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ENERGY TRANSFER ACROSS THE ROTOR




Euler's Turbine Equation

»The basic desired relationship of all turbo machine
IS only a form of Newton's law of motion applied to a
fluid traversing the rotor.

» Use of “Law of conservation of momentum” applicable
to a fluid element
_d(mv)

dt

F
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We assume the following:

I. The flow Is steady,

Il. The heat and work interactions between the rotor and its
surroundings take place at a constant rate.

O

The absolute velocity (V) of the

fluid can be resolved Into :

a. Axial component (V,) - along
the axis of rotation.

b. Radial component (V,4 or V,,),
which is perpendicular to the
axis of rotation.

c. The tangential component
(V,),- along the tangential
direction of the rotor
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» The change in magnitude of axial velocity
components give rise to a axial thrust, i.e, AV,_, ~F_

» which must be taken up by the thrust bearings.

» The change in magnitude of radial velocity
components give rise to aradial thrust, i.e, AV, ~F,4

» which is to be taken up by the journal bearing

Neither of these forces cause no angular rotation
nor has any effect on the torque exerted on the
rotor.

»The only velocity component which changes the
angular momentum of fluid is the tangential velocity
component, i.e, AV, ~F;
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By Newton's law of motion, the rate of change of
angular momentum is equal to the summation of
all the applied forces on the rotor.

Net force acting on the rotor according to Newton's law of
motion is given by.

d(mV
__d(mv)
dt
A Iz
F=2-V,. ==V
g.:t ul g.:t EF
Mo L{:ﬂ = % = th [ Bmnce the flow 15 steady]
_m
F= g (Uul - TJUE} 2. 1)

Applied torque, T =F =z r

T= 1 V.t -V

o 1 112 rz} 2.2)
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The rate of energy transfer, E; (1.2, poweriisthe product of torqueand angular
velooity 1e, E; = aT

But @ x v = U, Tangential velocty of therotor
_ _
E,= g UV -U V) (2.3)
Hencethe energy transferperunit mass of fluid 15

E B Energy transfer nJ/ke
m

E:(Ul Vur Uz Vig) _
2

The equations (2.2), (2.3) and (2.4) are the forms of general Euler's
turbine equation or simply Euler's equation, and these
form the basic equations for all kind of turbo machines,
which may be Power Generating namely Turbines or
Power Absorbing type viz Pumps, Compressors, Fans
etc

A, (2.4)
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Note :-
1. For Power Generating Type, the work done to be
positive.
lL.e., U, V,; >U,V,, Inegns. (2.1) to (2.4).
1
o U Vg -9 Vg
2. For Power Absorbing turbomachines, the work done

to be negative.
le., U,V,,>U,V,;

U Vip-U) Vi

£
For the simplicity, the energy transfer in compressors,

pumps etc., is treated as

_ M3 Vg -Up Wy
e
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Components of Energy Transfer

Outlet T Rotor blade

Outlet

W iy ;
\ff Vg w5
U,

Velocity Triangles at Inlet and Outlet of the Rotor
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Considerthe velocity triangle at outlet Fromthe geometry of Fig 2.2(a)
2 2 2

Via = V2 -V Outlet
2 2 ,}
and V3 =V - U,V =V ULV 20,V /AN\v
V, /v A\ B
2 2 7 2 2 24 V/zﬂ W Q)
Wy -V =V -Up -V +2U0, Vg Q, \oA7T
o
[y C‘f + U -V } 25y 0 Ve | )
2 ‘1-?- 2 le—"7 ke
| U2 \x\

o . . 4 2 (2.6
sirnilarly at inlet, /Wy == (Vy +1T0) -V, )

1
2
By Substituting equation (2.5) and (2.6 in the equation (2. 4), we getthe Euler's equation

i -1 [v —vrf—vj—u22+vr22]
For power genemtmggt;pe

5= o (0] -V HCUT - U+ V) @7
For pow er abscjrbmg tj,rpe

E=L [V, V(T - U )+ (Vy -Vig)l 2.8)

2g.
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For power generating type
1

28,
The pair of terms in each bracket, indicates the nature of energy
transfer and their relative values which are useful to estimate the

performance of the machine

» Firstterm (V,%-V,?)/2g. represent the change in
absolute kinetic energy of the fluid during its passage
through the machine. This is also called Dynamic Energy

» Second term (U,%-U,?)/2g. represent the change in fluid
energy due to the movement of rotation of fluid from

one radius to another, i.e., Centrifugal Energy. This is
also called Static Energy

» Third term, (V,,%-V,,?) /29, represents a kinetic energy
change due to relative velocity change. This will result
In a change of static head or pressure within the rotor itself.

