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Introduction to Turbomachines

Define turbo machines. Briefly classify Turbomachines (1a, 06,Dec18/19, 1a,
08,Dec17/Jan18)

Define turbo machines. Briefly classify on the basis of work transfer (1a,
04,June/July14,)

Define turbomachine . Explain with neat sketch construction and working of
turbomachine (1a, 06, June/July 18,1a,06,Dec15/Jan16, 1a,4, Dec13/Jan14)
Enumerate the difference between a turbomachine and a positive displacement pump
(1b, 06, June/July 18,1a,08, Dec 18/jan19, 1a, 05, June/july 17,13, 05,
Decl6/Jan17,1a,06, June/July16, 1a, 06, June/July13)

Define with appropriate expressions i) flow mcoefficient ii) head coefficient iii) power
coefficient iv) specific speed ( 1a, 08, June/July 18 15ME53,1b, 05,June/July 17)
Define specific speed of pumps . Derive an expression for specific speed of a pump
1b,08, Dec16/Jan17,1b, 06, Dec14/Jan15)

Define specific speed of a turbine. Obtain an expression for the same in terms of P
shaft power speed and head (1c,06, June/July13)

Define specific speed and specific power (1c, 04, June/July14)

Define specific speed of a pump and a turbine . Explain the significance of specific
speed (1b, 06, Dec13/Jan14)

Define specific speed of pump . Show that specific speed of pump is given by

N EQ (1b,06, Dec18/19, 1b, 06, Dec17/Jan 18)

H4

What are Unit quantities.? Derive the expressions to each of them (1b, 06,
June/July16)

With usual notations, derive expressions for unit Discharge coefficient, Head

coefficient, and Power coefficient using Dimensional analysis (1c, 06, Dec15/Jan16)
Deducing an expression , expalain the significance of second law of thermodynamics
applied to a turbo machine (1a,06, Dec12)

Explain the significance of first and second law of thermodynamics applied to a
turbomachine (1a, 06, Dec14/Jan15)

Define the following efficiencies of power obsorbine macines i) Total to total efficiency
ii) static to static efficiency (1b, 06, June/July14)

Turbo Machine: It is a device in which energy transfer takes place between a flowing fluid

and a rotating element due to dynamic action and results in change of pressure and

momentum of fluid

Example: Turbine, centrifugal compressors, centrifugal pumps:

Principle components of turbomachines:




1. Rotor which carries a series of blades, rotating in the steams of fluid flow
A stationary element (fixed blade) which usually acts as a guide way for the proper
control of proper direction during energy conversion process

3. Aninput shaft

Classification of Turbo machine:

i) Classification Based on Direction of Energy Conversion.

The device in which the kinetic, potential or intermolecular energy held by the fluid is
converted in the form of mechanical energy of a rotating member is known as a turbine .

The machines, on the other hand, where the mechanical energy from moving parts is
transferred to a fluid to increase its stored energy by increasing either its pressure or velocity
are known as pumps, compressors, fans or blowers .

ii) Classification based on basic working principle
le Impulse and Reaction turbine----------
The machine for which the change in static head in the rotor is zero is known impulse machine.
In these machines, the energy transfer in the rotor takes place only by the change in dynamic

head of the fluid

In reaction turbine energy transfer in the rotor takes place by change in static and dynamic
head of the fluid

iii) Classification based on the direction of fluid flow:

° Axial in which fluid enters and leaves parallel to the axis of rotor

° Radial in which fluid enters and leaves along the direction perpendicular to the
axis of shaft

° Tangential in which fluid flow is tangent to the shaft

° Mixed flow: in which fluid entry is axial , exit is radial or vice versa

Difference between positive displacement machine and turbo machine:



SINo Positive Displacement machine Turbomachine

1 Energy transfer takes place due to static | Energy transfer takes place between
action and thermodynamic between rotor and fluid due to dynamic action
rotor and static fluid and thermodynamics between rotor

and flowing fluid

2 Reciprocating in nature Rotary in nature

3 Fluid flow is Unsteady Fluid flow is Steady

4 Fluid containment is positive Fluid containment is not positive

5 Low speed machine High speed machine

6 Complex in design Simple in design

7 Balancing of parts is difficult Balancing of parts is easy

8 There is no problem of surging and There is problem of surging and
cavitation cavitiaon

9 Conversion efficiency is high Conversion efficiency is low

10 Volumetric efficiency low Volumetric efficiency is high

Dimension Analysis

Force(N)/resistnace mass x acceleration kg m/sec? MLT2

work/Energy/Torque Force x displacement Nm MLT-2xL = ML?T

Pressure/Change in Force/Area N/m? MLT-2/L2=ML1T2

Pressure

Power workdone /sec Nm/s ML2T2xT=ML?T3

Velocity distance/sec m/s LT!

Density mass/Volume kg/m?3 ML3

Absolute viscosity Ns/m? MLT2xT/L2=ML1T?

Kinematic viscosity Absolute m2/s MLIT1/ ML3=L2T?
Viscosity/Density

Surface tension N/m MLT-2/L =MT-2

Discharge m3/s L3T1

Energy per Unit mass gH m?/s ML2T2/M=L2T"

Surface roughness m L

Length/Diameter/Height m L

Angular speed, speed of rad/sec, rpm | T?

rotor

Efficiency/pressure ratio No dimension | Dimensionless

number

Performance of a turbomachine depends upon the following

Discharge Q, speed or rpm N, size of the rotor D, energy per unit mass gH, Power P, density

p, dynamic viscosity W, Using dimensional analysis find the m terms




f(Q, N, D, gH, P, p, n) =0

no of variables n =7

no of fundamental variables m =3
no of m terms = n-m=7-3 =4

Let us select repeated variables, p (fluid property) N (dynamic property) D (Geometrical
Property)

My = p?, NbL, DL, Q

M, = p?2, N2, D2, gH

Ms = p*3, Nb3, D5, P

Ma = p™, Nb4 D,

Q=L3T", N=T, D=L, p=ML?, gh= L2T2, p=ML'T", P=ML2T?3
M.

MOLOTO = (ML-3)a1 (T-l) bl el 371

M ----- O=a1
T-mmme 0=-b1-1 iebi=-1
L------- 0=-3a:1+ C1+3 ie 0=-3x(0) + c1+3 ie C1=-3

|-I1= pol N-lr D-s ’ Q

=L3 Flow coefficient
ND

n:

MOLOTO - (ML—3)a2 (Tl) b2 Lc2 LZT—Z

M ----- 0=az
T------ 0=-by-2 ieby=-2
[— 0=-3ax+ C; + 2 ie 0=-3x(0) + cp+2 ie Co=-2

My=p°% N2, D2 gH; M= =N‘Z—I;2 Head coefficient



Ns

MOLOTO = (ML-S)a3 (T-l) b3 | 3 ML2T3

M ----- O=a3+l ieas=-1
T------ 0=-b3-3 iebs3=-3
L------ 0=-3a3+ C3+2 ie 0=-3x(-1) + c3+2 ie C3=-5

Ms=p?, N3, D>, P; MNs= Power coefficient

=p1N3D5
Na

MPOLOTO = (ML—3)a4 (Tl) b4 | ¢4 MLIT?

M ----- O=as+1 ie as=-1

| - O=-bs-1 iebs=-1

[— 0=-3a4+ C4-1 ie 0=-3x(-1) + c4-1 ie C4=-2
1 a1l A2 . - -k

Ma= p™, N, D Wy Ma= =y

Significance of it terms

M1 =% is called as flow coefficient / capacity coefficient

It is defined as the volume flow rate of the fluid through a turbomachine of unit diameter of
runner operating at unit speed ie flow coefficient = Q when N=1 and H=1

From above 11 term for a pump of certain diameter running at various speeds the discharge
is proportional to the speed of the pump. This is called as First fan Law

H . -
N= = g is called as Head coefficient
N2Dp2

Since U is directly proportional to DN, N2D? can be replaced in it term as U?

JE

Hence m, = 5

<

From the above expression, for a given impeller, head varies as the square of the tangential
speed of the rotor. This is called second fan law

Ns Power coefficient

=p1N3D5



From the above expression for the same runner of turbomachine and same fluid Power
developed by the turbomachine is directly proportional to the cube power of speed. This is
called 3 fan law

Specific speed for a pump: It is defined as the speed of the geometrically similar
turbomachine (pump) which discharges 1m3/s under unit head

N=Ns; when Q=1m3/s and H=1m

is called as Head coefficient

gH
My =
N2D2

From the above expression HaD? N?

Da AL 1
N
From flow coefficient 2 le Qo ND3

ND3 :

Substituting 1 in above eqution

3 3/2 3/2
aaN(¥); aer o

N2’ N2

From the definition of specific speed N=Ns; when Q=1 and H=1

_k N2 _NE 32,0 _NJQ
Hence 1—N—SZ ie k =Ns’; Hence Q=_"-H /2, Ne= %77

Specific speed for a Turbine: It is defined as the speed of the geometrically similar

turbomachine (turbine) which develops unit power under unit head

N=Ns; when Q=1m3/s and H=1m

is called as Head coefficient

My =

gH
N2D?2
From the above expression HaD? N?

Do — -----mmmoee- 1
N

- j2
From Power coefficient ——
piN3D5

le Pa N3 D° for same fluid

Substituting 1 in above equation

5
VH H5/? kH5/?
PaN3(—); Po—— P=——
N N N

From the definition of specific speed N=Ns when P=1 and H=1

6



Hence 1= LZ ie k =N;?
N

N

NVP

s/ Where Pisin kW

2
Hence P =~ H5/2; Ng=
N

Unit quantities: (Applied to same machine)

Unit discharge Q. : is defined as the discharge of a pump under unit Head

Q=AV; Qa+/H for a given pump as V=\/2g—H; Q=k+VH —eqn1
From definition of unit discharge Q= Q, when H=1

Qu = kx1; k=Qu

Substituting kinegn1 ; Q=Qu VH; Therefore Qﬁ%

Unit Speed N

Unit Speed is defined as a speed of the turbomachine working under unit head
From flow coefficient gHa N2D?
For the given turbomachine HaN?;, N a VH ; N =kvH - eqn 1

From definition of unit speed N=N, when H=1

Nu=kx1; k= Ny
Substituting kineqn 1; N=NwH; Ny =%

Unit PowerPy,

Unit Power defined as the power of turbomachine working under unit head
P=wQH

Po.vH H as Qo/H for a given pump

Pa H¥% P=k H¥?— eqn 1

From the definition of unit power P=P,when H=1m

Pu=kx1; k=Py

Substituting k in equation 1; P=PyH3¥%, P,= #



Reynolds Number: is defined as a ratio of inertia force to viscous force

Inertia force VD
Reynold number= —f Sk
Viscous force u

In a pipe flow if Re<2000------ Laminar flow
If 2000<R<<3000 ------- Transition
If Re> 3000 ---------- turbulent flow

In turbomachine Reynold mumber is not such an important parameter since machine losses
are not determined by viscous force alone because various other losses such as losses due
to shock at entry, turbulence, impact, friction , leakage and roughness

Most of the turbomachines use relatively low viscous fluid like air steam, water and lighoils.
Therefore, the flow in a turbomachine is turbulent in nature

According to Moodys friction factor depends only on relative roughness and not on Reynold
number which becomes constant for turbulent flow

For Hydraulic turbine, prototype will have low relative roughness due to its large size, even
though model has a smooth surface. Due to this dissimilarties of surface roughness the
model similarity loss must ve corrected for Reynolds number dependency. Moody has
suffested an equation to determine efficiencies from experiment on a geometrically similar
model

