter of the pump imFeller,

b) efficiency of the pump and

c) poııııer consumpüon of the pump.
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13.24 To deterınine üe characteristics of a pumlı, a series of e»çeriments are conducted

while the pıımp is working at 800 rpm and the following data is collected.

TtRBoII{ACEIIIIERY 1307

b) Which type of pump should be selecteğ if the tısk is to obtain 90 m head

wiü a 9000 lpm flow rate by using an AC motor rımning at 15ü) ıpm.

c) If üe same task is going to be employed on the moon, would üe

eelection be changed? Explain (METU t999)

Dc

4\,\q ıı.zs

43:L0 13.26

For a certain application we need to §elect a pump that will deliver 0.04 m3/s of

water against a head of 50 m. Possibilities are to üse

a) the above pıJmp but operated at a rotational speed other üan 800 rpım-

Find üe efficieııcy of the pıımp. Fiıd the power required to run it
b) a pıımp operated at 800 rpm nıhich is geometically similar to the pıımp

meııtioned above. Fiıd üe effioiency of this pıımp and the power required to ıun iü

(METU2005)

A faın is designed to prodııce a pressure differeııce of 120 mm ııater at a volıımetric

flow rate of 2 a1ls when it is operating at 2900 rpm. If üe efficieııcy of the fan is

70 perceııl determine its typa The den§ity of üe air is 1.2 kg/d.

Apump is to be desigped to deliver a head of l00 m at a volııınetic flow rate of 0.5

mls ı,he,n it is operating at 720 rpm. Deteımine the tlpe of the punp.

Practicing eııgineers do not bother to change rpm to radians per second ot Q to

cubic meter per second or to include gravity wiü head" A British eııgineer prefers a

practicalfcn:

(if,), =İf(,p=-)@
In(ftr"'

while a Geonan oııe prefçs:

(4)"=}f('p.-)@
[ı(-)]"'

If the dimeıısionless specific speed is JVr, one can üow üat (iV")ı =2735M

a) Rewrite üe specific şeed scate in(JV")c. Note üat British scale is used in

üe figore.

^3,L4 
r.28

,!3,ZL B.2g

,l "3"ıj ıs30

13.27

9 (f^) 0.00 0.0ı 0.02 0.03 0.M 0.05 0.06 0.07

i (n) 4L 40 39 37 34 28 |7 0

ıı(n 0 31 55 7| 76 70 50 0

J -L *_§_p_A
Radialflow Mixedflow Axialflow

ılılll
500 1000 2000 4000 5000 ı0000_15000

Problem 13.27

A ceııtrifugal pump having an impeller diaıneter of 0.2 m is operating at a speed of

1450 rpm. The blade ı.idth and meridional vetocity are 0.02 m and 5 a/ş,

reşectively. There is no inlet ııhirl and the blades are radial at the outlel If the

hydraıılic efEcieııcy is l00 perceıı| determine the specifc epeed of üe punp.

A tuıbine İş desigıed to produce l 50 kW at a net head of l 0 m ııheıı it is running at

350 ıpm. The efficiency of the tıırbine is 75 perceııt

a) Deterınine the type of üe turbine.

b) If the turbine is opetatod rmder a net head of 8 m, determine üc
ıotatiooal speed of üe tuıbine, votumetric flow rate of water and power prodııccd

by üetıubine.

A centrifugal pump delivers 0.3 d/s of water wheıı it is operating at 1450 rpm. Tho

outlet diameter and çridth of the impeller aıe 0.25 m and 0,M m, respectively. Tho

blade angle at the outlet is 3ü. Assuming that blade and fluid angles are equıl,

determinethe

a) absolute velociğ at üe outlet and

b) absolute fluidangle at üe outleL
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,İ lllı A lbrco ıtage oentifugaı pump delivers 0.05 m'/s of water ıvhen it is running at

1000 lPm. The mechanical, volıımetric aııd hydraulic efficieııcie.s of the pump aıe

90 pqcoot, 95 peroeııt and 80 perceıı! ıcspectively. At üe outle| the impeller

dlıDob( and widü are 0.45 md o.o3 m, ıespeotively. The blade aogle at the outlet

ll 4d ınd tbeıe are no inlet gııide vanes. The blades block the 6 perceııt oftbe flow

ııı. Aııııming that the blade and fluid angles are the §ame, determine the

ı) headdeveloped,

b) powerrequiıed to &ive the pump and

c) epecifıospeed. Ü,*
l llSl A ocntifiıgal pgl, rotating at 1450 rpm. 1he inl*g;;tlet diameters of the

_ _ lnpollcr ıre(.S m;ğ.2ş,_resıectively. The blade width at the inlet and outlet

,rr ıış 0.04 . *İ 0-0Z m, ıespectively. The blade engle§ at the inlet and outlet are 20o

. ııd ld, ıespectivelı Ttere are no inlet gııide vanes. Neglecting losses and

üiolocce ofvanes, determine üe
a) volıımetic flowrağ
b) theoreticalheağ

o) power dweloped md

d) pressıııe rise *196g thg inneller,

J İlJ3 A catifual pump delivers l7 m of head at a volumetric flow rate of 0.1 m3/e

whtıı it ia rotatiıg at720 rym.. The inner and outer diameters of üe impeller aıe 0.2

m aod 0.4 m, respectively. Ihe blade angle at the outlet is 4S. The flow area of
0.05 mı is mn§tant througbout ft6 imneller. The water eııters the impeller wiüout
gbock

a) Detamine the hydraulic effioieııcy.

b) Find the absolute fluid angle at the inlet when the volumetric flow rate is

rcdııced to 0.6 m%, while üe rotational speed rcmains the same.
7'' l33{ An axial flow pump handling water con§umes 75 kW at a vohımetric flo.ıı, rate of

0.8 m% wheıı it is rotating at 250 rpm. The hub and tip dianeters of tbe imneıler

aıe 0.4 m and 0.8 m, respectively. There are guide vanes at the downstean of the

impetler. The hydraulic efficieııcy is 85 perceııt, while üe overall efficiency is 75

p€rcent. A§suming that the blade and fluid angles aıe equal, determine the

Tt RBoMACSııIERY 1309

a) inlet blade angle of üe impeller,

b) outlet blade angle ofüe impeller and

c) inletbladeangle of üe guidevaneş at the mean diameter.

13.35 A pelton turbine having a mean buoket diameter of2 m is operating at a rotational

speed of 300 rpm under a net head of 1 l0 m. The velociğ coefficient of ü e ıoz.zle
is 0.97, while üe diameter of the ıozzle is 0.15 m. lhjbuctes deflect üe jet of
fluid by an angle of 1650. Neglectiıg friotion, determine the

a) power developedby the wheel and

b) hydraulio efficienoy.