It is also called Reactive Component and is also a Static
Energy.

E =

2
(V] V) Y (U, - U+ (W -V, )



The term (U,2-U,?)/2g, represent the change in fluid energy due
to the movement of rotation of fluid from one radius to

another, i.e., Centrifugal energy. This can be understood in
better as follows:

centrifugal force chzd_m ot

4
_dadrpaer

e

Pressure force on elemental strip dAis

dE, =dp dA

Af equilibrom condition,

dF,=dF,

2
dp di = dﬁ;drgpmr
c

2
r:l_p_ g 1 dr

F 24,
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» For a reversible flow (flow without friction) between two
points, say, 1 and 2, the work done per unit mass of
the fluid (i.e. the flow work) can be written as

2 g 2 2.2 _ .22 r2 142
d—p=fﬂﬂzr‘dr:mﬁ L:I:HFI:UE Yi
1 F 1 2 2
2.2 2 4 o1
. mo(ry -1 5 -uU
©. Btatic enthalpy change, ﬂahS:% = (hsh) = ) Ul
L P 28 28c

» Thus the energy transfer/unit mass of the fluid due to
the transfer or movement of the fluid from one radius
(r,) to another radius (r,) is equal to (U,%-U,?)/2g.,
which is the energy transfer by a centrifugal effect.

» The transfer of energy due to a change in centrifugal
head (U,-U,?)/2g, causes a change in the static head
of the fluid
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» The third term (V,,%-V,,?) 129, represents a change in
the static Energy due to a change in fluid velocity
relative to the rotor.

» Regarding the effect of flow area on fluid velocity relative to the
rotor (V,), a converging passage in the direction of flow
through the rotor increases the relative velocity, i.e., V., > V,;
and hence decreases the static pressure. This usually happens
In case of Turbines.

y Vo
» Similarly, a diverging passage in
the direction of flow through the € rotor blade
rotor decreases the relative
velocity i.e., V,, < V,;. and Ny,

Increases the static pressure as
occurs in case of Pumps and
Compressors

Hence the second and third terms of Egs. (2.7) & (2.8)
correspond to a change in Static Head/Energy/Enthalpy

Fig 2.4 Relative velocity at
inlet & outlet of rotor blade
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In General, the energy equation is

ek
E=gH=_ (U, V, 1T, V)

ul —

Note :- Depending upon the directions & magnitudes of
V,and V, Itis possible to have V,; and V, of the same
sign or opposite signs.

» If V,;and V, are in opposite directions, then the
quantities (U,V, ,) and (U, V) must be just add-up
In the evaluation of energy or power.

- — "y 4
i.e., E=gH ~% CUI V.40, Vu2>

» If V,,and V,, arein same direction, then the
eqgn. (2.3) & (2.4) are used as it is.

- .17 L
i.e., E=gH = o CUI Voo, Vlﬂ}
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General Analysis of Turbines

Impulse and Reaction Machines, and Degree of Reaction (R)

» Impulse type machines are those in which, only the

Kinetic energy is available at inlet of the machine for
the energy transfer,

> |.e., the static pressure at the inlet is same as the
static pressure at the outlet of the machine

» Degree of reaction, R=0

» Hence it s.ignlilfizezr'%e that V., =V,; for impulse machine
O -

‘O Man-Boat Analoc
- gy

// Man = Fluld Boat = Rotor blade

IMPULSE
Paddle

Ve 22

B e e g N PSP S S S 4 4 4 SR

Fig. 2.5 Impulse type peddle wheel
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» Reaction machines are those in which both kinetic
and pressure energies of the fluid at inlet are
availlable.

» Hence in these case, V,, is not equal to V,,.
» In these machines, V,, >V,
» Hence Pressure varies across the machine, i.e p_.<p;

ut
za
( j\ REACTION
Fluid B" / ' |_| |_| ! ‘7
ou‘t/y’" [ S

Fig. 2.6. Reaction turbine (Lawn sprinkler)

» A machine with any degree of reaction must have
an enclosed rotor so that the fluid cannot expand
freely in all direction.
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Degree of Reaction (R)

> It is defined as “the ratio of static energy transfer
due to the static pressure change to the total
energy transfer due to the total pressure change

in a rotor”.

Mathematically.
_ atatic head  Static enthalpy change in rotor A
Taotal head, Total enthalpy changein rotor Ahy

1 2 2 2 4y 2

E_g.: [y -T2 o+ 2 -V 2

= T (2 2 7 12 7 . 2
E_EE[NI VU U, Y

[} U3 (V5 -V, )]

‘ A

-~ (2.12)

E= 2 2 7 32 "I
[V W 2+ (T Ty 0+ (W SV )]

5= 'ﬁ D (2.13)
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» The value of R may be any value like zero, +ve or -ve.