2
The equation | s np=1- (1—nm)(Z—m>
14

1. An output of 10kW was recorded on a turbine, 0.5m diameter, revolving at a speed of
800rpm, under a head of 20m. What is the diameter and output of another turbine
which works under a head of 180m at a speed of 200rpm when their efficiencies are
same. Find the specific speed and name the turbine can be used.(1c, 10, June/July 17)

Solution
P; = 10kW; D1=0.5m; N1=800rpm; H1=20m
D1=?; P, =7 N2=200rpm; H»=180m

M =12; Ns =?
gH1 _ gHp | z_ﬂﬂzz.z_ﬂﬂz 2. n2 _ . _
N2p2 ~ N2p2’ D; T Hy (Nz) bi; Dy =75 (200) 0.5% Dy =36;D; = 6m
h o= _p=p (&)3@)5-13 —10*(@)3*(1)5-10 = 38880kW
pN3D} ~ pnN3D¥ 2T "1\ny) \pyJ 1727 800 o5/ 27



N, = MaPr.  J8OOVTO, \ g gq
le 204

2. Tests on aturbine runner 1.25m in diameter at 30m head gave the following results,
power developed =736kW, speed is 180rpm and discharge 2.70m?3 /sec. Find the
diameter speed and discharge of a runner to operate at 45m head and give 1472kW at
the same efficiency . What is the specific speed of both the turbines? (1c, 08,
Dec18/19,1b,08, Dec18?jan19 15ME53,1c, 08 Dec16/17,1c, 10, Dec13/Jan14)

D1=1.25m; H1=30m; P; = 736kW N1=180rpm Q; = 2.70 m3/s
D2=?; N, =2 Q, =? Hap= 45m ; P,=1472kW;
Discharge:

n =12

PP
wQH; wQ,H,

736 _ 1472 .0, = 3.6m/s;
2.7%30  Qy#45 7 ©2 ’

Speed
N, =N1\/5P_1 _ NZ\/SP_Z ’_180\/’236 _ NZ\/145172; N, = 211.28rpm
1-11Z 1.12Z 304 457
Diameter
@ - %27 ___ 3% . p3_7219 D=1.303m
NiD}  N,D3’ 180%1.253  211.28+D3
Specific Speed
Ny,/P Ny /P V736
No= NP NayPe .y 180VTSE _ o 55
H* HE 304

Type of turbine:

3. A model of turbine 1m in diameter acting under a head of 2m runs at 150rpm.
Estimate the scale ratio of the prototype develops 20MW under a head of 225m with
specific speed of 100 (1d, 06, June/July14)



Dm=1m; Hm=2m; Nm=150rpm;scale ratio = l;_m =?
1]

P,=20MW=20000kW; Hp=225m; N; = 100

Ng = ¥m/Pr. 100 = 150YPm . p _ 5 514k
HE 24

_NeJPr 400 _ NpVZO000

Ns z 0 ; Np = 616.188rpm

5
4 2254
HP
Pm _  Pp (Dm)5_ 2,514( 150 )3 (Dm)5_1813 10-6. Dm_ _1
35 355\ ) — i\ ) = L * ; T Taoo
pm N&Dy — ppN3DE' \Dp 20000 \616.188 Dp Dp  14.07

Scale ratiois 1: 14.07

A windmill model of 1:10 scale develops 2kW under a head of 6m at 500rpm. A
prototype work under a head of 40m. Assuming that the efficiencies of model and
prototype remains same Determine the power developed, speed of the prototype
and its specific speed (1c, 08, June/July18)

Pn — L P, = 2kW; Hn=6m; Np=500rpm;
Dp 10

Hp = 40m; 0y, = np; Pp =7; Np=?; Ns=7;
Speed of the prototype

2 2
g =9, NE=NZ et (22)7; N = 5002 % *(=) NZ = 16666.66

NZD%  N2DZ’ Hn \Dp 10
Np=129.1rpm
Power developed by prototype
3 5 3
Pm _  Pp . _ Np 2p\°. p _ 129.1 5.
pm N#Dy  pp N3DE’ Pr _Pm*(Nm) *(Dm) i Pr 2*(500) * 107
Pp = 34429kW

Specific speed
Ng = NPy S0VZ g5 3

5 5
4 4
Hp 6

A turbine model of 1:10 develops 2.0kW under a head of 6m at 500rpm. Find the
power developed by the prototype under a head of 40m. Also find the speed of
prototype and its specific speed. Assume the turbine efficiencies to remain same (1c,
06, Dec17/Jan18)

Solution is same as above problem

A one fourth scale turbine model is tested under a head of 10meters. The prototype is
required to work under a head of 30meters and to run at 425rpm. Estimate the speed
of the model if it develops 125kW and uses 1.1m3/s of water at this speed . Also

10



calculate the power output of the prototype and suggest the type of turbine (1c, 08,
Dec14/Jan15)

Z—’: = Hy, = 10m; Hp = 30mNp=425rpm B, = 125kW; Qn=1.1m%/s; Nm=?;

Pp =7;

Speed of the model

gHm _ gHp 2 _ 2H_m(D_P)2. 2 _ 2,10 4,82
NZDZ = NDE Ny, = Nj * 0 o) Ny, = 425 * 25 (4)

Nm=981.49rpm
Power developed by Prototype

Pn _  Pp Np\3 425 5.
pm N#Dy  ppN3DR’ Pp = By * (Nm) * (Dm) Pp =125+ ( 81.5) * 47
Pp = 10392.16kW
Specific speed
N, = Nm\/m ;N = _981. sx/ﬁ

H4- 104-

N, = 617.08

Type of turbine suggested:

The quantity of water available for a hydroelectric power station is 260m3/sec. The head
developed is 1.73m. If the speed of the turbines is 50rpm and efficiency 82.5%, find the
number of turbines . Assume specific speed to be 760.( 1c, 06, Dec25/Jan16, ,)*

Q=260cumecs =260m3/s; H=1.73m; N=50rpm; no=82.5% number of turbine=?

Pr

P
No=—; 0.85=— L
wQH 9810%260%173

ie P = 3640343W=3640.343kW

N cach= L2068, 760= 2 °eseh [P = 30.15; Pogep = 909.49KW

1.735/4
. . Pr 3640.343
No of turbine required = son = =
Peach 909.49

A single stage centrifugal pump with impellor diameter of 30cm rotates at 2000rpm
and with 3m3 of water per second to a height of 30m with an efficiency of 75%. Find a)
the number of stages and b) diameter of each impeller of a similar multistage pump to
lift 5m3 of water per sec to a height of 200m, when rotating at 1500rpm

A single stage centrifugal pump with impellor diameter of 30cm rotates at 2000rpm
and with 3m?3 of water per second to a height of 30m with an efficiency of 75%.

D;=30cm; N1=2000rpm; Q1 =3m?3/s ; H; =30m;
In multistage: find the number of stage required if similar single stage pumps (as

above) are used to lift 5m3/s to a height 0 200m when rotating at 1500rpm

11



10.

Q,=5m3/s; N,=2000rpm Hr=200m

N1/Q1 _N2,/Qz. 2000v3 _1500V5
H13/4 H23/4r 303/4 H23/4 ’

H2=28.73m

No of stage required =

Hy =nH,;200=nx28.73; n=6.96ie 7

Diameter of the impellor

gH1 _ gH; 30 2873
N2Dp2  N2ZDZ' 20002x3002  15002xD2’

D, = 39m

A quantity of water available for hydel station is 310cumecs under a head of 1.8m.
Assuming speed of each turbine is 60rpm and efficiency of 85% find the no of turbines
required and power produced by each turbine. Each turbine has a specific speed of
800(metric)

A quantity of water available for hydel station is 310cumecs under a head of 1.8m. ie
Q=310cumecs =310m3/s; H=1.8m

Assuming speed of each turbine is 60rpm and efficiency of 85% N=60rpm; n.=0.85
find the no of turbines required and power produced by each turbine. Each turbine
has a specific speed of 800

ie no of turbines=? Peach="; Nseach =800rpm (metric)

P X 5= Pt
wQH’ 9810x310x1.8

No= ie Pr = 4652883 W =4652.9kW

NP 60,/P . . . e .
Ns each= H:/Th;800= " 8:/?'1 ie P gop = 772.8 Metric HP since specific in turbine

is metric power is in HP

Peach =772.5x 0.7355 kW; Peach = =566.25kW
No of turbine required = e No of turbine required = SLECE 8.2
Peach 566.25

Hence 9 turbine required

From the performance curves of the turbine it is seen that a turbine of 1m diameter
acting under a head of 1m develops a speed of 25 rpm. What diameter should be
prototyped if it is developed 1000kW working under a head of 200m with a specific
speed of 150 (SI units)

A model of a centrifugal pump absorbs 5kW at a speed of 1500rpm, pumping water
against a head of 6m. The large prototype pump is required to pump water to a head
of 30m. The scale ratio of diameter is 4. Assume same efficiency and similarities, find

12



11.

12.

(a) the speed (b) power of prototype and (c) the ratio of discharge of prototype and
model (1b, 08, June/July 18, 15ME53)

A model of a centrifugal pump absorbs 5kW at a speed of 1500rpm, pumping water
against a head of 6m. ie Py, =5kW; N, =1500rpm; Hyn=6m

The large prototype pump is required to pump water to a head of 30m ie Hp=30m

The scale ratio of diameter is 4. le g—P =4

m

Speed of the model

2 2
9Hm _ 9Hp 2 _ Hp  (Dm 2. 2 _ 30 (1 2 N
NZDZ — NZDZ' Np® = me(Dp) XNp;  Np? = o X 4) x1500% ; Np=838.5 rpm

Power of Prototype

Pm _ Pp . _ ( ﬂ d)P —p (D_p)S(&):S
PmN?nD?n B PPNSDE’ Pm = ppiSamE TUIAL £p = Fm D Nm

_ 5 838.5)3. _
P = 5(4)° (222); pr=894.3akW
Ratio of discharge of prototype and model

3
o= B=lPx(3h) ZE=Tox@h Z=3576

NmDpn  NpDp Qm Nm Dm Qm 1500 Qm

Two geometrically similar pumps are running at same speed of 1000rpm. One pump
has an impeller diameter of 0.3m and lifts water at the rate of 20litres /sec against a
head of 15m Determine the head and impeller diameter of other pump to deliver half
the discharge (1b, 08, June/July 13)

N; = N, = 1000rpm; D; = 0.3m; Q; = 20lit/s =20« 107 3m3/s; H, = 15m; H, =

Q
7D, =70, =%

Q _ @@, &« _Q _ _
N.D3 ~ N,D3’ D} D} as N; = N, = 1000rpm

Q@ _ 3, 1 _ 1. 1 _ 1 3 03
D DI DI 20 oss o D2 = 5 D2=0238m
3 3 3 3’ 033 2D3 2

gt _ 9. gy (ﬁ)z (&)2; H, = 15 (ﬁ)z*(moo)z; H, = 9.48m

N2D2 = N2pZ’ D, Ny 0.238 1000

A model of Francis turbine of 1:5 scale ratio is tested under a head of 1.5m. It develops
3kW at 360rpm. Determine the speed and power developed under a head of 6m. Find
its specific speed

13



13.