ı3.36 A Peltm wheel develops a power of 6 MW uder a net head of l00 m wheıı it is
ıotating at a speed of l80 rpm. ]|he ratio of the wheel dianeterto the jet dianeter i§

8, The velocity ooefficient of tbe nozzle is 0.97 and the hydraulic efficieııcy is 85

peıc€ııt. If the ıatio of thewheelspeed to the jet velociğ is 0.45, determiıe üe
a) volumetic flo$ırate,

b) wheel diameter,

c) jet diameter,

d) requirednumber ofnozzles and

e) specificspeed.

13.37 A Pelton tıırbine operates under a net head of 600 m. The wheel dianeter is 1.5 m,

while the jet diameter is 0.1 m. The jet is deflected tbrough an angle of 1650 in the

buckets and the relative velociğı is reduced by 15 perceııt due to the friction. The
fluid leaves the nozzle without ıvhirl. If the velocity coefficieııt of the nozzle is
0.97, determine the

a) rotational speed of üe Pelton wheel,

b) force exerted by the jet on üe buokets,

c) powerdevelopedand

Q efficieııcy ofthebuckets.

13.38 A Pelton wheel having a diameter of 0.4 m is driveıı by a water jet with a velooity
of50 m/ş. The waterjet is deflected by 1650 in üe buckets and the ıelative velocity
is reduced by 15 percent. If the Pelton wheel is rotating at 350 rpm, detomine the

4s,zg
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a) hydraulic efficieııry and

b) maximum possible hydraulic efficiency.

A vertical shaft inıvard floşı reaction tıırbine operates under a nethead of l00 m.

The vertical distance between the turbine eııtrance and tailrace is 5 m. The

peripheral velocity at üe enty is 25 o/s and the radial velocity of 8 m/s is constant

tbroughout üe iryellİı. lhere is no inl"t *hifl. The hydıaulic losses ale 4 m in the

inlct guide vanes, 7 m in the runner and l m in üe dıaft hıba The velocity ofuıater

in üe tailrace is 2 m/s. Determine üe

a) inlet guide vane angle,

b) blade ı,g16 at the inlet ofthe impeller,

c) pressure head at the inlgt of the impeller aod

d) pressure head at the outlet ofthe imFeller.

An inşıaıd flow reaction tııbine operating under a net head of 20 n pıoduces l50

kW wbeıı it is ıotating at l50 rpm. At üe inlet, the peripheral velocity is 15 m/s

and üe radial velocity is 5 m/s. Iterc is no inlet whirl and üe werall efficiency is

80 perceııt. Ifthe hydraulic efficieııcy is 85 perceııt determine the

a) outer diameter o11trg;mneller,

b) inlet guide vane angle,

c) blade ııgle at the iDlet of üe impeller and

d) volumetric flow rate.

A Francis turbiıe having an overall efficiency df 80 percent opefate§ under a net

head of 50 m. The inner and outer diameters of üe runner are 0.4 m and 0.6 m,

respectively, while the üickness ıt the outcr rim is 0.04 m. The blade anglgg 61 th6

inlet and outlet aıe 80 and l50, respectively. 6 perceııt ofüe floşı aıea is blocked

by the blades. There is no outlet whirl. The hydrıulic efficiency is 90 percen| while

the overall efficieııry is 8d perceııt. Deteımine üe

a) rotational speed and

b) power delivered.

A Francis tuıbine produces 70 MW at a volumetric flow rate of l20 m3/s, wheıı it is

running at 150 ıpm. Water is supplied to the tıırbine by a peııstock with a diameter

of 5 m The impeller diameter of the turbine is 3.5 m and üe blade heigbt at the

L3.41
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entry is 0.8 m. The inlet diameter of the draft tube is 4 m and üe velocity of the

water at the tailıace is 3 m/s, The hydraulic efficicncy is 90 perceııt. The static

pressure head in the peııstockjust before the eııty to the ruıner is 60 m where üe
eleıration ftom the tailrace is 4 m. The loss in üe draft tube is 25 percent of the

vclocity head at the inlet of üe dıaft tube. Tte exit of üe runner ig 2,5 n above the

waterlevel in üe tailıacc andnıaterleaves the runaervııithout whiıl. Determine the

a) overalleffıciency,

b) absolute fluid angle at üe inlet of the ruıner and

c) pressure at üe inlet of üe dıaft tube.

1hc hub and tip diamcters of the impeller of an axial flouı turbine are 0,8 m and 1.6

m, respectively. The axial tıırbine is ruoning at 240 rpm. The blade angle at üe exit

ofthe inlet guide vanes is 300, uıhile the blade angle at the inlet ofthe impeller is

450. There is no inlet ş,hirl. Determine üe
a) volumetric flowrate,

b) blade angle of 1fog inFeller at the outlet and

c) theoreücalpower ouQıut ifüe whiıl is independent ofradius.

Ao aıial flow turbine develops 20 MW under a head of 20 m şıhen it is ııııning at

l50 rpm, The hub and tip diameters 6Şü9 imFeller aıe 4 m and 2 mo respectively.

Therc ie no outlet wbirl. If the hydraulic efficieııry is 90 percent and the overall

efficienry is 85 perceııt, determine the inlet and outlet blade angles of üe impeller

at the mean radius.

A pump tı!§ports water at a volumetric flow rate of 0.12 mYs ftom a suction

reservoir to a discharge reservoiı. 1he hydraulic and volumetric efficiencieş of tie
prımp aıe 80 percent aıd 95 percent, reşectively. The shaft poııer requiıed to drive

üe pump is 40 kW and mechanical aiction loss is 2 kV[ The head losses in the

suction and dischaıge pipes aıe 2 m and 6 nı, respecüvely. The diameters of §uction

and discharge pipes are both 0. l 5 m" Tbe afuoşheric pressure is l 00 lPa.

a) Determine üe elevation differeııce betşıeen the two res€rvoirs.

b) If the pre§{ıure at thĞ sucfon side of üe pump must be greater üan 10

iPa, determine maximum elevation of the pump inlet from the water leırel in the

zuctioıı reservoir.
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$'1!"' A pump kansport§ water at a volumefric flow rate of 0.12 mlh ftom a suction

ıtsğvoiı to a dischaıge reseıvoiı. Tbe elevation difference betweeıı the two

rcgcrıoirs is 20 m. The suctioa side of the pump is located 2 m above the water

tçvcl in the suction reservoir. The head losses in the suction and discharge pipes are

0.5 m and 2.5 m, respectively. The suotion and discbarge pipe diameters are 0.2 m.

Noglocting the losses in the pıınıp, determine

a) the gage pressı:ıe at üe sucüon side aıd
b) the shaftpower.