» Zero degree of reaction iIs the characteristics of
Impulse machinei.eV,, =V,

Utilization Factor (€):

» Even for an ideal fluid, all the energy supplied at inlet
of any turbines cannot be converted into useful work
due to finite exit velocity or loss of velocity at the
machine outlet, which being wasted without use.

» The ratio of ideal work transfer by the rotor to the
energy supplied is called as the diagram efficiency
or utilization factor (€ ).

E
E

utilised

&e=

available
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The energy available to the rotor is the sum of absolute K.E at
Inlet and pressure energy due to change in relative velocities of
the fluid and movement of the fluid

Eavall 21 [V — U22) + (\/rz2 _Vrlz)]
Jc

The energy utilized by the rotor in the absence of fluid friction is

1
Eutlllsed 29 [(V V ) + (U U22) + (\/rz2 B Vrlz)]

By the definition of utilization factor

_ Eutliss = 290[(\/ Vo )+ (U= U)+ (Ve -V, rl)]

e=
1
E avaitable 2g[V12 +(U," =U, )+ (Y, _Vrlz)]

It can also be written

[(v ~V,)+ (U, u22)+<vr22—vrf>]+v2

c

29

Chapter-2: Energy Transfer across the Rotor



Eideal Eigeal

Theretore, & = 5 =
E 4 Vo Eigea+ Loszes
ideal = o,
g,
Eideal 15 obtained bythe Euler's turbine equation, 1,
E f:['le;"'rul ) Uﬁvuﬂ}id
== TJE - HE
E+_2 Vo -V + —2

» The velocity components or energy values in the above
equation are based on the ideal velocity diagram

» In equation (2.19), if the numerator refers to the
actual energy transferred by the rotor and the
denominator referrers to the ideal energy transfer,
then resulting parameter is known as Vane Efficiency.
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Thus the Vane Efficiency is defined as the “ratio of actual
energy transfer to the ideal energy transfer across the
rotor”.

1€ Thrane — I:UI vm - UE ki u.2> actual Wace
o Thrane =T
Ui Vo - Vipdigear  Wiaear

The hydraulic efficiency n, [which is the product of €
and n,...] 1s defined as the ratio of actual energy
transferred by the rotor in the presence of fluid friction
to the energy available to the rotor.

Actual energy cutput

1.8, T, =
i Hydrodynamic energy avatlable from floid

When the mechanical efficiency 1, =1, thenthehydraulic or adiabatic efficiency,
My 15 sameastheutilization fador (e)
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Relation between Degree of Reaction (R) and the
Utilization Factor (€)

General equation for degree of reaction (F) forany turbine 15 given by the equation
(212 1e,

2 2 2 2
[0 -0y 2+ (W -V J]
(V] V3 )+(U] U3+ (W3 Vi )]

2 2 2 2 2 2
— (U, Uy )+ (V, -V, )= RIARIV, -V, ) (2.21)

Also theutilization factor (=) forany type ofturbineis giwven by the equation (2.17), 1.2,

(V) V) U} -T 4 W V)

E=

= =
2 2 2 2,2
-+ - +(V O
Wy AU T )+ -V

Using equation (2. 217, the above eguation can be expressed as,

veiy?
e = — 11— (222
V. -RV;
Eqn.(2.22) is the general utilization factor irrespective
of any type of turbines whether it is axial or radial type.
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Axial Flow Turbines le vy

For axial flow machines, U;= U,

Degree of reaction (R) is ":x.
1 [, 2 o, 2 .. F
o ch[(vr2 v, ) zgc[(vr2 -v,)]
. [(Vlz—v22)+(v 2_V 2)] i E u
29, r2 rl

Rotor biade
Energy transfer eqn. becomes,

Vr2
‘th

-, ol
Y sMuzle
» Values of R can be -ve, Zero or +ve depending on

magnitudes of velocity components for different
velocity triangles.