A model of Francis turbine of 1:5 scale ratio is tested under a head of 1.5m ie ?)—m =§
14

and Hn=1.5m

It develops 3kW at 360rpm ie Pm1=3kW and Nyn1=360rpm

Determine the speed and power developed under a head of 6m. Find its specific speed
ie Np=? Pp=? Hp=6m

Solution

9Hm _ 9Hp a_ Hp _(Dm\%_ o a2 6 (1)? 2. N2
Vo =iy e o (22) xNZ; NE=rox (3) x360%; NZ = 20736
Np=144rpm

Ny /P, 36043
Ns = %; Ns = 1.55/4=375.62
m

N, =N;{,’?; 375.62 = “‘;ﬁﬁ_”; Py = 600kW
P

A Pelton wheel produces 10000kW while working under a head of 400m and running
at a speed of 300rpm. Assuming an overall efficiency of 82% , find the unit quantities,
During the off season, the head over the turbine reduces to 350m. Find the
corresponding speed, discharge and power for the same efficiency

P=10000x103W; H=400m; N=300rpm; no=0.82

_10000x103

P
—; 0.82= ;
9810xQx400

— 3
ooH Q0=3.1078m3/s

No=

Unit Discharge

_Q .. _3.1078, _ 3
QU_\/ﬁ 7 QU - \/4—00 7 QU_0-1553m /s
Unit speed:
N 300
Nu —ﬁ, Nu —m, Nu —15rpm
Unit Power
P 10000x103
Pu= W'. PU=W ; Pu=125OW
If head reduces to 350m
Q1 _Qa 3.1078 _ Q2 _ 3
N R Q2=2.907m°/s

Ny _Np . 300 _ NZO; N»=280.624rpm

14



14.

15.

Py _ P, _ 10000x10% _ P,
H32 T H3? 4003/2 T 3503/2

P2=8184571.29W

The following data were obtained from the main characteristics of a Kaplan turbine of
runner diameter 1m P,=30.695, Q, =108.6, N, =63.6. Estimate a) the runner diameter
b) the discharge c) the speed of a similar runner working under a head of 30m and
developing 2000kW. Also, d) determine the specific speed of the runner (1c,
June/July16)

D, = 1m; P, = 30.695;Q, = 108.6; N, = 63.6;

D, =?; Q, =?; N, =?; H, = 30m; P, = 2000kW; N, =?

1

NVP NVP N P \2
s = gs/a Ns = \/ﬁH3/4;NS =7a" <E) ; Ns = Ny /Ry
N, = 63.6v30.695; N, = 352.36
N, /P N,+/2000
Ny = ;;//?, 35236 = = =7~ N, = 553.18rpm

2

2
gH1 _ gH; | (,/Hl) L _H (1)2*1 Hy

nZpZ ~ wgpz’ \'my) bz nzpZ \W/) TDZ T WEpZ

1 1 30

¥ 2 T Toaaz 2 D22 = 03965, D2 = 0.629m

63.62 1 553.182xD2

Q1 _ Q2 | Q1 _ Q2 Q1 _ Q| Q1 _ Q2 Q1 _ @
NiD3  N,D3’ N;D;D?  N,D,DZ’ UiD?  U,DZ’ viD?  Vv,D2' [HiD?  [H,D:
Qul QZ 108.6 QZ 235 33 3
— = ; = ; = 33m°/s
p? ~ JH,D% 12 V30% 0.6292’ Q; /

A model of Kaplan turbine having scale ratio 1:12 tested under a head of 3m. The
prototype of Kaplan turbine is designed to produce a power of 8000kW under a head of
8m running at a speed of 150rpm with a overall efficiency of 85%. Find the speed, flow,
power and specific speed of the model

A model of Kaplan turbine having scale ratio 1:12 tested under a head of 3m

The prototype of Kaplan turbine is designed to produce a power of 8000kW under a
head of 8m running at a speed of 150rpm with a overall efficiency of 85%.

le P, =8000kW ,Hp, =8m Np = 150rpm no =85%

Find the speed, flow, power and specific speed of the model

leN,, =? Q,, =7 Qp =? N, =?

2
GHm _ 9fp .\ 2o ”—mx(gl) XNZ; Nm2= 2x(12)2x150% Np? =12144999.15 je

NZDZ ~ NEDE Hp m 8
Nm=1102.27rpm
Pp 8000x103

- - . — 3
o 085=goo s i Qp =11992ms

ne
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1102.27
50

GG g My (2n)'y g, q, = 22 (Y1902

NpD} NmD,?;l' Dp

Q,, = 0.509m3/s

Pp _ nmpwQpHp = 8000 _119.92x8
Pm  NMm@0QmHm' Pm 0.509x3

. P, = 12.73kW

16. Amodel of a turbine built to a scale of 1:4 is tested under a head of 10m. The prototype
has to work under a head of 50m at 450rpm (a) what speed should the model run be
if it develops 60kW using 0.9cumecs at this speed. (b) what power will be obtained
from the prototype assuming that its efficiency is 3% better than that of model

"Dp
Model: H, = 10m;N,, =? P, = 60kW; Q,, = 0.9m3/s
Prototype Hp = 50m ; Np = 450 rpm Pp =
what power will be obtained from the prototype assuming that its efficiency is 3%
better than that of model Pp=? if Np=1.03 nm
9Hm _ gHp
NZD%  NADZ

Speed of the model

2
Nm? = Z—mx (g—P) xNZ;  Np?= gx(él)zxA}SO2 ;' Nm=805rpm
P m

Power of Prototype

wQH
=222, P=nwQH
Hence 22 %efr _ Prp
Nm QmHm Py
Qp Qm Qp _ (Dp 3 Np
BUtND “No03 om  \p.) YN,
r~pP m¥m m m m
Hence,

3
D N. H P
Jp X (—P) X £ X PP
Nm Dm Nm  Hm Pm

450 50 P
1.03 x(4)3x—x=—= £
8057 10 60

Pp=11055kW
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17.

18.

A Francis turbine model of 1:5 scaleThe data for model is P=4kW, N=3500rpm, H=2m
and for prototype , H=6m Assume that the overall efficiency is 70%, Calculate i) speed
of the prototype ii) Power of prototype Use Moodys equation (1c, 10, Dec 12)
2R = 25 Py = 4kW; Ny = 3500rpm; Hy = 2m; Hp = 6m; 1, = 0.7; Np =2 Pp =

P

gHm _ 9Hp
NZ,DZ, NPD,%'

NZ = N2, *’;—’; (DP) NZ =3500% 2+ (2 ) N2 =163170;

Np = 403.94rpm

0.2 0.2
Dy . _ 1. _ l —
np= 1- (l-r)m)<g> ;= 1-(1-0.7) (5) 0.782

Pp
NMm = meHm —eqn 1;np = ooriis eqn 2
eqn 2/ eqn 1; Ze _ Pp Qm*Hm nP:—P Dm‘/H_m . 77—P:P—P>|<(D—m)2>|<
Mm Pm Qp HP MTm Py DP\/H_P NMm Py Dp
H,\3/2
()

0782 _ Pp, (1)2 ; (2)3/2; Pp = 4 % (5)2 « (3)3/2 0752, pp =580.48kW

0.7 4 5 6

A small scale model of hydraulic turbine runs at a speed of 350rpm, under a head of
20m and produces 8kW as output Find : a) Unit Discharge b) Unit speed and c) Unit
Power assuming total to total efficiency of a turbine as 0.79 find the output power of
the actual turbine which is 12 times the model size, assuming the model and prototype
efficiencies are related by Moodys formula

Model : Hm=20m; Ny=350rpm; Pm=8kW, nu= 079 —12

Pm . _ 8x103 o 3
®QmHpy 0. 79_9810mex20 ; Qm=0.0516m"/s

N =

Unit Discharge

Qu=

_0.056, . _ 3
_\/2—0/ Qu—0-0115m /S

Ao

Unit speed:

350

Ny = NG

' Ny ==——==78.262rpm

_\/_I

Unit Power

17



19.

20.

P _8x103

Py= W; Py= 203/2

=89.442W

D 0.2 1 0.2
=1- - -m . =1- - —_ =
ne=1- (1 "'”(n,,) ; np=1-(1-0.79) (12) 0.8722

P
For model; Nm 20 mH
mtim
Pp
For Prototype; Tlpsz ”
PHp

Pp wQmH
Ze — Pp ©9mMm _ oopq

NMm Pm @QpHp

Discharge Q=AV

QaD*\/H as AaD? and V aVH

Qn _Di/Hm
Hence — =—"—
Qp  DpHp

Substituting g—m inegn1
P

2
np _ Pp Dh/Hm Hm np. _P_P*(D_m) . (Hm)3/2.
NMm Pm D;Z)W/Hp Hp’ NMm Pm Dy Hp !

. D. H 1 H.
Assuming D < H; == = 2 — = -2
Dy Hp’ 12 Hp

08722 _ Pp (12 1\32 0.8722 2 3/2.p _
o e, (E) * (E) ; Pp = 8% 224 (12)2%(12)%/%; P, =52870.49%kW

A centrifugal pump is required to handle water at a capacity 6.75m3/s, head of 125m
and a speed of 350rpm. In designing a model of this pump the laboratory conditions
impose a maximum capacity of 0.127m?3/s and a power consumption of 220kW model
and prototype efficiencies are assumed same, find the speed of model and scale ratio

An axial flow pump with a rotor diameter 30cm handles water at the rate of
2.7m3/min, while operating at 1500rpm. The corresponding energy input is 125J/kg.
The total to total efficiency is 75%. If a second geometrically similar pump with a
diameter of 20cm operates at 3000rpm, what is its flow rate? What is the change in
total pressure

The total to total efficiency being 75%.

le D1=30cm; N1=1500rpm; Q1 =2.7m3/s ;

18



energy input is 125J/kg ie gH1 =125J/kg ; The total to total efficiency is 75%.

If a second geometrically similar pump with a diameter of 20cm operates at 3000rpm,
ie D2=20cm; N1=3000rpm

what are a) its flow rate b) power input c) change in total pressure

Q, =?; P, =7 change in total pressure =?

Q1 Q2 2.7 Q2

== = ; =1.6m3/min
NyD3 N,D3’ 1500x303 3000x203’ Q /
gH, gH, 125 gH, E
= ; = ; H, =222.22)/kg= (=) = Ah
N2pZ T N2D2Z’  15002x0.302 30002x0.20%’ 942 /ke m/ o 02
E
P=m x —
m
m2= pQa2

Power input = pQ2 gH,
=1000x 1.6 x222.22=58.32x103 W

Change in pressure

Ahgyg

Ahgg
=—20.75 =
Mee Ahy’ 222.22

Ah, = 0.75 %222.22; Ah, = 166.65]/kg

: Ap, = 166.65 * 1000N/m?; Ap, = 1.66 bar

Apo Apo
Ah,s = %,- 166.65 = 0”

1000
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Module 1 : Thermodynamics of fluid flow in Turbomachines

Important point:

Enthalpy h = C,T where C, is the specific heat in kl/kgK , T is in temperature in K
and hisin kl/kg

If Cpisiin J/kgK then hisin J/kg

y-1
T, P\ 7 . . .
2= (—2) ¥ if the process is isentropic

n—1
T, _ (P2\ n . . .
=== if the process is Polytropic

y-1
T P . . o . .
% = (%) ¥ since static to stagnation is always isentropic
1 1

Efficiency of compressor or power absorbing machine

isentropic enthalpy increase
‘r’ =

Actual enthlpy drop

— hOZS - hOl n = TOZS - T01
h02 - h01 ' TOZ - TOl

Efficiency of Turbine or power generating machine

Actual enthalpy drop

= isentropic enthlpy drop

Tl=h01_h02' n = To1 — Toz
ho1—hozs’ To1 — Tozs

Dr Abdul Sharief, PACE

Page 2- 1



Static and stagnation states:

Static state: various properties such as pressure, temperature and volume may be determined at
any given fluid particle

Static properties are those properties which are measured with instruments or devices which are at
rest relative to the fluid . For example static temperature of any fluid particle moving with a given
speed, the measuring thermometer or thermocouple should theoretically move with the same
speed as the fluid particle itself while the measurements is being made