1317 The characteristics of a pump having a dasip speed of 1500 rpm are given in üe
figıııe. This pump is observed to deliver 25 Vs, wheıı it is operated in an instıllation

whıch elevateş the uıater 15 m from an opeıı reservoir to a large closed rank where

tho gage pressure is 49 kPa

a) Find the specific speed ofthe pump,

b) Find the frictional head loss in the installation for the flow rate of?S lls.

c) Find the power consumption of the pıımp for üe florv rate of 25 l/s.

(MBTU2005)
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A centrifiıgal punps is dasigped to operate at 1500 rpn in ordef to trao§port water

from a suction reservoir to a dischaıge reservoiı at a higher elevation. The

performance characteristic of the pump can be approximated by

i =50-20000O2 and q=648-128W1

where i is üe head in m and Q is üe volumetrio flow rate in m3/s. The total lengü

of the suction and discharge piping of l50 m. All pipes have a diameter of 0.1 m

and the friction fuctor is 0.018 in all pipes. Neglect minor losses, Determine

a) specifio şeed of the pump and

b) the geometric head at üe desigp point. (MBTU 1998)

The combined pump - turbine eııperimental set-up is shoııın in the figure, At the

inlet seotion of the tıırbine, the cross sectional area is equal to 0.0l8 d. The pump

starts to operate and the flow rate is regulated by the valve. Wheıı üe turbine is

operating, the static pressure (gage) head at section 1, @ı/pg), volumebic flow rate,

rotational speed ofthe furbine and torque on the shaft ofüe turbine are measured as

4.75 m" 0,0124 rtls,1200 rpm and 3.97 N.m, respectively.

a) Determine üe head of üe turbine (neglect the losses between tıırbine and

the water taok)

b) Determine üe overall efficieııcy of the turbine.

c) If üe total head loss in the §ystem i§ 1.5, what is the head delivered by

the pump to the fluid?

d) If the pump efficiency is 65 %, determine the power required to drive the

p.nF. (METU 1998)

A oentrifugal pump delivers water at a volumetic flow rate of 0.02 m3/s wheıı it is

rımning at 1450 rpm. The elevation difference between the discharge and suction

flanges of the pump is 50 cm, wbile the pressıır€s at the suction and discharge

flanges are 60 kfa and 220 kPa, respectively. Tbe diameters of the suction and

disoharge pipe§ ge 9{l5_9j"qjg, reşectively. The width and diameter of üe
impeller at the outlet aıe 0.015 m and 0.2 m, respeotively. There aıe no inlet guide

vanes and the relr6r" nıd6 angle at the outlet is 40.

a) Dete,rmine the overall effıciency of the pump, if the power supplied to the

pump is 6 kW,
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b) Deternine the head loss in the pumlı, if the volıımebic efficiency is 98

perceİıt.

A hydraulic powğr station with a geometric head of l20 m discharges water to a

lake at a volıımehic flow rate of 1,5 m3/s. The cross-sectional area at the eıcit of the

turbiıe is 0.15 m2, while the cross-sectional area at üe exit of üe draft tube is 0.165

nıJ. The heid losses in the peostock and draft tube aıe 0.5 m and 1 m, respectively.

The elevation of the draft tııbe fuil] - e9 the pressure at is ercit is afuoşheric.

Neglecting the losses in the tıırbine, determinİ tfre " " e", / "§ L ^ y ,{'İO"a
a) gagepressure atthe exit of üc turbinc and

b) shaftpowa,

A radial inflouı turbiıe pıoduces a shaft power of3000 kw at a volumetric floşı

rate of 4 m'/s at a rotational şeed of 600 çını. The elevation differeııce between üe

water leııel in the lake and tailwater is l00 m. The head loss in the penstock is 5 m

and üe leakage through the gap betweeıı the runner and casing is 0.1 ml/s. The

diameter and u,idth o11trg imFeller are l m aad 0.15 m, respectively. Inlet guide

vanes direct the flouı by an angle of 2d to the tangential directioıı. Assuming that

there is no outlet whirl, determine the

a) hydraulic efficiency and

b) mechanicalefficieııcy.

A ceııtrifugal p.mr delivers 0,05 m3/s of water when it is running at 1450 rpm and

it is placed 5 m above the vııater level in üe suction reservoir. The suction şecifc
speed and specific şeed aıe 3.0 and 0.7, respectively, The losses in the suction pipe

are estimated as 0.8 m. The afuospheric pıEssııre is 100 lf,a, while the vapor

pre§§rıre of ş,ater at üe operating temperature is 3.9 iPa. Deteıınine ıııhetber the

cavitaüon will occur or not.

A ceııtifugal pump takes *uro fro-, gl6sed 'flnk whğle üe pressure is l20 l:Pa at

a volumetic flow rate of 0.1 m3/s when it is rotating at 1450 rpm. The loss in üe

suction pipe is 1.5 m. The abospheric pressure is 100 lfa and üe vapor pressure

of water at the operating temperature is 4 Lfa. The suction specific speed of üe

pump is 3.0. Determine the maximum allowable elevatioıı of the pump from the

uıater level in the tank in order to prevent üe cavitation.

TURBoMAGEINERY ı315

13.55 The chaııcteristiqs of a pıımp at its desip speed of2900 rpm are giveıı below. The

pump,is used to pump uıater from a laıge closed tank and the taık pressure is

neasııred by a Bourdon gage which reads 15 i:Pa. The elevation of the pump inlet

from the taık is 7 m and the loss along üe suction pipe is 2 m at the ilow rate of 33

Vs. The vapor pressure of water is 3.9 if,a. The afuoşheric pressrır€ is l 00 iPa.

a) Find üe required net positive suction head of the pump while operating at

33 l/s.

b) Find the net positive suction head available for the floşı rate of33 l/s.

c) State whether the pump will cavitate or not at 33 Vs. (METU 2009)
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ı3.56 A Kaplan tuıtine is to be operated under a net head of 12 m and a design flow rate

of 15 m'/s. The tı:rbine is requiredto operate safoly in a rnnge of 0.85 to 1.15 ümes

üe design flow rate. The specd of üe turbine is 300 rpm. The afuospheric.pre§§ure

ig l(X) lçPa and vapor pressure is 1.8 kPa. The acceptable value of turbine zucüon

spccific speed is 5. Whatwill be the maximrım elwation of üe tuıtine outlet from

üe tail water? Neglect all losses. (METU 2000

A Kaplan turbine operıtes under a net head of l0 m at a volumetic flow rate of

12 m'/s when it is rotating at 400 rpm. The head loss in üe draft fube is 4.5 m and

üe velocity of üe tail ııater is 2 m/s. The atmospheric pre§srıre is l00 kPa, while

üe vapor pIessure of water at the operating temperature is 4 lcPa. Determine üe

maıimum elwation of üe tıııbine outlet from üe tailıvater to preveııt oavitation.