1
E= o V-V, (v, - V)]

» Energy transfer E is always positive for Turbines
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W1 ¥ o
Il‘\.}ﬂ Wi 2
LY E‘ﬂ, - . dP2
p ey ] Vi [— ]
|4 - »
Inlet (hatle t
2 2
H 0 " ' 4 Uﬁ R = [(VrZ _Vrl )]
2 2 2 2
y Vol HI Yoz M " [Nl -V, )+ (V" =V, )]
Cormbined Velocity Triangles

Velocity Diagrams for Different Values of R
(i) When R<O (i.e., R is negative) v 7

rl i

V., should be greater than V,, , i ki)
I * b ]

l.e., Vr1>Vr2- Fiz 2.7 (a). Yelociby diagrarn for R=0
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(i) When R =0 (i.e, Impulse type) )

V,; = V.,, and hence B,= B, v oy ¥r2
2.
» This is the characteristic of Il
impulse turbine. B B¢ g D
B 7 H .

» This also implies that there is no

- Fig. 2.7 (b). Velocity dia far B=0
static pressure change across the 1g. 2.7 (b). Velocty diagram for

rotor. - -
» Energy transfer occurs purely B (V, = V,,%)
I o 2 2 2 2
due to the change in absolute [Nl -V, )+(V,," -V, )]

Kinetic energy.

(il1) When R = 0.5 (i.e., 50% Reaction)

» V2 - V2 = V2 - Vg2 i/ 12
> For symmetric Vel. Ale at I/L & =42 Ik Y.
O/L,i.e.,V,=V,,and V,=V,,. * » 2 »

> Energy transfer occurs initially by Fig. 2.7(c). Velocity chagrar for R=(1.5
Impulse action and then by reaction.
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(iv) When R =1 (Fully reaction)

When V, =V, Via A
Energy transfer (E) occurs it SN T
purely due to change in ety ks 14
relative K.E. of fluid Fiz. 2.7(d}. Velocity diagram for B=1
R = [(\/rz2 _Vrlz)]

V2=V, + (V2 =V,

(v) When R>1
When V, >V,

Energy transfer (E) may be .
negative or positive. Fig. 2.7(e). Velocity diagrara for R>1
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Maximum Utilization Factor

> Value of V, should be minimum 1

> ltis apparent that V, is having minimum Ve, v &
value when it is Axial or Radial. @ -

» In other words, Whirl velocity is zero &t - B C .

P | o
™ Ll | il

exit, i.e. V,, = 0,

‘Wehavetheutiization factor,

2 2
V-V
o 2 2

V- BV,

2.8(a). Velocity diagram for
maxumnum utilization.

=

].E . .
FomWVel A® fore ., V,=V, sino,

2 4 2
(W -V, sine )

=

rnax 2 A 2
V- BV osinooy
2
Wy (1-smn o) COS Oty
E == ==
Trax 2 .2 o2
Wool-sinoog) 1-E sin oy

» € is absolute maximum and equal to unity, when a,= 0.
Then V,=V;sin a;,=V,;sin(0) =0 resultsin zero - angle

tu I‘bl ne. Chapter-2: Energy Transfer across the Rotor



» This represents the ideal turbine, Vi=Vy

o . . [
which is impossible to attain, - + 'i‘
.. ™
because even a, can be zero, but finit U Vi1
velocity V, with an axial component is |..ﬂﬂ
necessary to provide steady flow. » T; y Ua=U

» However this shows that the
nozzle angle a, should be as
small as possible.

Condition For €

Fig. 2 8(b). Zero-angle urbine.

max IN ImMpulse Turbine

YWehawve the .
= v?'vﬁj = v?-vfﬁﬂjm, V1 7 Vi3
=TT T 2 I v F
1 -it -2t
u:u:usjcr, A U B . - D
1 fa ¥ e = ]
S -3 | o
1 -Ean o Fig 2 8(a) Velocity diagram for
L 4 mazimnuir utilization.
For E =10, =_ .= 008

L
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From velocity triangles OBC and OCD ate dmilar, hence BC shouldbe e toll

T+0 = 2£=2¢|
v v

COSM] =

1 1 - ' -

— S M -
Thuss for Emm{, '1] - SPEE':J' ratio = 5 1 Fig 2.8(a). Velocty diagram for

max i utilization.

Fot zeto- angleturbitne, speed tabo, O _ , _ 1
e F 7,=b= 7

For unpd seturbi ne, the nozzle atgle shoddbe gn all

Ex:If o =20, cosw =cos20 =094 & seed ratio = H= 047

The nozzle angle usually betwreen 15 - 20° istherefore emploved The factor RLFI— ig
ann useful parameter tojudge the dtilization factor, :
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Condition for Maximum Utilization in 50% Reaction Turbine

(30
Vi V1 Vi o [V
; Vo ¥ yVa Vr2 Vr2 ol -
» il
& f B3 Ot'h < (’ B, | 0] |

A Bp 'S A C ..