Example : measurements made by instrument fitted at the wall of the conduit in which fluid is
flowing is static properties ( because fluid particles at the wall has zero velocity, measuring
instrument fitted has zero velocity hence relative velocity between the fluid and measuring
instrument is zero)

Stagnation state is defined as the terminal state of fictitious, isentropic and work free

thermodynamic process, during which the macroscopic kinetic and potential energies of the fluid
particle are reduced to zero in steady flow . Measurement made by the instrument in which sensing
element is fixed at the centre of conduit represents stagnation property of fluid ( because
Instrument has zero velocity and fluid at the centre of conduit is having stream velocity of the fluid)

Stagnation state , as defined above, does not represent the existing state of a fluid at any point;

From Ist law of thermodynamics applied to static to stagnation
. . v? 0 . V¢
O+m (h++2g) =W+ (hg+% +Zog)

Note that h, V, Z are static enthalpy, velocity, elevation at given point and hy is the
stagnation enthalpy at same point, Q is the rate of heat transfer and W is the rate of work
done

Also note that without suffix is the static properties at the given point and properties with
suffix 0 represents stagnation properties

As stagnation point is the terminal state of fictitious, isentropic and work free; Q = 0;

W = 0; V,=0; Zp=0
2 2
m (h+2+2g) = (ho);  ho= h+=+Zg;

_ Vi _r Yz
CoTo=CpT + 5 +2g; To= T+ +7]

2
If PE is neglected, stagntion enthalpy hy = h + V? ;

V2 . V2
CpTy = CpT + Py Hence stagnation temperature, Top=T + 2,
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Stagnation pressure
Bernoulli’s equation between static and stagnation prperties

2 2 2
Pl =y Zo; o2 ¥4 7 sinceat stagnation point velocity and
w 29 w 29 w w 29

potential energy become zero

po _ p , V? pv?
D=t —+Z;po=p+—+2Z
og  pg | 29 Po=D > pPg

2
If potential energy is neglected , ; po = p + %

Note that

Static to stagnation property (relation between Temperature and pressure)

y-1
T, o\ v _. . . .. . .
FO = (?0) ¥ since static to stagnation process is isentropic Hence yis used

Efficiency of turbomachine:

In turbomachines , losses occur in turbomachine is due to a) bearing friction, windage etc
which is referred as Mechanical losses and b) Unsteady flow, friction between the blade and
fluid losses referred to hydraulic losses

In Power generating machine;

Referred to Mechanical losses

_Power developed at the shaft of runner
Nmech=

Power developed at the runner

Referred to Hydraulic losses

_ Power developed at the runner
Nblade " Fluid Power available at the inlet of turbine

Overall efficiency:

Power developed at the shaft of runner

07 Fluid Power available at the inlet of turbine “Nmechllblade

In Power absorbing machine;

Referred to Mechanical losses

Power availabe at the impeller

Nmecn= Input Power to the shaft

Referred to Hydraulic losses
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_Fluid Power develped at outlet of the turbomachine
Nmanometric =

Fluid Power available at the impeller
Overall efficiency :

_Fluid Power develped at outlet of the turbomachine _
No= Input Power to the shaft “Nmechmanometric

Various efficiencies based on static and stagnation properties

Power absorbing machine:

02

-\

. . hoz2s—ho1
i) We=hoass—hor 5 Me—¢ = e —hes
027 "to1

has—ho1
hoz—ho1
hoz2s—h1
ho2—ho1
hZS_hl
ho2—ho1

i)  We=hy—hor; s =
iii)  We=hos—hy;  nsp =

iv) W= hy—hy; ns_g =
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Power generating machine

. . _ ho1—ho2
i) Wee=hor—hoys ; Mer = ho —h
01— Mozs
. . h01—h02
11) Wt-s=h01_h25 v Ne—s = ho1—hs
N

. ho1—hoz
111) W= hl_ hOZs v Ns—t = h«—h
1 02s

. ) ho1—ho2
|V) Ws-s= hZS_hl v Ns—s = ﬁ
1~ 2y

Application of First Law and Second Law of thermodynamics to Turbomachines

The fluid flow in any turbomachine is slightly varies with time (Steady flow) but unsteady
flow near blade tips at entry and exit of cascades. But overall fluid flow is steady

Hence applying First law of thermodynamics for steady flow
Q +m (h1 +V712+Zlg)=P+rh (h2+V722+Zzg)

But stagnation enthalpy: hg =h + V; +Zg

Hence Q+mhy, =P + 1 hy,

Q— P= m(hoz - h01)
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g =0 as turbomachine is ideally assumed as adiabatic
Hence, —w = Ah,

Hence energy transfer as work per unit mass flow is therefore numerically equal to change
in stagnation enthalpy of the fluid between the turbomachine inlet and outlet

In power generating turbomachine, w is positive so that Ah, = hy, — hyq is negative
In power absorbing turbomachine, w is negative so that Ahy = hy, — hy is positive
For incompressible fluid, internal energy changes are negligible, and density is constant
H= u+pv

Ah = (u; —uy) + (p2v2 — P1V1)

u, —uy; = 0 as Forincompressible fluid, internal energy changes are negligible

Ah = Apv; v=l; Ah = A2
p p

Ahy = Ah + AKE + AP

Application of Il law of thermodynamics to turbomachine

From 2 law of thermaodynamics

Todsy = dhy — vodpy — A

From Ist law of thermodynamics, dhy = —éw

Todsy = —6w — vydpy — 1

In ideal turbo machine, T, ds, = 0; work done is w;

Hence equation A becomes 0 = —dw; — vydpy; Sw; = —vydpy
Hence, substituting dw; = —vydp, ,eq 1 becomes

Todsy = —6w + Sw;;  dw; — 6w = Tyds,

Efficiencies of the compression process

i) Total to total efficiency

It is defined as the ratio of ideal work to the actual work between the stagnation states.

Ideal work between the stagnation states

Nt=

Actual work

Dr Abdul Sharief, PACE Page 2- 6



!
T, 02 _q
hz,)z‘h(n % (TJZ_TM). _Téz_ToL _ 01<T01 )

Ne= = = Nuw= 1
hoz—ho1  Cp (Toz—To1)’ To2—To1’ To2—To1
y-1 -1
B Tor _ (Poz\ v . Toz _ y-1 . _To1(p)s —1)
ut = = (Pro) P
Tox Po1 Tox To2—To1

Actual Power required

Actual Power required, P=mC,(Ty, —To1); P =mC, (%) ; P = T:L]—C”Tm (;"2 — 1)
tt tt 01

pP= T]—SZDTM(PZo_l - 1)

mcCp

If Mechanical Efficiency is given, P = TOl(pZO_l — 1)

Ntt TMmech

Efficiencies of the Expansion process

Turbine
i) Total to total efficiency

It is defined as the ratio of Actual work to the Ideal work between the stagnation states.

Actual work ho1—hoz _ Cp (To1—To2)
t= = o
Cp (To1=T;)

Nw=

Ideal work between the stagnation states’

_ To1=To2 _ To1=To2 _ Tozs
Ne =7 1 7 Nuw= Tozs) ’ To1 — Toz = NetTo1 (1 — T
o1~ 1tozs T01(1— W) 01

r-1 r-1 _(V_‘l)
But Tozs _ (Pﬁ) v Tozs _ (Pﬁ) v . Tozs _ (@) 12
To1 Po1 Tox Po1 " Tos Po2

v

T 'y ; jo =

o ro( ¥ 7 where p,, is the total pressure ratio 501
o1 02

To1—T, . .
017202 ___ \where p,, is the total pressure ratio 22

M= _ =1y
T01<1— pro( 1% )) Po2

Actual Power required

Actual Power required, P = mC,(Ty1 — Tpz)
P = ntthp(Tm — Tozs)
- _ Tozs
=NeMCpTo1 (1 Tox )
_(E)
=NemCyToy <1 —Dro 4 >

If Mechanical Efficiency is given
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-(59)
P= mnttnmechcme <1 — Pro 4 >

1. A stream of combustion gases at the point of entry to a turbine has a static temperature of
1050K , static pressure of 600kPa and a velocity of 150m/s. For the gases C, =1.004kJ/kgK and
y = 1.41. Find total temperature and total pressure of the gases. Also find the difference
between their static and total enthalpies. (2b. 08, Dec/Jan 19, 15ME19)
Solution:
T, = 1050K; P1 = 600kPaqa; V; = 150m/s

2
To,=T + 2+ —; since elevation isnotgiven Ty = T + z
26p  Cp 2Cp
2
Tor =T1 + ch'
Toy = 1050 + e 1004- Ty; = 1061.21K
2
Po=Pp +- + Z pg; since elevation is not givenpy = p + — pV
2
Poy =Py + L'
600
P=%r P~ Gzs7et0s0’ P~ 1.991kg/m?
1.991%15072
Py1 = (600 * 1000) + ——— Po1 = 622398.75Pa = 6.223bar

Static enthalpy  hy = CpTy; hy = 1.004 * 1050; h; = 1051.2k] /kgK

Stagnation enthalpy  ho; = CpToq; hoq = 1.004 * 1061.21; hyy = 1065.45k] /kgK
Difference between static enthalpy and total enthalpy =  hyy — hy = 1065.45 — 1051.2
Difference between static enthalpy and total enthalpy = 14.25kJ /kgK

2. Air enters a compressor at a static pressure of 15 bar, a static temperature of 15°C and a
flow velocity of 50m/s, At the exit the static pressure is 30 bar, the static temperature is
100°C and the flow velocity is 100m/s . The outlet is 1m above the inlet Evaluate i) the
isentropic change in enthalpy ii) The actual change in enthalpy . Take C, for air as
1005J/kgK. Also draw the relevant T-S diagram (2b. 10 June/July 13)

T, = 15°C = 288K; P, = 15 bar = 15 % 10°;V;, =50m/s;Z; =0
T, = 100°C = 373K; P, = 30 bar = 30 * 10%; V, = 100m/s ; Z, = 1m

Isentropic enthalpy drop

y—1

- 0.286
Bos _ (”—2) T E==(B)" my=35114K

T, 12} 288 15
h,s —hy = Cp(TZS —T,); hys—hy =1.005(351.14 — 288); h,s — hy = 63.45k]/kg
hy = CpTy; h; = 1005 * 288 = 289440/ /kg

has = CpTos; hys = 1005 * 351.14 = 352895.7] /kg
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h01—h1+ +Zlg,h01—C T1+ +Z1g h01—2894'40+_+0
hoy = 290690]/kg1(

hozs = hyg + + 229; hozs = C, T, + + Z59;

hops = 352895.7 + ﬂ +(1%9.81);  hgys = 357904.81] /kgK

Isentropic enthalpy drop
hoas — hgp = 357904.81 — 290690; hoas — hgp = 67214.81] /kg

Actual enthalpy drop

2

hoy = hy + = +Zzg,h01—CT2+ L 7,9 hoz_(1005*373)+ﬂ+(1 9.81);

ho, = 379874.81] /kgK
Change in total enthalpy = hy, — hg; = 379874.81 — 290690 = 89184.84/ /kg=89.184kl)/kg

Efficiency of the compressor

hozs—ho1 ., _ 67214.81
Nete = 0= ;
hoz—ho1 '’ 89184.8

T]tt - 0.75365

3. Air enters a compressor at a static pressure of 1.5 bar, a static temperature of 15°C and
a flow velocity of 50m/s, At the exit the static pressure is 3 bar, the static temperature is
100°C and the flow velocity is 100m/s . The outlet is 1m above the inlet Evaluate i) the
isentropic change in enthalpy ii) The actual change in enthalpy iii) Efficiency of the
compressor (2c. 10 June/July 17) (2b. 08 June/July 18, 15ME53)

p1 = 1.5 bar; T, = 15°C;V, = 50m/s
p, = 3 bar; T, =100°C;V, = 1000m/s
Ah,, =7, Ah, =71, =

Isentropic enthalpy drop

y—1

v 0.286
Ts _ (”_z) Yo o (D)7 Ty =35114K

Ty P, 288 1.5
has — hy = Cp(Ty, — T1); has — hy = 1.005(351.14 — 288); hy, — hy = 63.45k] kg

Vi =Vt
hozs — hoy = hps — hy + — +(Z, - Zy)g

1002 — 507
hops — hoy = 63.45x10% + — 1x9.81
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hOZS - h01 = 6720x103]/kg

Actual enthalpy drop

sz_ 12
2L+ (2~ Z)g
2 _ 2

V. V.
hoz —ho1 = C,(T, —T1) + % +(Z,—Zy)g

hoz — hoy = hy —hy +

1002 — 502

_ h02’_h01. _ 6720x103
Mo = ooy’ 10 = Tgorgas
1o = 0.7536

Effect of preheat in multistage compression or prove that preheat factor is always less
than1

The overall isentropic efficiency is useful as it indicates the overall performance of a turbomachine.
But it is not always indicate the true efficiency from hydrodynamic point of view which is measure of
fluid losses within the machine.