The şuction specific speed ofthe tuıbine is 4,

A centifugal pump takes water aom a lake and dischırges to a reservoir at a

volumetric flow rate of 0,1 m'/s. The pump is located at the ground which is 5 m

above the water level in th.e lake. The water level in üe discharge reservoir is 25 m

above üe ground. lhe losses in üe şuction and discharge piping aıe 2 m and 5 m,

rcspectively. The afuoşheric pres§ııre is l00 kPa and the vapor pressuıe of water

at üe operating temperature is 4 kPa. The suction specific şeed for tbe pııry is 3.0

and the effıciency of the pump is 70 perceııt. Determine the

a) maximumpossible rotational speed to avoid oavitation and

b) powerrequired to drive the ou,$p.

A centrifugal pump is to be desiped to disohaıge water at a rate of 0.08 d/s at the

speed of 1500 ıpm rrriü an overall efficiency of 70 peroeııt. The pı:mp will be

placed at üe ground leııel. The water level is 4 m below üe gıoundlevel and şhall

be pumped 20 m above the ground. E§timating head losses of l m and 7 m at the

suction and discharge piping, respectively, at the design operatioı The suction

speoific speed of üe pump is 2.7. T\e atnospheric pıessure is l00 kPa, while the

vapof pres§ure ofwater is 3.9 kPa.

a) Is it possible to operate tbis pump cavitation aee?

b) if üere is no cavitation, calculate the shaft power. Otherıııise, sugge§t a

geomekic modifıcation to the system. (METU t997)

13.60

ı3.61
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Water is pumped from a large closed suction reservoir to large discharge reservoir

which is open to afuosphere with a pressıüe of l00 lPa. The pressure in the suction

reservoir is 200 kPa gage. The p,,mF delivers water at a flow rate of 0.01 d/s in a

0.05 m diameter piping system. The pump is located at an elwation of l0 m from

the free surhce ofthe suction rescrvoir and the geomehic head is 30 m. At tbis flow

rate, the suction side head loss is 3.2 m, discharge side head loss is 7.2 m" The

vapor pıesrıure of water at the working condiüons is 3500 Pa. The pump

manufacturer catalog gives 1VP§iiıfor the pump at 0.01 mı/s as 4.5 m.

a) Determine üe energy given to the water by the p,mF per unit mass of

water.

b) Deterınine uıhether the pump cavitates or not at üe given ırorking

condition. (METU2013)

A pump aeİatinc at 1450 rpm delivers water from a large suction reservoiı to a

laıge disoharge reservoir and has the following oharaoteristics:

h=S}-hOOOW" z=@-l2OOğ aod NPSII=4+800ğ

The suction reservoir is exposed to a pressure of 120 kPa, şıhile the discharge

reseıvoir is opeıı to atnosphere with a pıessure of l00 ifa. The diameter of the

pipe in üe piping system is con§tant and equal to 10 cm. The total geomekic head

ofüe system is 20 m. The suctionpressuıe and discharge pressure ofthe pump are

measured by Bourdon gages and found to be -40 iPa and 300 kPa, respectively,

while working at 1450 rp,m. Tbe vapor pressure of water is 4 Lf,a.

a) Determine the specifıc speed of the pump.

b) Detennine the floqrrate delivered by lhe pump.

c) Determine üe total head loss in üe system,

d) Determine the shafr power of the pumF.

e) Determine rı,hether lhe pump cavitates under given working condition.

(METU20l5)

A pump with given ohaıaoteristics (at 1500 rpm) dÖlivers water from a large suction

reservoir to a large dischaıge reşervoir. Boü reservoirs are opbn to atnosphere

where the pressrue is 100 lPa. The diameter of the pipe in üe piping system is

13.59

13s2
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coilıtant aod equal to 10 cm" The totıl geomefric head of the §y§tem is 20 m, The

sucüon and dischaıge sides of the pump are at the same level. The pump suction

and discharge pressııres ae measured by Bourdon gages and found to be -40.4 kPa

and 352 ifa, respectivel1 while üe pump is working at l500 rpm. At the working

conditioD, the vaporpressıue ofwateris 4 kPa.

a) Determine the floııı rate delivered by üe pump.

a) Detennine üe total head loss in the system.

b) Determine the shaft power of üe pump.

a) Determine nıhether the pump cavitates under given woıking condition.

(METU20t4)
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A centifugal pump con§umes 440 kW to deliver 0.8 m3/s of water şıhen it ie

operating at 720 rpm, The specific speed and suction specific speed of üe pump are

0.75 and 3.0, respectively. The diameter and width of üe imFeller at the outlet aıe

0.8 m and 0.06 m, respectively. The mechanical and volumetric efficiencies are

0.95 and 0.97, respectivğ. The pump is located 4 m above the water level in tbe

suction reservoir which is exposed to üe atmosphere. Thehead loss in the suction

pipe is 1.5 m. The atmospheric pressure is l00 kPa, wbile üe vapor pressure of

water at the operatingtemperature is 4 tPa. Deteımine

a) Üe relatİve fluid angle at üe imı.eller outlet and
' b) whether thc pump will cavitate or not.

A centifugal pump i§ tansporting nıater from a suction reservoir to a dischaıge

regervoir. Both reservoirs afğ opeıı to üe ahosphere. The length of the pumping

line is 300 m with an interaal diameter of 0.2 m. The elevation difference between

the water levels in üe suction and üscharge reservoirs is 5 D- The aiction

coefficie,nt in üe pipe is 0,018. 1ae performance chaıactcristics of üe pump can be

approximatedby

h =20-32082 and ıı=BQ-70ğ

where i is io m and Q is in m3ls. Determine the

a) volıımetric flow ratc üıd

b) power consumption ofthe pump.

The characteristics ofa centrifugal pump at a speed of 1500 rpm aıe giveıı as,

h= 50-2000-24000ı and q-668-12000!

This pump works iı a system wbich has üe charıcteristic of

h-20+ |63000|

ıııhere lı is in meters, Q is in m3/s. The densiğ of water is 1000 kğm3.

a) Determine tbe power required to drive the pıımp.

b) Determine the şecific speed of the pump. (METU 2000)

Pipe 1 which connects üe tııo tanks has'a length i,ı : l00 m, diameter Dı: l00
mm, and frictioı factorji- 6.625, as üoıım in the figure. A pump is used to delivef
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tbo water from tank A b tnnL B. The characteristics of the pump at 1450 ıpm is

giveıı os

h=20-12500Q

whğe l is in m and Q is in m'/s, The pipeline 2 at ııhich the pump is connected has

ı length.Za= 90 m, diameterDı= 100 mmand aictionfactorf :0.03. Waterlevels

in tanks A and B does not change during operation. Negleoting the minor losses,

find the

a) discharge flow rate of the pump and

b) elevation differeııce between üe water levels of tanks A and B. (METU

20l4,

Problem 13.66A
s,u' 13.67 A centrifugal prımp tansports şıater from a large suction reşervoiı to a large

discharge reservoir thıough a piping system. Both reservoirs are exposed to the

atmosphere. The system characteristic, ıııhen the delivery valve is fully open, is

given by

h=15+3000OQ1

where i is in m and P is inm3/s, The performance charactaristics of the centrifugal

pump at 1450 rpm cınbe approximıtedby

h=35-20000Q2 and q=708-175082

a) Determine the geometric heağ head of the pump and total loss in the

system when the deliveryvalve is fully open.