U U U U (1) Cornon base
4 ™ = |

For 500 Reaction, welknow that V., =V, and V=V (e, o =P, & c,=p)
and for maximum utilization, V., mustbe axial Withthis condition, the velocty triangles
are drawn formazimumuotilization as shown in Fig 2 8(d)(1 ) &),

. 4 2 2
1- s oy COE O 005 Y 2003 Oy
1-R sin gy LRsmoy  1.05 sin o, 1tcos cy
| _ab _ O _ .
Also fromtriangle OAR, cosc = oA W, T ik

For e .., Bpead ratio= $= %1 = COS0Y
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Comparison of Enerqy Transfer . -

(&) When both have same blade speed, a5 SO
=it =it
Energy transfer by Impulseturbineis givenby, i T %’ C:: U
_ Vg -UdVy UV -V) oy >
5 2 g
L L R B CR BE (237)
& 2
0
Energy transfer by the 50%% reachon turbine 1= grrenboy
L V1 i
ER_? ?3‘?1-1 :
4
From Fig. 2.9.(b), AB=V =1 . c
Ig. 2.7, 1) = -R U0
1 \Y
Up =T ] < ul
__E*R _ "R (234
Ze Sc

By comparing the equation (2.33) and (2.34), itis clear that
the energy transfer per unit mass of fluid in Impulse
turbine is twice that of 50% reaction turbine for the same

blade speed when the:utilization-is-maximum.



(b) When both have same Enerqy transfer :

j.E!., E’R=E’I
2 2
ER L szT; o Upm 302 = 14141, (2.35)

In equation (2557 there willbe no restictionon the absoluteselocity V  and nozzle
ot, 1.e., the yroaydifferent i ropulse and S0% Feacton tatbine.

(c ) When Vl and a,_are same in both the machines

opeed ratio for ropnlss staze f'nrma:{immn-utﬂizatinnis,

II
T == b or 21p=Vcosey (2.36a)
1
and speed ratio for S0%, Feaction stage formaximurm ublizahon s,
gR =¢ = cosay or Up=V,cosm, (2. 36k
1

By companng dhove tao eqﬁaﬁnn,w& canwrite,

_ Vieosae  Ug
U= — -2

Hence, Uy = 21, (237

If both the Tropnlse and 50%: Beaction turbine hase the satne nozzle angle (oo Jand

the ahsolute welocity W, then for maxirom ublization, the rotational speed (1) for S0°%
Frachonturbine should be double that of Tro pnlse turbine .
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Comparison of Impulse & 50% Reaction Turbine for €

max

Impulse Turbine 50% Reaction Turbine

o U
v Vy
: i W 2 V1 » Vi
| f] b .Ii-irj lli.irr]_

Vel. A'® i 3 o = 3

& U Ll = U ] -'!l":'- ;_I_ El b T_T C

< Vi > 4 e »

< Vul S

Energy Transfer E= 2U|2/gC Er= UR2/9c
Speed Ratio ®= U/V,=cosa,/2 ®=U/V,= cosa,

€ €,..,=C0s%a, €. .=2cos?a,/(1+ cos?a,)

max
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Key Points & Hints To Draw the Velocity Trianqgles for
the Given Condition and Other Aspects Related for
Solving Problems

1.If the m/c is of axial flow type, U; =U, = U =ﬂ—%}—1 s,

2. 1f the m/c is of impulse type, R=0
Then V,, =V,, or B,=f, forideal case.

In real case V,, <V, due to blade friction and
B.= B, for equiangular rotor blades even for R=0

3. If the m/c is of 50% Reaction,
The necessary condition is V,? - V,2 = V,,? - V,,°.

For Symmetric Vel. A'es at I/L & O/L,
V;=V,,and V,=V,,;.or a,=B, and a,=f3;

4. For radial flow machines, the fluid enters at
radius r, and leaves at radius r,, then U, # U,
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W '
5. For Inward Flow m/cs, /{m Hye By
D I]j, M&ﬁ*

¥
Fig. 2.1&. Inwrard Flow Twhomachime

o

htla

6. For Outward Flow m/cs v

F Ul I]l'.-D
e .
FrA T_T2 D'..]:'D

I, Ir:. \ -

Fiz. 2,139, Oatarasd Floar Tt cen aclone
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Possible Velocity Triangles at inlet and outlet