A compressor stage with a finite pressure stage is called as finite stage

In a multistage compressor, in each stage efficiency depends on inlet temperature of fluid to the
stage and pressure ratio in each stage

Thus in multistage compressor for the same efficiency, each succeeding stage is suffered by the
inefficiency of preceding stage which is handling the fluid at higher temperature

TEMP

ph
A WS3

Ws A Ws2

ENTROPY
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Here, a three stage compressor is considered between the inlet pressure p; and delivery pressure p,

Assume that stage pressure ratio for all stage is same Z—z = 2—3 = %
1 2 3

stage efficiency for all the stages are same 151 = 152 = 153=7;
Let 14" and 14 are the total isentropic and actual compression process respectively.

7, is the overall efficiency, W, and W, are the total actual and total isentropic work absorbed

—_ WS. —
Mo = 177% No

For stage 1, stage efficiency

Ws1 | _ W
5 Wy =—
Wa1 Ns

Ns =

Similarly for stage 2, W, = %; For stage 3, W,3 = %
N

N

Total Work absorbed W, = Wy + Wy, + W3

Wy + Wy +Wez+ere.. =k,
Hence, W, = =+—2—=—= W, ===0"1 _¢eqn 2
Ns Ns
we  YiEkwy W
Eqn1=Eqn2; —==2&=0"5,
q q ’ No Ns Mo =1s Zt lgWsl

As the constant pressure lines are diverging in nature towards the right hand side of temperature
entropy diagram, the isentropic work per stage increases as the temperature difference increases for
the same pressure ratio and stage efficiency, therefore,

Ws

Z—AW < 1 whchis called as pre — heat factor; n, =n, x pre heat factor
s1

Effect of Reheat in multistage compression or prove that Rreheat factor is always greater
than1

Thus in multistage turbine for the same efficiency, each succeeding stage is suffered by the
inefficiency of preceding stage which is handling the fluid at higher temperature

p1

TEMP 1

Tl >
ws | A Wa

] A' ph

ENTROPY
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Here a three stage Turbine is considered between the inlet pressure p, and delivery pressure p,

Pr_ P2 _Ds

Assume that stage pressure ratio for all stage is same - > = o
2 3 4

and stage efficiency for all the stages are same 151 = 52 = 531N
Let 14" and 14 are the total isentropic and actual compression process respectively.
7, is the overall efficiency

W, and W; are the total actual and total isentropic work absorbed

Wa
No = WS; Wo =noWs — —eqn 1
For stage 1, stage efficiency; ng = ‘;//—‘S‘i; Wy =nWe

Similarly for stage 2, Wy, = nsWs,;  Forstage 3, Wy3 =nWs3
Wo =Waq + Wap + Weszs Wo=ns(Wey +Wep + Wez +--00); W =15 Z:Z’é Wi —eqn 2

ik
Tise AWy

NoWs =ns Zizg Wsi; No = 1Ms w,

As the constant pressure lines are diverging in nature towards the right hand side of temperature
entropy diagram, the isentropic work per stage increases as the temperature difference increases for
the same pressure ratio and stage efficiency, therefore,

S W
%51 > 1 whch is called as Re — heat factor;

N

Mo = Ns X Re heat factor= 1y = RF x7n;

Infinitesimal stage efficiency or Polytropic efficiency in compression Process(compressor)

A finite compressor stage can be viewed as it made up of infinitesimal number of small
stages. Each of these small stages has an efficiency, n,, is called polytropic or infinitesimal
stage efficiency

Consider a single stage compressor having stage efficiency ns operates between p; and p;
divided into infinitesimal stages.

Considering one intermediate stage operating between pressures p and p+dp and temperatures T
and T+dT ( efficiency of such stage is called Polytropic efficiency)
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TEMP

P
1
ENTROPY
T’

_ Isentripictemprise _ dTs, dT = dTs, dT = T'-T dT = T(?_l)

P” Actual temperature rise  dT’ T T onp ! T onp
y-1 y-1
p+dp\ v _ dp\ v _

o (EDT) L (7

T np ’ T np

nn-1)

Using series of expansion (1 + x)" =1+ nx + + — —; Neglecting higher order 1 + nx

G ) B e G ¢

Integrating above equation pressure from p; to p, and temperature from T, to T,

y=1\, P2
T, _ 1 (y-1\, p2. _(F)m
In==—(—)In=; np=—"-7F—
T, nmp\vy P1 lnT—i
L 1 (y-1 T =5 57
Also,In2 = —(y—) n%2, In2=n (&)"" v, 2= (&)"” Y e 1
T, np\vy P1 T; P1 Ty P1

Assuming the irreversible adiabatic compression process 1-2 as equivalent process with an index of

compression n

L _ (&)(%) _________________ 2

T; P1

Comparing 1 and 2
w5 =) e =(5)65)

Hence there are two formulae to find polytropic efficiency

1 np= ﬂsﬁ—i 2. Mp = (VTA) (ﬁ)
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Infinitesimal stage efficiency or Polytropic efficiency in expansion process (Turbine)

A finite turbine stage can be viewed as it made up of infinitesimal number of small stages.
Each of these small stages has an efficiency, n,, is called polytropic or infinitesimal stage
efficiency

Consider a single stage turbine having stage efficiency ns operates between p; and p; divided
into infinitesimal stages.

Considering one intermediate stage operating between pressures p and p+dp and temperatures T
and T+dp ( efficiency of such stage is called Polytropic efficiency)

p1
TEMP 1
/ p
NS
/ dT
p2
2
/ZI
ENTROPY
Actual temperature rise ar Ts
Ne= Isentripic temp rise = dars ; dT =np dTs; dT =np(T —To); dT =7pT (1 - ?)

dr p—dp yy;l dT dp YT_l
Fon (=) Feni-0-9)7)

n(n-1) X2 — n(n-1)(n-2)

Using series of expansion (1 —x)" =1 —nx + = "

Neglecting higher order 1 — nx; i—T =1p <1 - (1 - 77—1 (%p) )), ‘;—T =1p (77—1) (%p)

Integrating above equation pressure from p; to p, and temperature from T, to T,

T2
lnT

T; y-1 |
In2= (—) In=%; = s
T, Py p P (=) 2
y—1 y—1
T = () 2 %= ()", oy ) .
Ty P 14 p1’ Ty P1 ! Ty P1

Assuming the irreversible adiabatic compression process 1-2 as equivalent process with an index of
compression n
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T _ (Q)(%)

T; pP1

Comparing 1 and 2

Np (1/7—1) = (nT_l), Np = (#) (nT_l) this is another formulae for polytropic efficiency

There are two formulae to determine polytropic efficiency for turbine

ln2 lnh
1 n —_ T1 . 2 n —_ Tq
S L AN GO I

Multistage compressors (Equal Pressure ratio case)

TEMP

FARVAE

ENTROPY

Consider multistage compression of k stages between the pressures p; and py.; with overall pressure

ratio % and having equal stage efficiencies nsor n, then the pressure ratio in each stage is given

1
by

_Pb2_P3_ D4 _ _ Pk+1
T—_—_—__... ------ -
P1 P2 D3 Pk
Dpo =kt — P2 ) P3 o Pay o x Bt
P1 P1 D2 p3 Pk
_ Pk+1 __
Pro =" = =PrXPrXPrX .......XPr
_ Pk+1 _ _k
Pro = =Dr
P1
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Stage Efficiency

Efficiency of stage in multi stage compressor is called stage efficiency

a. Compressor

e )
I ) O - e
Nst = ToT,’ Nst = T1(;—i—1) ;o Nst = (P_Z)(nT_l)_l
P1
n-1 1 (y-1 (p_z)(yT_l)_l
But, (—)=—(%—); Hence =P
( n ) np( % ) st (22 (7,
-1
pr(zy_) -1
st = 1 -1y
prﬁ;(ziro -1

Overall efficiency of multistage compressor

For multistage compressor the stage efficiency n is replaced by the overall efficiency n, and the
stage pressure ratio p, by the overall pressure ratio p,, then the above equation becomes

r-1 y-1
_ Pro( Y )_1 . _ prk( 4 )_1 _ k
ﬂo—w, ﬂo—wasl’ro—l’r
proﬂP Y /-1 prﬂp Y /-1

Multi stage turbine (Equal Pressure ratio case)

For multistage turbine the stage efficiency n is replaced by the overall efficiency n, and the stage
pressure ratio p, by the overall pressure ratio p,, then the above equation becomes

— 1_(pr0)_np(y7_1)
=

i Multistage turbine
1-(pro) Y

0

~—

Consider multistage expansion of k stages between the pressures p; and py.; with overall pressure

ratio pp1 and having equal stage efficiencies nsor n, then the pressure ratio in each stage is given
k+1
by
_b1_D2_D3_ _ Pk
T _—TTT — T — T = % e e -
P2 P3  Ps Pr+1
Pro =P PPz P, o x B
Pk+1 P2 D3 Da Pk+1
_ P _
Pro = =D XPr XDy X ceecve e X Dy
Pk+1
Y 2 U 4
Pro =—=Dr
Pk+1
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Stage Efficiency (Expansion Process — Turbine)

Stage efficiency

n—1
T )
_nT, _n(-7) =Gy
Nst = T,-T) ' Mst = 5\ Nst = =51
Tl 1_T_1 1— Z_i Y
But
() -5
nNp ” o
%52 (5 o
— 1_(%) ’ . _ 1_(5_;) ! . _1-(pp) np('5) s
Nst = =K Nst = ) Nst = ﬁwhere pr‘;
e ey o0

Overall efficiency of multistage Turbine

For multistage expansion the stage efficiency n.. is replaced by the overall efficiency n, and the
stage pressure ratio p, by the overall pressure ratio p,, then the above equation becomes
_np(¥=L - y-1
_ 1-(ro) (5 ), _ 1= “ip (')

0= —7=1\ Mo = Pt
1-(pro) ( 4 ) 1-(py) K( 4 )

Overall efficiency for a finite number compressor stages in terms of stage

efficiency for a Compressor

T; is the initial temperature at which the fluid enters the turbine, K is the number of stages having
equal pressure ratio, p; is the pressure ratio in each stage, then the actual temperature rise in each
stage can be calculated as follows

For First stage

y-1
14 Y
) T) L
Tipn =Ty = =ty ATi=;;((;—+;) v —1>; ATi=;;((pr) v —1)

y-1
AT; = AT; where A = ni((pr) v — 1)

For First stage AT, = AT; ;

TZ - T1 = ATl; T2 = T1 + ATl; Tz = T1(1 + A)
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For Second stage AT, = AT,;

Substituting T, interms of T; , AT, = AT;(1 + A)

T;—T, =AT,; T3 =T, + AT,; T3 =T,(1+A);T; =T,;(1+A)(1+ A); T3 = T, (1 + A)?
For Third stage AT; = ATs;

Substituting T, in terms of Ty; AT; = AT, (1 + A)?