ı3.68
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b) Determine the power c6nsumption of üe pump when the delivery valve

is fiılly open.

. c) It is dosirable to obtain a volumetric flow rate of 0.0t d/s by changing

the speed of the pump ıııhile the clelivery valve is kçt fully open. Determine the

required speed and power consumption.

Head tersus discharge and efEciency versus disoharge characteristics of a water

pump at 800 rpm are given in üe figrue. The characteristic of üe system in which

üe pump is installed is also plotted at fully open valve conditions. It is required to

obtain a flow ratg of50 lt/s, Tbis flow rate can be obtained in various ways

a) If 50 lt/s is obtained by changing the valve closııre only, find the power

consumption ofüe pump. @ump operates at 800 rpm,)

b) If50 lVs is obtained by changing the speed oıly, find the necessaıy speed

of the pump and üe power consumption. (The valve is kept fully open) (METU

|997)
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13.69 The characteristics of a ceııtrifugal pump at a şeed of 1500 rpm aıe giveıı as,

h:50-2O0Q- 24000? and a:6OQ-|200ğ

where i is in meters, Q is in d/s. This pump worl« in a §yst€m which has the

characteristic of

h:20+ |6000ğ!

If you want to run üis pump at its maximum efficieııry point in this given §ystcq

what would be üe speed of üe pıımp? Also determine the heağ flow rıte aod ehaft

power of the pump at this opeıating condition. (METU 2000)

13.70 A ııater pump, operating at 1500 rpn, has üe following characteristicsı

h= 60 - l200O8' and rı=2S8 - 47008

where i is in meters and Q is in ff/s. This pump is connected to a syste,m with a

pressurized suction reservoir tank When üe delivery valve is completely opeıı, its

chatacteristic is

'ı-30+3000e
for a certain tank pıessuıe value.

a) Find üe operationpoint and calculate the poıver consumption

b) Find the flow rate tbıough the sanıe system if üe speed of the pıımp is

increasedby 10%.

c) To obtain 0.055 m% of flow rate at this increased speed (at 1650 rpm),

fınd the ııecessaıy changg increase or decrease, in the tank pı€ssııı€ (while the

delivery valve is kept open.) Also, calculate thc shaft power in this case. (METU

ıa 2004)
|^V

\t ' ' rl.Zl The perfonance characteristics of a pump can be approximated by

h=50-4OOOQ2 and 0=24Q-|7OQ2

ıvhen it is rı:oning at 1450 ,p- rn" pııry is operaüng in a system bıving a

characteristic of

TIRBoMACEIIıIERY 1323

where i is in m and Q is in d/s wheıı üe discharge valve is fiılly opeıı. If üe
required volumebic flow rate redııces to 0.05 m3/s, üis cao be obtained in two

different ways:

a) The discharge valve can be paıtially closeğ while üe pump is operating

at the samc şeed. Detcrmine tie porrer consıımption of üe pump.

b) The pıımp speed caı be changed, while üe discharge valve is ke,pt fiılly

opeıı. Determine the speed md power consumption of üe pıımp.

13.72 '"The resistance of a giveıı pipe increases ıviü age as deposits foım, increasing üe

snırface roughness and reducing the pipe inside diameter." As an exampleı After 20

yeaıs of u§e, the aictional loss at any given flowrate in the pipe system is

multiplied by 4 dııe to üis aging. A water pump, operating atJV= 1450 rpm, has the

following chaıacterisücs :

lı- 50- l25000l and 4=25Q-470Oğ

ııhere i is in meters and P is in m3/s.

a) If this pump connected to a pipe system with the characteristic

h:26+25O0Ü, fındüe flowrate and üe shaftpowerconsumption.

b) Estimate üe flow rate tbrougb the pipe system afteı 20 years of u§e, if the

pump remains new but üe pipe is aged as described above.

c) What should be the pump speed in order to have the oıiginal flow rate

through üe 2O-yeaıs-old piping? Also, fnd the power consumption at üis
operaüon. Sketch your solution on üe i-@ plane. (METU 2003)

13.73 A ceııtrifugal pump which is used to elevate water by 20 m at 1450 çm, has üe
following chaıacteıistics

i:50-10000CP and |ı=30Q-300ü

When üis pump i§ fiıst installed in the piping system, it operates at its maııimıım

efficieııcy. Due to aging deposits form on the iıner surface of üe pipes inoeasing

üe zurface roughness and reducing üe pipe inside diameteı. Afrer 30 years of

usage, the frictional loss at my giveıı floıırate in üe piping §ystem is increased by

4 times.

h:20+20aOQ2
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a) Determine the volumetric flow rate ofthe pıımp after it is fir§t installed in

thopiping system.

b) Deteroine the volumetio floır rate of the pump after 30 years ofusage.

c) What should be the pump speed in order to have the oıiqinal flow ıate

tbrough the 30-years-ol'd piping? Also, fnd the power consumption at this

opcratlon. (MEllr 20l'

11.74 Tbo 600 rpm characteristics of a pump are giveıı in the fıgure. This pump is

lnıtalled on a ıystem which elevates the water 32 m from a lake to an opeıı tank

Itc floııı rate is measııred as 22 lps while the delivery valve is fully openand the

pump ruııs at 600 rpm. Determine the power consumptions for tbe two different

run8 tho8e are described sçarately:

a) The valve closure is increased only suoh tbatthe loss is doubled.

b) The speed is ohanged only ftom 600 rpım ta 720 ıpm. (IhÖ valve is kept

fullyopen) (METU2009)
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13.?5 A pump tansfers water ftom a suction reservoir to a discharge reservoir, as shown

in üe figuıe. Tbe perforoance characterisüc of a pump operating at 1450 rpm is

given as

h=50-5OO0ğ and q=30Q4O0ü

It is desiıed to transfer water at a volumetsic flow rate of 0.04 m3/s through the

§y§tem, which requires a head of 30 m from the pump. The elevation difference

between the suction and discharge reservoiı§ is 20 m. This task can be achieved by

changing üe speed of the pump. Determinethe

a) system characteristic.

b) rotaüonal speed ofthe pump.

c) power oonsumption of the pıımp for ohanged speed in part (b) and

d) shut-otr head ıralue of the ptry for üe changed speed in O). GvtETU

20l6)