/L Vel. Ale

O/L Vel. Al¢ L

Chapter-2: Energy Transfer across the Rotor



Possible Velocity Triangles at inlet and outlet
N

\ L /L Vel. Ale

7

2
AR
O/L Vel. Ale L
V V l?
f2
B,
Vu2 U2

Chapter-2: Energy Transfer across the Rotor



Possible Velocity Triangles at inlet and outlet

Inlet Cntlet
(&) —»
W ¥ W
Vi T Vil 42
) ) ., e
AT — Vigle—Io—
|=
If Turul :’Ul -';urﬂ CC'SE'E = Ug
[:a:' Huﬂ 15 1l
Trilet
(b)—w Cutlet
W
L J 1'-'Frl vj UIE
Vi1 1
E’l {Ff 2
uy 1 i
vul —+| Vo2 | +—
|‘ U .1 U
< 1 o —2—f
. Wy CosPy = Uy

(DIF V., <U,,
V7 15 11 the same diredtion of Vo

If V,, and V, are of opposite
directions, then.,

If V,;,andV,, are of the
same directions, then

U 1Vu1 - U 2Vu2
J.

E=gH=
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» If the fluid enters axially / radially in case of axial / radial flow
machines respectively,
» Then V, =V, a,=90° or V,,=0. Then the I/L Vel. A'® becomes

Inlet Vel. Al®

V,=Vy Energy transfer , E = U, V,,/0,
Ex. Power absorbing m/c,

Y

U,

> If fluid leaves axially/radially in an axial/radial flow type
machines,

» Then V, =V;,, a,=90° & V,, = 0. Then the O/L Vel. A'®* becomes

Outlet Vel. Ale

Energy transfer , E =U,; V ,/0.

V,= Ex. Power generating m/c,
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> If the blades are radial at inlet, > If the blades are radial at outlet,

ie.,, B; =90° then V., =V, & ie., B, =90° then V,, = V;,, &
velocity triangle at inlet is velocity triangle at outlet is
\
u]_ \Bl (12 \l}z
U =V U, =V,,

> If the fluid enters axially/radially at inlet and the blades are radial
at outlet, then the velocity triangles

Inlet Vel. A’ Outlet Vel. A¢

Vi=Vy < Vo=V,

L7, \Bz

U, =V,
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> If the blades are radial at Inlet and the fluid leaves axially/radially,
then the velocity triangles becomes

Inlet Vel. Al® Outlet Vel. Ale
N p—
< Vi1=Vq Vo=V
o, \Bl
U, =Vu
» For maximum Utilization, V, must be axial/radial, ie., a,=90° & V ,=0
Impulse Turbine 50% Reaction Turbine
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Important Formulae for Turbines
m m
> Tangential force, =g—(Vu1 “—LVuz):g_AVu
> Axial or Radial thrust F.or F =g—(Vf1—sz)=g—AVa
» Torque Exerted, T= E(‘\-"“lr1 +V_r,)

=l

» Energy Transfer,
Ulvul s U2\/u2
9

1

) E [(V12 ~V, )+ (U, = U, )+ (V0 _Vrlz)]

W = (V12 _sz)
2(1-R)

» Power output, P=mE=mW=mgH, =mAh
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Important Formulae for Turbines

» Degree of Reaction,
2 2 2 2
[fUl ‘Ug )+ Wrg _T"rrl )] E'(V12 _V22)/2

E= 2 2 2 2 2 2 E
[V -V 2+ (T -Tg 0+ (VW -V )]

> Utilization factor,

—— Eutulsed _ (\'T B \_le ) + ([Tf - [Ti ) — (\'Tl_:l — \_..—IZZ)
VU (VD)

E

Avail

B E B E
E+V,”/2 E+Losses

S

_ V12 _ V22
V,”-RV,’
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Flow Area

(a) Axial flow machine : (b) Radial flow machine:

A; = (Dy? - D;?)/4 Arp = DB, & Ap=mr DB,
Where D, & D, = Tip & hub dia. of Where D, & D, =Tip & hub dia. of the impeller
the rotor | and B,&B,= Width of the impeller at I/L & O/L
respectively
Then the flow, Q = A; V; Q=mD, B,V;; = mD,B,V;,.
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Power Absorbing Turbomachines

Compressors, blowers, fans and pumps are of power
absorbing type of turbo machines

In these m/cs, the static pressure of fluid increases from
Inlet to outlet due to the mechanical energy input.

These machines can also be classified as axial, radial
and mixed flow type depending on the direction of flow

The quantity of interest is to the evaluate the stagnation
enthalpy rise of fluid when flows through machine

The turning angle of fluid in case of compressors is very
small up to 20° due to separation of fluid, but it was about
150° to 170° in case of turbines for a given amount of

energy transfer . _ _
» As aresult, small values of V; & V,, and hence it requires

more number of stages for a particular pressure rise.