For Kth stage

AT, = AT, (1 + A)K~1

i=K
AT; = AT, + AT, + AT + -+ ... ... +ATy,
i=1
YIEKAT, = AT, + T, A1+ A) + AT, (1 + A)? + AT, (1 4+ A% + oo + ATy (1 + AKX,
YEKAT, = AT, (1 + 1+ A+ A+ A2+ A+ A3+ + 1+ AK;

YIEKAT, =T, [(1 + DX — 1]

y=1 K
Yy —1
AT, =T, || 1+ (GO 1
Ns
Tht1 %1
— Tlé+1_T1. — Tl T—l_l . — Tl[(pTO) _1] .
No = T—T, No = A—To' No = y-1 K ’
T1[(1+7(pr)n: '1> —1‘
y-1 xY=1
[(pro) -1] (vr) Y —1]
Mo = T K T Mo = STk asPro= (@)
<1+(pr) 14 —1> -1 <1+(Pr) 14 —1> -1
UN UN
letS=14+(1+A)+A+A4A)2+@A+A4)3+....... + (1 + A1
S=1+(1+A0Q+A+A)+A+A)>?+QA+A3+ ... + (1 + A4)%2)

S=1+A+A)(S - 1+AKDH
S—1=1+4)S—-(1+A4)1+ k1
S—1=S5S+AS—-(1+A4)

1+A)K—1= 45
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i=K
AT, = Z AT; = AT,S

=1

=T,[(1+A4)¥ -1]

Overall efficiency for a finite number of turbine stages in terms of stage

efficiency for a Turbine

T, is the initial temperature at which the fluid enters the compressor, K is the number of stages
having equal pressure ratio, p, is the pressure ratio in each stage, then the actual temperature rise in
each stage can be calculated as follows

For First stage

_ Ti—Ti4q, Ti—Tiy1 Ti—Ti41

y-1

Pi+1) v
Mo =t M= s g = T-—T-+1=nT-<1— P )
S Ti=Tiyq $ Ti<1—Trir—+,1> s Ti<1—(ﬂ)y71> t t st (p;)

r-1 wr -

AT; = 1,T; <1 - (%) 4 >; AT; = nsT; (1 - (p;—:l) Y >; AT; = nsT; (1 - (pr;i) ’ )
_r-1

AT; = n,T; <1 - () 7 )

_r1
AT; = AT; where A = 1, (1 —(pr) 7 )

For First stage

AT, = ATy;

T, —T,=ATy; T, =T — ATy; T, =Ti(1—-A4)

For Second stage, AT, = AT,

Substituting T, in terms of Ty, AT, = AT;(1 — A)

To—=Ts= ATy T3 =T, — ATy, T3 =T,(1—-A4); T3=T,(1-A); T3 =T1(1 - A)(1 - 4)
Ty = Ty (1 — A)?

For third stage, AT; = ATj;

Substituting T, in terms of Ty, ATy = AT (1 — A)?

Similarly for 4" stage, AT, = AT;(1 — A)3

For Kth stage, AT, = AT,(1 — A)k~1
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i=K

AT; = ATy + AT, + AT5 + +++ ... ... . +ATy,

i=1

YEKAT, = AT, + T, A1 — A) + AT, (1 — A)? + AT, (1 — A% + o+ oo + ATy (1 — AKX,
YEKAT, =AT,(1+ (1 -AD+(1-A2?+ (1 —A)3 + e + (1 - Ak,

=T,[1-(1-A)]
AT, =Ty[1- (1 - AF]

_ T,-Tg . AT, __ Ti[1--AX] _ 1-@-af o [1-(-4)K]
—— T 7 N - - vy-1 - y-1

No = No = 7 Mo 7 0 =1 Mo
T1_TI£+1, T 1_h ’ T 1_@ ’ I YT' —YT
! Ty 1 Ty 1_<pk+1> 1_( p1 >

P1 Pl+1

: (inloeo ) | n [((()—M

Mo —y=1 ) 0 71

1-(pro) Y 1-(pr) 14
letS=1+(1-A+(1-A4)>2?+A =A%+ ........ + (1 - A)k1
S=1+(1-A0+1-A+1A-A)>2?+1 =43+ ... + (1 - A)K2?)

S=1+1-4)(S—-(1-A4KD
S—1=1-4AS-(1-4)(1-Ak1
S—1=S—-A4S—(1-A)X

AS=1—(1-A)K

Mutli Stage Compressor (Constant temperature rise for compressor)

For constant stage work in a multistage compressor, the temperature rise in each stage is
same, but the temperature at entry of each stage will be different. For given values of

overall pressure ratio p,., and polytropic efficiency np, the total temperature rise per stage is given
by

A(r—1
ATg = %} ATy =Togs1 — To1; ATy =Ty, (% — 1); ATy =Ty, ((@)np( Y ) _ 1)

01 P1

L(y_—l) Tm((pm)’”’ Y —1)
ATy = Tpq ((Pro)"" v/ —= 1>} AT =

K

Knowing the temperature rise in each stage, the pressure ratio and hence the efficiency for each
stages can now be calculated.

For i™" stage, it is given by

AT; = Tip1 = T;
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(1)

=T <(pri)%(y7_1) - 1>

AT; 1y-1
Tl = (Pn’)’“’( ) - 1
L

A(r—1
14205 = (el 7)

Hence the pressure rise in each stage is

14+
T;

Y
AT; me(755)
Pri = ( )
From the above equation it can be seen that the pressure ratio in each stage decreases as T;
increases (as AT; is constant for all stages
Hence stage efficiency is not constant and it varies for each stage, Hence

It can be calculated for each stage as

y-1
pri(y)_l

Nsti = — 1 -1
o)1

Constant temperature rise for Expansion stages (Turbine stage)

For constant stage work in a multistage turbine, the temperature rise in each stage is same,
but the temperature at entry of each stage will be different. For given values of overall
pressure ratio p,, and polytropic efficiency np, the total temperature rise per stage is given by

AT,
AT, = —~

y-1
ATy =To1 — Tok+1; ATo =To1 (1 - T;’(:l); ATy =Toy <1 — (M)np( v )>

P1
ATy =Ty, (1 - (ﬁ)_’“’(ﬂ); ATy = Toy (1= (pm)‘"”(yv;l))
Toy <1 - (Pro)_nP(YT_l)>
AT = X

Knowing the temperature rise in each stage, the pressure ratio and hence the efficiency for each
stages can now be calculated.

For i* stage, it is given by
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ATy =T; — Ty, ATy =T, (1 - T;—:l), AT; = T; (1 — (p;—:l)nT_l) AT; = T; <1 — (ﬂ)_nT_l>

AT, =T, <1 - (ﬂ)_w(y_;l))- 85— 1 — () ()

Pi+1 T;

= () )

Ti_

Hence the pressure rise in each stage is

5

AT\ np
pi=(1-7)

From the above equation it can be seen that the pressure ratio in each stage decreases as T;
increases (as AT; is constant for all stages
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Various formulae

Efficiency Compressor Turbine
y =1y, P I
_ ( Y )l P1 _ I Ty
Infinitesimal e = L2 e (y — 1) 1 P2
or Polytropic Ty Y 1
-(5)65) -5
Np = yl n—1 NMp = y—1 n )
) -y
_ 1 _ P2
nSt - L(E) nSt - _( _1)
B -
St P1 P2
= ) 1r(5)
_ (pr) v /=1 _ 1- (pr) 14
st — i(ﬂ) Nst = _(y_—l)
(pr)ﬂP v /—-1 1- (pr) Y
-1 y—1
pm)(VT) 1 |- (2 )‘"P(T)
_ DN _ Pr+1
Nst = 1 y—1 Nst = y—1
(pkﬂ)ﬁ(T) 1 1 (D )‘(T)
P1 Pk+1
Overall (;/—1) (]/—1)
_ (Pro) v /-1 _ 1- (Pro) "y
" ) e @
(pm)ﬂp v /-1 1- (pro) Y
Efficiency Compressor Turbine
Overall r1 [ K]
-1 _y-1
efficiency in B [(pm) 1- (1 — s (1 - Y ))
terms of Mo = y-1 \K _
stage <1+(pr)n$> -1 Mo = —y1
efficiency ° ) 1-(pro) 7 )
Kty BN
I 1—(1—775 (1-@n7 ))
o E K i ]
(y) ¥ -1 Mo = -
148 - 1) g _x¥r=1
[( s > | K 1- (pr) . Y
Pro = (P)X Pro = (1)
Numericals

4. A 16 stage axial flow compressor is to have a pressure ratio of 6.3 and tests have shown
that a stage efficiency of 89.5% can be obtained. The intake conditions are 288K and 1

bar pressure Find i) Overall efficiency ii) Polytropic efficiency iii) Preheat factor(2c. 08
Dec/Jan 17)

K=16; p,o = 6.3;ns = 0.895; T; = 288K; p, = 1 bar
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Nno =7, Np =7, PHF=?

pro = (0))%; 6.3=(p,)'%; p, = 1.1219

y—1

[(Pro) vy -1
No= K as pro = (p)¥

[ y=1
<1+(Pr) 4 —1> _1
UN

[(6.3)0'286—1]
No=y 174 = (0.8674
(1. )0.286_
(1 112109,395 1) _1

Also, Overall efficiency

(ﬂ)_ 0.286_
Mo = “Ti;l)l 0.8674 = 22— 7, = 0.8967
ProP Y /-1 pro™ -1

no = nsxPHF; 0.8674=0.895xPHF ie PHF=0.9691

5. Inathree stage turbine the pressure ratio of each stage is 2 and the stage efficiency is75%.
Calculate the overall efficiency and reheat factor (2c. 08, June/July 14)

pr = 2;175 = 0.75;

1—(1—ns<1—(pr)_7>> ‘ [1_(1—0.75(1—(2)‘ 0'286))3]. 03525

e » Mo = 1-(2)73x0-286 » 10 = oases’
1-(pyr) £

Ny = 1o = 0.7863
No = nsxPHF; 0.7863 = 0.75* RHF;  RHF = 1.048

6. An air compressor has eight stages of equal pressure ratio 1:3.5. The flow rate through
the compressor and its overall efficiency are 50kg/s and 82% respectively. If the
conditions of air at the entry are 1 bar and 300K determine
i) The state of air at compressor exit
i) Polytropic efficiency
iii) Stage efficiency

Pro = 3.5, m =50kg/s;ny, =0.82;p; = 1bar; Ty = 300K

i) The state of air at compressor exit
To9s_
o = Tog9s—To1, o = Tog9s—To1, No = TOl(Tol 1)
0 Too—To1’ 0 Too—To1’ 0 Too—To1

W)
T01<pro 4 _1> 300(3.58(0.286)_1)
_ - 082=——"

T]O = Tog—300 ) Tog =6363.02K

Too—To1 !

ii) Polytropic efficiency
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k(A (18+0.286) _ 18+0286
Tlo = ZTZ;I)l 082=35__""-1 350 )~ 1276976 + 1;
1P Y /-1 3.5( np )_1