13.76 The performance characteristics of a pump at the speed of 1 100 rpm are given as

h:50-4000a and ıı=32Q-320a

where Q is in m3/s aod h is in m. This pump is to deliveı water aon a lower

reservoir to a higher reservoir in a systen where üe floır rate oan be adjusted wiü
üe help of a valve in the system. The system chaıacteristics at a particulaı posiüon

of thevalve aıe

h=l1.8+8üe
where P iş in m3/s and i is in m. It iş desired to pump water at a florv rate of 0.04

mls with this pump in this 6ystem.

a) Determine the power needed to drive the punp if tbe desired florv rate is

obtained by only changing üe speed of the pump.

b) Determine üe power needed to drive the pump at the speed of l l00 çm
if the desired flow rate is obtained by adjusting (fuıüer opening or closing) üe
valve in the system. State whether the valve uıill be opened or closed.

c) Deterııine tbe power needed to drive üe pump if the desired flow rate is

to be delivered at üe design operatiog point of the pump by botb changing üe
pump speed and adjusting the system valve. Reynolds number effects can be

negleoted. (METU 2013)

Problem 13.74
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13.77 \k chaıacteristic of a pump uıith an impeller diameter of 0.30 m is giveıı below,

the p.mr is operaİng at its desip speed of 1200 rpm.

a) Calculate üe specifio specd of this pump.

b) Find the power requirement for this pump to deliver ıvater while
operating in a systemuıhere üe chaıact€ristic is giveıı in üe figııre.

c) The f.ow rate requiremeııt in üc snme syştem changes such that the pump

must Doşı deliver uıater at a flow rıte of 0.17 m3/s. This is acbieved by selecting a

similar pımp of differeııt size, ıııhile the rotational speed is kept constant.

Neglecting üe Reynolds number and scale effects, detetmine üe diameter of the

neıypump.

d) Calculate the change in pump efficieııcy, wheıı the pump üameter is
changed as explained iı part (c). (METU 2007)
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h=2O+5O0Q1

when the delivery valve is fiılly opeıı.

a) It is desirable to operote üis pump at üe maximıım efficiency, while üe
delivery valve is fiıIiy ope,n" For üis situation, determine üe speed of the pump nnd

itspower consumption.

b) In order to operate tbe pump wiüout cavitation for üe condiüons found

in part (a), determine the maxinmım elevation of the prımp from the water level in
üe sucüon reşerrroir which is opeıı to the afuosphere. The head loes in üe suction
pipe is 1.5 m. The atmospheric pressure is 100 kP4 while üe vapor pressure of
water at the operating temperatıııe is 4 lpa. The suction specific speed of the pump

at üe desippoint is 3.

13.79 Performance curyes of a ceııtrifugal pııry at 1500 rpm and üe pipe system

characteri8tic§ curve are giveıı below. As shown in the figure, the pump takes

uıater ftom a closed suction res€rvoir, which has a pressure of l50 lf,a and pumps it
ınto a discharge reservoir, whichis opeıı to üe atmospheıe of pressure of 1001ıpa.

a) Determine thepouıerrequired to drive thepump.

b) If üe losses in üe suction pipe are 5.0 m, detennine üe maximum

allourable value of suction geonetic head (location of üe pump ftom üe free

surhce ofüe suction reservoir) for cavitation tee operation. vapor pressure for
water is 380 Pa"

c) Determine üe elerıation ütrereııce betweeıı the aee surfrces of suction

and discharge reservoirs. (METU 1998)

13.80 The characterisücs of apump at the epeed of 1500 çm are giveıı approximatelyı

lz=50-0.25Q_ o.o2q', ?=0.089-0002a' ar
NP&I:3+0.0058!

uıhere i and jv?§fJ aıe in m and Q in liters per second. This pu-p ie connected to a

system in order to tansport water aom a şuction reservoir to a discharge reservoir.

The gage pre§gıırr, at the large suction taok is 78,5 kPa gage. The laıge discharge

reservoir is opeıı to atnosphere of 10l loa. The loss iı suction piping in meterg ig

0.0018E, ıı,hile üe loss in delivery piping in meters is 0,0O4OF. The suction

80

70

60

. ".h\\ ') 13.78 The performance chaııoteristics of a oentrifugat

approximatedby

pump at 1450 rpm oan be

h=40-3500Q2 and rı=25Q-200Q2

uıhere i is in m and Q is in m3/s. The system characteristic is giveıı as
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gcometic head is 5.4 m, while the disoharge geomekic head is 16 m. Determine

wheüer üe operation of üis pump is caviation aee in üe specified installation.

Take the vaporpressure of the rırater in tbe system as 3800 Pa. (METU 2000)

13.81

Tt RBoMACHİI\ıERY 1329

A p,ımp is used to carry water between two lafge reservoirs. The lower reservoir is

closed ond kept at a pressrıre of -39.24 kPa gage wheıeas the upper reservoir is

open b afuosphere. The elevation differeııce betweeıı the lower reservoir water

level aııd the inlet of the pump is 2 m. The p,,-F and the system characteristics aıp

giveıı in the figure. The pump characteristics correspond to the operating speed of.

the pump, 1400 ıp,m.

a) Determine the elevaüon differeııce beİween the water levels in thç two

reservoiıs.
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b) Determine the leakage flow rate in the pıımp in d/s, if the volumetric

efficieııcyis 95 %.

c) If tbe total head at the suction side of the pump is 5 m, determine ııheüer

the pump cavitırcs or not. The vapor pressure ofıryater is 3.9 kPa

d) 1he pump speed is changed in orda to pııry water at a flow rate of 0.05

d/s. Neglecting Reynolds nıımber effects, determine üe new şeed of üe pump in

4)m.

e) Determine the power consumption of the pump at the new şeed, in kW.

(METU2008)

13.82 The chanioteristics for a pump rotating at 950 ıpm are giveıı in the figure. The

pump delivers watef from a lırge sııction reservoir to a laıge discharge reservoir

ürough a pipinc systeın. The diameter of the pipe in üe piping system is constant

and equal to 10 cm. The ıesğrvoir§ are open to aboşheıe where the pıessuıe is

l00 LPa. The totıl geometric head of the system is 30 m, The suction pressure and

discharge pressuıe ofthe pump aıe measuıed by Bourdon gages and found to be *

50.0 lPa and 293.35 kPa, respectivety, while workiıg at 950 ıpm. At the working

condition, thevaporpressure of water is 4lĞa.

a) Deterıııine üe specitrc speed of the puriıp and state the tlpe of üe pıımp.

b) Determine the floır rate delivered by the pump.

c) Sketch the system characteristic on the above given gıaph.

d) Determine üe total head loss in the systeın at the operating point,

e) Deterırıine the shaft power of the 1»mp at the operatiıg point

*\ f) Determine whether the pıımp cavitırs under given working condition.
,Q,J'
4'' ,a.r' Two identical centrifugal pıımlıs, whose performance chırıcteristics are

approximatedby

h=6o-24d}O8ı and o=56Q-||2OQ2

are coınected in serics. If the chaıacteristic of the pipe systeın is giveıı by

h=75+3700a

where i is in m and @ is iı m3/s, determine the powo required to tan§port water.