» Each compressor stage generally consisting of arotor and stator,

» There will be a diffuser at the exit to recover the part of the exit

kinetic energy of the fluid and to produce an increase in static
pressure.
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Axial Flow Compressors, Blowers, Pumps

Energy Transfer Y
‘:‘V’l\"\
. o "‘:}}}f;\n‘ Inlet O Y,
Enthalpy rise/kg of fluid is A ﬁ °
rl Vl
_ U ll Wil
&hﬂ _E_c {vug_vulj {242:] Rotor / B1 22}
— T e A B C
| ¢ U |
consdera Ve Al QAT 4 ' IJJL%;
T=AB+BC =V, tan vy +V, tany OUﬂe"rt‘g\Z)Efz
T = -Iiura I:ta_ﬂ ";-f1+ tan "i'rn:' (243 Stator Via I Va
: an“
& from Vel Al POS, ) %
Q R S
'[_]':QR +E. =";ura|:ta_t1 o +1:E|I'1";-’3:| (244 .o ¢ U >
V2
[#———

U=V, (tan vy +tany =V (tan v +tany;)
tan v, +tanty, =tan v, +tanvy,

tan v, -tan vy, =tanvy,- tanty, (2.45)

Also, V=tanwyg V., & V=V _tanwy,
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In eqn. (2.42), Ahy =% WV, (tan T tan vy, ) (2,460

Wherevy & vy aretheanglesmadebythe absoluteinlet and outlet velocities wrt to

be axzial direction and more direct mformation 1s obtained if the energy transfer i1s
agpressed interms of blade angles v, &v,(sometimesthey are called asair angles).

Eqgn. for Energy expression in terms of blade angles with axial direction is

UV

E= o (tany, - tany,) (2.47)

In terms of blade angles B, & B, (which are w.r.t tangential speed), we can
also express the energy equation as

Ahg=F = U;a (mtgl _ mth} [ *. " tany, =tan(50-B)=cotp ]
_ U TJE
tan[?;l tanE)
Al = 9V, (tan Bo-tanfy )
P g, \tanpy tanp, (2.48)

Changein (V,,-V,;) iIs only a fraction of U, i.e., about 10% to 15% of U
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Degree of Reaction (R)

The static head in the rotor is simply due to change of relative K.E.,

statichead = %, Wﬂ - TJIE 3
The degree of reaction,
. o 1 WV
e Staticenthalpy nisemnrotor 2get B (2.4
Total enthalpy rise acrossthe stage fhy
Fromtrangle OAR ofFig 2,13
2 2 2
D4 =AB + OB AR _
2 2. 2 OF T Eny
=0B“+ OB tan"y,
2 2 212
WV, =V, ¥V, tan v AB=0F tanvyy
2 2 2 12 2 12
V-V =W, +V_tan vw)-(V, +V_ tan v)
2 12 2 2
-Ii"rrl - vrﬁ zva (taﬂ T1- tan "r‘z)
Also, fromeqn (2473,
TV
Aby= Ea(tan"“- tar - )
1 2 42 2 2 2
o 7 _vﬂ) ) ‘Ja (tan”y - tan ",'2} _ V, (tan"rf1+ tan vy
TVa 20UV, (tanvy,- tany.) 8} 2

(tany, - tanty,)
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Va

tanwy,+ tan
where t;aﬂ"rfm=( "’rlz h)
Intermsof & PBo, eqn (2505 can alsobeexpressed as,
W
R:m—ﬁ (cot B+ Cot ) (", tarny,=tan(20-p,) =cotf,)
WV 1 1 WV tan B+ tan
B = a n _ a E’l E’E (2.52)
210 {tan By tan Bs 21T tan 31 tan Bo
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Radial Flow Machines

Ex: Centrifugal Pump, Compressor, Blower etc.

Enerqy Transfer

Generally V,; is assumed as zero (i.e.,no whirl at inlet or fluid enters radially)

The total energy transferred is, . Outlet
Wy
sy UiV b X
C b - .
7 C E?':;hi—‘.
From Vel A® OAB, AC =AB - CB . _ "
2 I'E'.L'ﬂ
AC=AB -OCcot [y Vol A
. B
1.2, -I;uru;u_.:Ug —-I;urf'g cot Bg "-5:“
7 Fiz. 2.14 Velocity tangles for
radial floar machives for g = 0"
Mip= = (- Vi cot Py (2.53) b

C
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Deqgree of Reaction (R):

For radialinlet, oy =907,V =0 & Vgo=V,=Vg

y y
UMy (W - W)