222 1035 = In770.76; 1p = 0.970

ne

iii) Stage efficiency

y-1 y-1
T01<pry _1> (pry _1>
_ To25—To1, _ . _

ns = TOZ_T01, Ns = nT_l ’ Ns = 1 y;—l
Tos| P, " —1 p’rh’ -1
(3.5%%%6-1) 0.431
Ns = 0286 v s = m; Ns = 0.9642
(3,50.970—1) -

7. Air flows through an air turbine where its stagnation pressure is reduced in the ratio 5:1, the
total to total efficiency is 80% . The air flow rate is 5kg/s If the total power output is 500kW, find
i) inlet total temperature ii) actual exit temperature iii) actual exit static temperature if the flow
velocity is 100m/s iv) total to static efficiency (2b. 10 June/July 16) (2c. 10 Dec17/Jan 18)

Pro = ﬁl = 5; n¢e = 80%; m=5kg/s; P=500KkW ;To; =?; Toy =7; Tp =?

i) inlet total temperature

P = m(h01'— hyz); 500 = 5(i101 —hoz);  (hoy - hoz) = 100k] /kg
Cp(TOI - Toz) = 100, 1005(T01 - Toz) =100 ; (T01 - Toz) = 99,52K
To1—To2 . _ 99.52

Ne= -1 0.8= ~0.286Y
T01<1_(pr0) T) To1(1—(5) )

ii) Actual exit temperature

(Toy — Toy) = 99.52K;  (337.12 — Tyy) = 99.52K; Ty, = 237.6K

iii) Actual exit static temperature

Ty, =Ty +2;  2376=T,+-2 . T,=23262K

02772 % 2¢,’ T2 Taxt00sr T2 T O™
v) Total to static efficiency
No_s = ho1 — ho

g =—— 2

y h01 - hZS
y-1

o (m) T ZE = (5)08; Tozs = 212.80K
Tozs Poz Tozs
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1% 1002

3
Tors =T —; 212.8=T. _—
0z = 25 T 2C,’ 2 ¥ %1005
T, = 207.82K
_ To1—Toa. _ 99.52 _
Ne-s = To1—Tas’ Me-s = 33712-20782 Mt—s = 0.769

A gas turbine has 2 stages and develops 20MW power. The inlet temperature is 1450K. The
overall pressure ratio is 7.5. Assume that pressure ratio of each stage is same and the expansion
isentropic efficiency is 0.88. Claculate i) Pressure ratio at each stage i) Pressure ratio at each
stage ii) Polytropic Efficiency iii) Mass flow rate iv) Stage efficnecy and power of each stage (2b.
10 Dec/Jan 12)

The output of three stage gas turbine is 30MW at the shaft coupling at an entry temperature of
1500K. The overall pressure ratio across the turbine is 11.0 and efficiency is 88%. If the pressure
ratio of each stage is the same. Determine i) Pressure ratio of each stage ii) Polytropic effiency
iii) The mass flow rate iv) The efficiency and power of each stage . Assume Y =

1.4, C,=1.005kJ/kgK, Nmech = 91% (2b. 10 Dec/Jan 19)

P=30MW =30000kW; Ty; = 1500K po = 11;19 = 88%;p, =?;1, =7; m =715 =?
i) Pressure ratio in each stage

Pro = (pr)K; 11 =(pr)3; pr = 2.22
i) Polytropic effieciency

1-(or) (7
0= ﬁ;
1-(pro) * Y
— -1p(0.286)
0.88 = %; 0.436 = 1 — (11)" (0286, (11)~1p(0286) — () 564

—1,(0.286)In11 = [n0.564;  —n, * 0.686 = —0.5727; n, = 0.8348
Polytropic ef feiciency = 83.48%

iii) Total mass flow rate
Pg 30000

P = s P = - P = 32967kW
Nmech 0.91
To1—Tos To1—To4 To1—To4
No == = 7 No =/ Towsy » MNo=—7  y=iv
To1—Toas Tol(l_ T(:Lls) T01<1—(§—:)YT>
To1—To4 To1—To4
No = V=1~ 0.88 = — Y ;TOI - T04 = 655.13K
T01<1_(pm)—(7)> 1500(1—(11)—0:286)

P = mCp(T, — Ty); 32967 = 11 * 1.005 * 655.13; 1 = 50.07kg/s

iv) The efficiency and power of each stage
-1
—(r -np(Y57)
Net = L_y;l where pr=ﬂ
1-o (7 P2

Dr Abdul Sharief, PACE Page 2- 26



1 — 2'33—(0.8348*0.286)

Nst =

1 — 2.33-0.286
0.1828
Nst = 52128’ nse = 0.851
n —_ Wa . r] J— Wa . r] _ Wa
t — A t — —S’ t = —————
R oo )
0.851 = Wa

1.005*1500(1—2.33-0-286);
W, = 275.67k] /kg
P, = mW,,; P, = 50.07 * 275.66; P, = 13802.79kW

10. A multi stage axial flow compressor, the air is taken at 1 bar and 15°C and compressed
to a pressure of 6.4bar. The final true temperature is 300°C due to the compression
process. Determine the overall compression efficiency and also the polytropic efficiency.
Determine the number of stages required if the true temperature rise is limited to 13°K

for each stage. Assume polytropic efficiency is equal to stage efficiency. (2c. 10 Dec/Jan
15)

p1 = 1lbar = 100kPa; T, = 15°C = 288K; py+1 = 6.4 bar = 640kPa
Tiss = 300°C = 573K

y-1
v 0.286
TkT_TS - (i};—jl) ¥ Tzkgé = (61—4) ; Tier1s = 489.73K
_ Tk+1s—To1, __ 489.73-288 _
o= Ti+1=To1” Mo = 5737288 » 0 = 0.7078
yy;l -1 6 40286 _1 0.286 0.286
o =20 1007078 = £ 6.4 0 = 1.9896; 2220 In6.4 = 1.9896
pm%(T)—l 6.4 TP —1 np
np = 0.7717

11. Air enters a compressor at a static pressure of 1.5 bar, a static temperature of 15°C and
a flow velocity of 50m/s, At the exit the static pressure is 3 bar, the static temperature is
100°C and the flow velocity is 100m/s . The outlet is 1m above the inlet Evaluate i) the
isentropic change in enthalpy ii) The actual change in enthalpy iii) Efficiency of the
compressor (2c. 10 June/July 17) (2b. O8 June/July 18, 15ME53)

12. A 16 stage axial flow compressor is to have a pressure ratio of 6.3 with a stage efficiency
of 89.5% can be obtained. The intake conditions are 15°C and 1 bar pressure Determine

i) Expected Overall efficiency ii) Polytropic efficiency Take y = i =1.4 (2c. 08 June/luly

Co
18)
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13. A 9 stage centrifugal compressor has overall stage pressure ratio 2.82. Air enters the
compressor at 1 bar and 15°C. The efficiency of the compressor is 88%. Determine the

following : i) Pressure ratio of each stage ii) Polytropic efficiency iii) Preheat factor (2b.
10 Dec/Jan 16
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ENERGY TRANSFER IN TURBOMACHINES

With neat sketch derive an expression for Eulers turbine equation (3a. 10 June/July 17)
Derive an alternate form of Euler’s turbine equation and explain the significance of each energy
equations (3a. 10, June/July14)( 3a,10, Dec17/Jan18) ( 33,10, Dec18/Jan19,08scheme)

3. Show that the alternate form of Eulers Turbine equation can be expressed as

(vE-v2)+(Ui-U3)-(VA4-V%) (
2

W = 3a. 10 June/July 13)

Draw the velocity triangles

4. Define degree of reaction (R) . Derive an expression relating utilization factor with degree of
reaction (2b. 10, Dec16/Jan 17)

5. Define utilization factor for a turbine. Derive an expression relating utilization factor with
degree of reaction for an axial flow turbine (3a. 10, Dec14/Jan 15) (3a. 10,
June/July18) (3a. 08, June/July18, 15 scheme)

6. Why the discharge blade angles has considerable effect in the analysis of turbomachine. Give
reasons (3a,04, Dec18/Jan 19,10scheme)

7. Draw the velocity triangles at inlet and outlet of an axial flow turbine when i) R is - ve ,ii) R=0,
iii) R=0.5 iv) R=1v) R > 1. Discuss the energy in each case (3b,10, Dec18/Jan 19,10scheme)

8. Explain why turbine with reaction R > 1 and R < 0 are not in practical use (4a, 4, June/July18)

Energy Transfer in Turbo machines

Rotor Speed- tangential speed —peripheral speed of the shaft -U = %

In velocity triangle is always horizontal

v

U
Velocity of fluid (steam, water, air,jet)----- Absolute velocity of fluid----- %4

Fluid Angle at inlet , nozzle exit angle (Impulse turbine), exit angle of guide (fixed) blade a1
with the direction of U

Vi

(¢ 5]

Absolute Velocity at is to be resolved into two components ---
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1) along tangential direction and is called as tangential component velocity of fluid Vu1
(whirl velocity Vwi1) ---- along horizontal direction (along U) ie the image of V1 along the
direction of U

VyorV,,

»

2) Along axial direction in axial turbomachine Vaxi (called as axial component), along radial
direction in radial flow turbomachine V41 (called as radial component). Axial and radial
direction represented in velocity triangle in Y direction

Vax1 Or Vg1 or Vima or Vo

Axial component in axial flow turbomachine and radial component in radial flow turbine is
called as velocity of flow

Symbol used in y direction is Vax1 or Viq1 or Vmi1 or Vi

In drawing velocity triangle U1 and V1 should lead from common point

Vi1

U

Vector difference between absolute velocity of the fluid and tangential speed of rotor is
called as relative velocity and in velocity diagram this is the line connecting tip of U and V as
given below and arrow opposes V and V. follows U
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line from top of V

Vi
Viag O Vaxt orVpyy or Vg
Vi1
” Bl
From Bottom of V
Ul y
ul line from right end of V
—

/ line from left end of VV

Above triangle is the general velocity triangle at inlet of the turbine

Direction of V, is the moving vane angle ( vane (blade)angle, runner vane (blade) angle,
moving vane (blade) angle) and it is denoted by

Hence a is always associated with V and B is always associated
with V,

Vmi .
Va1 —Uy’

Via = Vi cosay;  Vpgor Ve =Vy sinay; tan fq = Vi = VipsinB,

General outlet triangle as given below

C

U, and V, are emerging from single point and line joining tip of V, and U,is relative velocity
at outlet
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Vr2
Vm V2
2
al B»
U 2
+
Vu2

Viz = Vg cos B-Uy; Vingor Vep =Vyp sin B
Note down the difference between inlet velocity triangle for turbine (general) :

1) Direction of V/; is towards right in the inlet velocity triangle where as Direction of V,
in the outlet velocity triangle is towards right

2) Direction of V; is towards right in the inlet velocity triangle where as Direction of V,in
the outlet velocity triangle is towards right

Inlet triangle for given condition:

If the vane angle at inlet is Axial/radial ie f; =90°

V1
A Virl=Vmy
a
1 _
B =90
Ul

7 _ _ . _ Vma
Via = Uy; Vi1 = Vinas tan a,= o

If U; is greater than Va1
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Vrl
V1

B1

Ul

V
ul

Outlet velocity triangle for turbine

If fluid exit is Axial/Radial or utilization factor is maximum a;=90 (whirl velocity at outlet or
tangential component at outlet =0)

e—

V2 =0; Vo = Vina; tan B, = L

If blade angle at outlet =90° ie B,=90%

A Vr2 =vVm?2

o
2 B2=90

U, =wvu2

If U, is greater than @ or tangential component of absolute velocity (Whirl velocity) at
outlet is in the opposite direction of tangential component at inlet
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Vr2
V2

a2 B2
T

U2
e

V
u2

General velocity triangle for power absorbing turbomachine:
Direction of /1 and V,,, are in the same direction
U, is greater than V4

U, is greater than m

Outlet velocity triangle:

V r2
V2

a2 B2
T

U2
 —

V
u2

Here v, is greater than v,
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Eulers turbine equation:

Force= Rate change of momentum =mass (kg/s) x change in velocity

Force along tangential direction= mass (kg/s) x change in velocity along tangential direction
F, = gﬂ (m — @) (tangential thrust (force)
c

Force along a axial/radial direction= mass (kg/s) x change in velocity along axial/radial
direction (Axial/radial thrust)

F, = %(le - sz)

Torque = force * radius

Torque along tangential direction =T = gﬁ (Va1 = ViaTs)
c

Power = Torque * angular velocity

E=Tx* w
m o — m — m (= 2N —— 2nN
E = E(Vulrl - Vuzrz)w' E = Je (Vu17”1w - Vuzrzw) ; E = E(Vuﬂﬁ o0 Vit 60 )
m —)TL'D]_N —’TL'DzN m e
E=—(V Ny —) E="(V, U -V, U
7. Vul Tgg uz2 o )’ gc(ul 1 w2 Uz)

EVtulh “helz _ _ _ called as Eulers turbine equation

m dc

E . . .