TURBoMACEIıIERY 1331
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Problen 13.82

Two identical ceııtrifugalpumps aıe coınected in serie§ for tanşorting water tom

a lake to a disoharge reservoir, which i8 open to üe afuosphere. The performııce

characteristics of üe pump can be approximatedby

h=f/-l1OOO22 and o=40Q-500Q'

,ıvhere i is in m and Q is in m'A. The elevation difference between the water levels

in the lake and discharge reserrıoir is 80 n The total lengü of üe piping is l80 m,

7o

60

ıı'ı.,/ \

,rl f,, 
13.84
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while the internal diaoeter of all pipes is 0.2 ın" The friction factor is 0.022.

Ncglecting minor losses, determine the

a) volıımetric flow rate and

b)powerrequired to op€rate the two pıımps.

ı3.8§ Water is being tansported betıveeıı two reservoirs by the use of two ideııtical

ccntifugal pumps connected in setie§. Suction ıeservoir is pressıuized at 50 kPa

gage and dischaıge reservoir is opeıı to afuosphere. Performanoe charaoteristics of

eachpump is givenby

h:'l\ -9MO8ı, 4 :328460e

where i is in meters and Q is in ıf/s. Blevation difference between the water levels

ln üe two reservoirs is ?O D- Total length of üe piping iş 300 m, intemal dianeter

of all pipes is 0.2 m and the friction factor is 0.03. Neğecting minor losses,

determine the power required to deliver water to üe discharge reseıvoir, (METU

2012)

Ctaracteristics of a five stage pump (fıve impellers ıııiü their diffiıseıs aıe

connected in series on the same shaft wiü a single motor) aıe given at its desip

specd of 1500 ıpm. Assume that the stages are ideııtical and üey supply equal

heads wiü üe same efficieııcy. The oharacteristic of the systeın in whioh this pump

is coDnected is also shown in the figııre. If one of üe stages is brokeıı and removeğ

frnd

ı) the flow rate ofüe four sbge pıımp,

b) the head ofthe four stage pump and

o) the power oonsumed by üe four stage pump.

d) Also, find the specific speed on which üe impeller desip is based

(METU 1997)

13.8? Two ceıınifugal pumps A and B aıe co,nnected in series to tan§port ırater from a

suction reseıvoir to a discharge ıeservoir at a higher elwation, as shown in the

figure. The performance charaoteristics ofpumps A and B can be appıoximated by

TIrRBoMACEII\İERY 1333

respectively, ıvhere iı is the head in m and P is üe volumetic flow late in m3/s.

The free surface level ofthe suotion ıeservoir does not change but the ftee sı:rfaoe

lwel of the dischaıge reservoir changes.
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Problem 13.86

a) The pumps are operated until the elevation differeııce between the

dischaıge and suction ıeservoiıs is l00 m. At this insbnt, üe volumetric flow rate

of water deüvered to the discbaıge ıeşervoiı is 0.025 m3/s. Thea both pumps aıe

stopped and water in üe discharge reservoir ig consumed" The pumps aıe restarted

when the water level in the discharge reservoir decreases by l0 m- Deteıınine üe

volumetric flow rate of water at this instant.

b) Determine üe limiting value for i6 that both pumps are in effective use.

(delivered head) (METU 2000)
iı. r 80 - 8000ğ and hı:40-160O0a
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ı3.88

Srıction
rğgervoir

Problem 13.87

It is desired to tansport water from a sucton reservoir to a dischaıge reservoir at a

higher elevatioıı, as shown in the trgure. When the elevation difference betşıeeıı üe
two reservoirs is 79.6 m, the necessa4ı head is suppüed by serially connected

pumps A and B (valve X is closed and valve Y is opeıı), When üe elevation

differeııce decıeasc§ to 40 m, it is found üat pump B has no coııtribution to the

developed head so that it shoııld be üut down (valve Y is clos€d and valve X is
opeıı). Determine üe power required when the elşıation differace is 79.6 m. The

performance chaıacteristics ofpumps A and B oan be approximated by

TtrRBoıwAcEıNERY 1335

13.89 Two pumps (A and B) aıe connected in series and deliver uıater from a laıge

suction regervoir to a large discbırge reservoir. The elevation differerıce betu/e€ıı

the two resefvoirg is 45 m. Suction ıesefvoir is open atnosphere, while tbe

discharge reservoir is closed and kept at a gage pre§srıre of 42 kPa" The

performance characterietics ofthe pumps aıc giveıı as

hı=40-5000a and hı=40-320OÜ

The jV?§F/ ch8ract€ri§tics aıe the same fc both prmps aıd is given by

NPSH=4+9aÜ

where i and.iVP§it ae in m n.d Q is in m3/s.The overall head loss coefficien! ğ
for üe uıhole pipe system is 18, while the oross-secüoııal area for all pipes is

0.0314 m'. Boü pumps aıe placed l m above the water level in the suction

reservoir. The head loss coefficient in the pipe g6nnecfing sucüon reservoir to pump

A is 0.45. The frictional head loss in the pipe betwe€rı the two pumps can be

neglected. The vapor pressrır€ of uıater at the working temperature is 3.9 lPa.
Neglecting minor losses, determine whcüer any of the pumps will cavitate or not.

(MBTU2008)

. 
tregervoır

Problem 13.89

r'1ı3;'''\ 13.90 Two identical centrifugal pumps, whoıe performance characteristics aıe

appıoximated by

h=50-2O00fı8ı and n=60Q-L20OQı

are connected in paııllel. If the chaıacteristio of the pipe system is giveıı by

i,ı =100-100009' and

h"=50-2OO0Oa and

ol=308-30002

nı =6OQ-1200Q2

rtspecüvely, where i is the hcad in m and P is the volumetric floıv rate in m3/s.

(METU2004)

Suction
reservoir

Problen 13.88



ı336 lT,IrIDMECEAMC§

h=35+60ffı8F

. , where i is in m and Q is in d/s, deterrıine the power requiıed to hansport wateı

^6'br!r' 
Two idcntical centifugal pumps aıe cotrnected in paııltel in order to deliver water

tom a suction re.§ervoir to a discharge rqgerııoir. Boti ıeservoirs are open to üe
afuosphere. The perfcoancc chaıacteristics of üe pump can be approıimated by

i=50-5@0d and tı =30Q-300Q2

whcrc İ is in m and Q is in m3/s. Tbe elerration differeııce betıveen the uıater levels

in two reservoirs is 20 m, The total length of the piping is 200 m, while the intenıal

dianeter of all pipes is 0.2 m. The aiction factor is 0.018. Negleoting minor losses,

determine üe
a) volumehio flouırate aııd

b) power rcqııiıed to drive üe pıımps.

llJ2 Tv,o punps 1a'ana B) are connected in paıallel in order to deliver water tom a

luctİon ıeservoir t a diechaıge reservoir. Both reşervoirs aıe open to afuosphere.