Then R =28 e
T2V
Ec
2 2
_ UV -V - Wy W2
- UV
From outletVelocity AE OAB
2 2 2
- TV - [V V5 1V 142
UaVauo
. (Uy-Veyot By
217,
( -Iiurﬂ I:':}t|32
1 Wecot
R =—(i+ ﬂ_ﬁz)
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Head — Capacity (H-O) Curve for Radial Outward Flow Devices

U,V
E=Ahy=gH=—42 1

Fom outlet velocity triangle
Vg =Uy-Vpy ot

U (T8 - Voot g

gH= o
2
T -y Vg cdfa)
= 2 (2.56)
2
U o
= - - 2 cotf —Q—
Lo _(UZ Cotg, jQ
g (7D,B, g
Hence H=E{-E; ()
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Types of Centrifugal Pump Impeller

Backward Curved Vanes (i.e, $,<90%) v

w R
}

As cot B, is +ve for $,<90°
H=K;-K; Q

H
Shut-off head

I/L Vel. Ale

A 4
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Type of Centrifugal Pump Impeller

Radial Vanes (i.e, 3,=90°)

O/L Vel. A'e
V
2 V.
B
U=V
Vrl Vl
B,
U,
/L Vel. Ale

As cot B, is Zero for $,=90°

H=K, for all values of Q

»=Vs,

H
Shut-off head

K1=U?/g

B, =90°
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Type of Centrifugal Pump Impeller

Forward Curved Vanes (8,>90°)

O/L Vel. A'e

Vrl Vl
By
U,

/L Vel. Ale

(&

B

*
Ny

As cot B, is -ve for $,>90°

H=K;+ K,Q

Shut-off head

H

K,=U?%,/g

Q1

=

o
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Head — Capacity (H-O) Curve for Radial Outward Flow Devices

Backward Vanes Radial Vanes Forward Vanes
O/L Vel. Al® O/L Vel. A'® O/L Vel. Ale
V2
>
_ U
UZ_V“/“ 2(* oo
u2 QQ gé
H -9
Shut-off head Q1
U, B,=90° Neutral
I/L Vel. Ale 5
L
2N
K;=U?%)/g 90(3
a//,b
(¢4
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Important Formulae for Axial Flow Compressor/Blower

m m
» Tangential Force, Fr="-(V, =Vi)=—A4V,

d 9e
m m
> Axial Thrust F. =g—(Vf1—Vf2)=g—AVa
» Torque Exerted, T-= gm rmn AV,

» Energy Transfer,

£ o Ano YAV LV, (tany, —tany,) _ UV, (cotB, —cot 3,)

Jc O, Jc
1
= 20 [(V22 _V12) + (Vrl2 _Vrzz)]
9.
o (V)
2(1-R)

» Power output, P=mE=mW=mgH, =mAh
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Important Formulae for Axial Flow Compressor/Blower

m m
» Tangential Force, Fr="-(V, =Vi)=—A4V,

d 9e
m m
> Axial Thrust F. =g—(Vf1—Vf2)=g—AVa
» Torque Exerted, T-= gm rmn AV,

» Energy Transfer,
c_apo UMV WY, (tany, —tany,) _ UV,(cot, —cots,)

gc gc gc
1
= 20 [(V22 _V12) + (Vrl2 _Vrzz)]
9.
o (V)
2(1-R)

» Power output, P=mE=mW=mgH, =mAh
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Important Formulae for Axial Flow Compressor/Blower

» Degree of Reaction,

R = [(Vrl\2 _,Vrzz)] _E- (V22 'V12)/2
[(sz _V12 )"‘ (Vrlz _Vrzz)] B E
_V, (tany, +tany,) V, an
U 2 g

_V, (cotg, +cotf,) _V, ot
U 2 U
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Important Formulae for Radial Flow Compressor/Blower

and Pumps
m
» Tangential Force, F;= g—(Vuz _v, )= g—AV
: m
> Radial Thrust F, = g_(vrdl “v.,)=" g—AVrd
» Torque Exerted, T=— [rz\/ AV
9.

» Energy Transfer,

— Ah = U2Vu2 _ Uz[Uz _Vf2C0t/62]
gC gC

B U,cotg,
] g;szQ =K, -K,Q

Ezzig:[(sz—Vlz)ﬂL(U -U, ) (Vrl B fzz)]

» Power output, P=mE=mW=mgH, =mAh
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Important Formulae for Radial Flow Compressor/Blower
and Pumps

» Degree of Reaction,
[(Uz2 - U12 )-I- (Vrl\2 —Vrzz)] . E- (V22 VA )/ 2

R= (YA I (VT N VRV E

R — 1 14 V. cotp,
2 U,
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