Tho pcrfonnance characteristics ofthe pıımps at an operating speed of l2(X) rpm

oın bc approximated as below:

13.93

Tt RBoMACEIIIERy 1337

a) volıımetic flow rate of eachpump,

b) head dwelopedby eachpump and

c) type of pump A. (METU 2000

Two identioal pumps combined in parallel are used for delivering water from a

large suotion reservoir to a large disoharge reservoir. The discharge reservoir is

closed and pressurized uıhereas üe suction reseıfuoir is open to afuosphere at a

pressure of 100 ltra. The elevation differenco between the water leııels in üe two

reservoirş is 20 m. The speed of the pumps cannot be changed; boü pumps operate

at the same constant speed. The head and efficiency characterisücs of a single pump

at üe operating speed aıe

h=S}-iaOOa and 0=308-3000|

where üe head is in met€rg and the volrımetic flouı rate in m3/s. The system has a

disohaıge valve ıııith which the floııı rate in üe system can be adjusted" Wheıı the

discharge valve is fiılly ope4 the system characteristics can be formulated as

h:14+ l25oa

where the head is in meters and the volrımetic flow rate, in mı/si

a) Detonıine the pressure in üe discharge reservoir.

b) Detemine üe power consuqıtion of eaoh pump when pumping the

maııimıım flowrate inthe system.

c) If üe pıJmps aıe to be operated at their design point, determine the

oorresponding florıı rate in the system that can be obtained by adjusting the

discharge valve.

d) I{, insteed of parallel combination, the two pıımps were combined in

series, determine the operating efficiency of each pumlı for maximum flow rate in
the syste,n. (METU 20 14)

Tbe chaıacteristics of a water pump at the desip speed of l500.rpm, and üe
system characteristic are given in the figuıe. If another identical pump is connected

in paıallel and speeds ofüese pumps increased to 1650 rpm, catoulate the total

power coıı§rımption of the pumps. (METU 1999)

hı=50-SüOa
hı=50-320iJ,ü

qa=3@-30Oğ

tta=208-|2SQ!

and

and

where h is in m and 9 ig in m3/s. The elevation diffe.rence between üe water levels

ln üe trııo reservoirs is 30 m. The üotal leııgü of the piping is 2O0 m, while the

interııal diameter of all pipes is 0.2 m. The friction factor is 0.018. Neglecting

minor losses, deterinine the

PumpB

Probleın 13.92

13.94
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Problem 1394

13.95 The chaıacteristios of a pump at the şeed of 1900 rpm and the system

chaıacteristio are given in the fıguıe. A water flow ıate of 45 üter/s is required

tbrough the system. Therefore another ideııtical pump is connected in parallel and

its speed is adjusted to a certıiı value ş,hile the other runs at 1900 rpm. Find üe

necessary şeed of tbe second pump and the power consumpdons of the both

pumps at that desired parallel operation. (METU 2004)

Two pumps, şrith identical characteristics at a giveıı constant speed, are connected

inparallel. Pu-F A has constant-speed motor and the other, Pump B, has variable-

şeed motoı The single punp performance oharacteıistics at/V= 1450 ıpm aıe

h= 50 - 125008! and n= 48Q-750ü

and the system characteristics is h - 25 + 2528ğ by leğecting any losses in very

short individual branches. In the above oqıressions, lı is in meter§ and P is in m3/s.

lae requirtd ıvater discharge (flow rate) into the tank is 0.059 m3/s.

13,96

TURBoI!,IACEIıIERY 1339

a) TVhat should be the speed of üe Pump B, wbile Purnp A is running at

1450 rpm?

b) Estimate the total shaft power consumption foı the operation. (METU

2003)
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Problem 13.95

13.97 Tçıo ide,ntical ceııtrifugal pıımps are opeıating in paıallel to tansport water from a

large closed suction reservoir at a gage pres§rırğ of 20 if,a to a laıgc opeıı discharge

reservoir at a higher elevatioıı. §ystem and combined 1»mp characteristics are

giveıı in the fıgure. . The elevation differeııce betweeıı üe frce surfroes of suction

and discharge reservoiıs is 30 nThe bead loss in tie suction pipiıg is 2m" The

vapor pre§srıre ofwater at the operating temperature is 4 kPa.

a) Detennine thc elevation differeııce bet,ıııeen the two reservoirs.

b) Determine the maximum elevation of üe pumps tom the suction

ıeservoir for no cavitatioı (ME-[U 2002)

80

70

60

30

20

ı0

0



ı340 İ,LUIDMEcEAMcs

§uotion
resenıoir

50

'ı(!ı) 
40

io, (m)

30

o.o2 0.04 0.06

5

İfP§İr(@ 4

3

't'' ,, d'6
ı i-lı/\"/l ,/\/ :}
iı'., /l___-/'|3.99

Discharge
reservoir

TI,RBoMACEINERY 134ı

13.98 0.12 m3/s of water will be pumped in a pipe system. The pipe system requires a

head of at least 45 m. T\ı,o identical prımps, with the characteristics given below,

aıe available for üe job.

a) Determine if a single pump cao be used or not?

b) Determine if a series combination can be used ornot?

i (n) 6ı 58 50 38 21 2

8(rth\ 0 0^04 0.08 0.12 0.16 o.20

ıı(V,) 0 48 71 7o 44 0

c) Determine if a paıallel combination can be used or not?

d) Which of the above altematives would provide a better solution? (METU

2006)

Tbıee identical oenhifugal pumps A, B and C are combined to transport water from

a zuction reservoir to a discharge reservoir at a higher elevatioı, as shown in the

figure. The elevation differeace between the free surfaces of suction and discharge

reservoiı§ is 75 m. Tbe performance characteristics of each pump can be

approximated by

h=50-2O0O0Oı and q=64Q-|28OQz

where lı is the head in m and P is üe volumetric flow rate in m3/s. The losses in

the pipitrg system can be approximated as l5O0082. Deteımine üe power

required to drive the thıee pumps. (METU 1999)
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13.100 Thıee ideııtical pump§ aı€ oonnected to ı §ysten, a§ §hown in üe figuıe. The

ohaıaoteristics of the system and one of üese pıımps are given in tbe gııph Find

üe totıl power couırımed by the following pump oombinıtions to pıımp wıtef

aom the bottom reservoir to the top one:

ı) If pumps 2 and 3 shar_e the uıork eqııally. on üe right branch,

b) If m the dght branch, pump 3 doeş notwork

Neglect the losses in short branches and loss tbrough pııtp 3 wheıı it is §hutdown

(METu2007)
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