— s also equal to change in stagnation enthalpy (Aho ) =Cp (To1 —To2) = Cp AT,

E_VuU -V Up

m 9c
If V,1and Vy,; are inthe opposite direction ie

E 1 — —
Hence ; = g_c(Vul U1 + VuzUz)

Inlet Velocity triangle
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V1

ul

vV
ul

Outlet velocity triangle:

Vr2
V2

o2 B2
T—

u2
L —

V
u2

E ViU -VipUy)

m Je

Inlet and outlet velocity triangle if Vu1 and V2 are in the opposite direction

Inlet Velocity triangle

line from top of V

Vi

Vi1 Vi1 O Vax1 orViy, or Ve
r

~ Bl

From Bottom of V

Vu1

e —
/ line from left end of VV //

line from right end of V

Vu1is +ve
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Outlet velocity triangle

Vr2
Vm V2
2
al B—=
U 2
+
Vu2

E _ (Vg Us+VyaUz)

m Ic
In axial flow turbo machinesU; = U, = U since D1= D;
And generally (unless stated ) V,;,; = Vi = Vp,(ie flow velocity is constant)

In radial flow turbomachine U; #(not equal) U, since D1# D; ( centrifugal compressor,
Francis turbine)

All impulse turbine are axial flow machinesie Uy = U, = U

In an Impulse turbine generally (unless stated ) V,.; = V., ;

If blade friction coefficient K is given in the problem V,., = KV,

In reaction turbine V,., > V,.; and generally V,,; = V,,,, (ie flow velocity is constant)
If blades are equiangular means 8, = 3,

If outlet velocity triangle is 3° is less than inlet blade angle then f, = ; — 3

Other Important point is

e Forthe power developing turbomachine ie turbine %is +ve (ie ﬁ U, > @ U,)
e Forthe power absorbing turbomachine ie pump or compressor

—is — ve (ie Vyz Uy > Vyy Uy)
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Alternative form of Eulers turbine equation:

Inlet Velocity triangle

Vrl
V1
Vm1
U1
+
\Y
ul
Outlet Velocity triangle
Vr2
V2
V2
a2 B2
—
U2
%
Vv
u2

E_ (G Ui-Vuz Ua) A
m Jd.
From Inlet Velocity triangle
VE =V +Vi, Vi =VE-Vi 1

VA = Uy = Vu)* +Viae; Vg =VA — (Uy — V)% VAL = VA - (U +V2 - 2U1Vy,1)
eqn-2

Eqn1=Eqn2; V7 — Vi = V2~ (Uf +V; - 2U Vi) ; Vi =V2 - (Uf — 2U1Vin)

— VE+UZ-V2
ZU]_Vul = V]_Z + U12 - V-rzl, U1Vu1 = % ————————————————— 3

Similarly from outlet velcocity triangle

7 VE+UE-V5
U2 Vuz - 5 4

Substituting 3 and 4 in equation A

VEHUT-VE  VE+UZ-V5
29¢ 29¢

E
m
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2 2 2 2 2 2
vi-vi Uui-ui  VA-VvE

29c¢ 29¢ 29¢

3=

It term is the change in KE of the fluid due to change in absolute velocity of the fluid
2" term is the change in KE of the fluid due to change in tangential speed of the rotor
3"d term is the change in KE of the fluid due to change in relative velocity of the rotor

Hence

Vivi | U3 _ ViV

E m o, N r2
—=— (Vv U, -V,U,)= =C, AT

m .,
e Tangential force =F,= — (V1 =V ,2) Newton
C

m. _— P e—
e Torque=T= — (V,1r1—-V,, r2) Newton meter
C

e PowerE = gﬂ(V—u{m —V—uz) Uz) Watts
c
m. — —
Power E = 9. (V1 Uqg + VU, )watts
Cc

e Force along a axial/radial direction= mass (kg/s) x change in velocity along
axial/radial direction (Axial/radial thrust)

i
Fa= — (Vi;u1 — Vinz) Newton
Ic

Degree of Reaction: It is defined as the ratio of static enthalpy drop of the fluid to
stagnation enthalpy drop of fluid when it passes through the rotor of the turbomachine

static enthalpy drop of the fluid

D f Reaction=
egree of Reaction stagnation enthalpy drop of fluid

R= ———— - A
ho1—ho2
vi-v; | Ui-Uj VA-V
ho1 —hoz = + -
29c 29c 29¢
v Vi\ _ Uf-U3 VA-V
hor =5 =) =(hoz =5 ) = -
29¢ 29¢ 29c 29¢

2 2
%4 vV
But hl = (h'Ol — 71> ; hz = (hoz — ﬁ)
Cc
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U?-u? V2, V2
Hence, hy-h, = L =z _ Lz
29c 29c

substituting, hl_h'Z and h01 - hoz
UZ-UZ  VE-VE
R — zgc ng
2"V§ + Uf—-U% _ V%f_vﬁ
29. 29,

(@ u) (-1
R= vy T (- u3) (V% 75

Another form of Degree of Reaction

Ui _ VA-VhH VP -VF

W—ﬁ+%—
R = 29. 29. 29. 29.
B VZ—y2z Uy?z-yz vz — 2
1 2 21 2 _ ' r2
29¢ 29¢ 29¢
E _Vi-vi .y s
R= - 28 I?=j1—[q_?
o 297,

Hence Degree of Reaction can be written in two forms

1 R- (U%—U%)"‘(VEFVEZ)
' (Vi-V3)+(U3-U3)+(Vii—VE,)

Vi-V3

2. R=1-
29. L

Utilization factor: is defined as the ratio of ideal work done by the turbomachine to the

energy supplied at the inlet of turbine

Turbo r‘nachy
V2

\ — --- exit ener
> gy

Input

v

v

Page 12
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2_y2 2_g2 2 _y2
E Vi—-V3 +U1_U2 _ Va-Ve

Output=—=
m 29¢ 29c¢ 29¢

Input = Output + exit fluid KE

E Vs
Input=— + —*
m 29¢
E
Hence utilization factor, € = L2
E V2
m 29c

2,2 2 .2 2 2
Vi-V3 +U1—U2 V-V

€= 29c¢ 29c 29c
2 2 2 2 2 2 2
Vi-Vsz Ui-U; Vii—Vio : V3
29c 29c 29c 29c
2 2 2 2 2 2
Vi-Vz U1-U3 Vi1V
H __29c 29c 29c
1 Ui7Us ViV
29c 29c 29c

After simplifying,

(Vi-V3)+(U3-U3)+(Vi1-Viz)
Vi+(UT-U3)+(Vi—V)

Establish the relation between utilization factor and degree of reaction (or prove that
_ ViV
Vi— RV

(U%—U%)"‘(V%—ng)
(Vi-V3)+(UT-U3)+(V1—V7,)

RIVE VA + WU —UD + VA -VR] = UF —UD + (VA= V3
R(WE—VH)+R[(UZ-UF) + VA -VAR)]=WUF -UD)+ VA —-V3)

RWVE =V =[ (U -UD+ VA -VEIA-R)

R
WUF = UD) + Vh = V3) = (V= V5) -wormmemmeeees 1
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(V%—V§)+(U§—U§)+(V§1—V§2)

2 (112 12 V3 V3
substituting 1in above equation

(V%—V%) + s (Vi-v3)

" V§+ s (Vi-v3)
(1-R)(vi-v3)+R (vi-v3)
= R
(1—R)(V%)+ R (V%—V%)
(1-R)

after simplification

2 2

Vi-V

= —21 22 Hence proved
Vi— RV,

For Maximum utilization,

2 2
Vi-V
From the expression €= 21—;2 it can be understand V; is to be minimum
1~ V2

For V2 to be minimum, V2 to be in the axial / radial direction ie 02=90° and V2 =0

Numericals
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1. Air enters in an axial flow turbine with a tangential component of the absolute velocity
600m/s in the direction of rotation. At the rotor exit, the tangential component of the
absolute velocity is 100m/s in a direction opposite to that of rotational speed. The
tangential blade speed is 250m/s. Evaluate (i) The change in total enthalpy of air between
the inlet and outlet of the rotor (ii) The power in kW if the mass flow rate is 10kg/s (iii)
The change in total temperature across the rotor.(4c, 8, June/July18)

e Axial flow turbineieU; = U, = U
e Air enters in an axial flow turbine tangential component of the absolute velocity 600m/s
in the direction of rotation

m = 600m/s in the direction to that of rotational speed

At the rotor exit, the tangential component of the absolute velocity is 100m/s in a direction
opposite to that of rotational speed.

—

V,,2=100m/s opposite to the direction to that of rotational speed ie. Direction of u

and Vy; are opposite to each other ie V,; direction is negative Vi,
e Tangential blade speed U =250m/s
To determine

i)Aho=? ii)P=? if m=10kg/s iii) ATo=?

=T (Ma U -V Uy) 5 o= (Vi + V)V as Uy =Up = U
E

— = (600 + 100)250 =175000J/kg (175ki/kg)

m

) Ahg== =175k]/kg

i) E= m% = 10x 175 = 1750kW (kW since%is in ki/ke)
175 = 1.005 AT,  as C, forairis 1.005k/ /kg
AT, = 174.13°C

2. Air enters in an axial flow turbine with a tangential component of the absolute
velocity 600m/s in the direction of rotation. At the rotor exit, the tangential
component of the absolute velocity is 100m/s in a direction same to that of
rotational speed. The tangential blade speed is 250m/s. Evaluate (i) The change in
total enthalpy of air between the inlet and outlet of the rotor (ii) The power in kW if
the mass flow rate is 10kg/s (iii) The change in total temperature across the rotor

3. In a certain turbo machine the fluid enters the rotor with the absolute velocity
having an axial component of 10m/s and a tangential component, in the direction of
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the rotors motion is 16m/s. The tangential speed of the rotor at inlet is 33m/s. At the
outlet of the rotor, the tangential speed of the rotor is 8m/s and absolute velocity of
the fluid is 16m/s in axial direction. Evaluate the energy transfer between the fluid
and rotor. Is this turbo machine power absorbing and power generating? What is the
change in total pressure if the process is loss free and fluid is water Also calculate the
blade angles

Given Data
Axial component of absolute of velocity at inlet V,,,;=10m/s,

Tangential component at inlet, ﬁ)= 16m/s,

Tangential speed of the rotor at inlet,U; = 33m/s

Tangential speed of the rotor at outlet=U; = 8m/s,

Absolute velocity of the fluid is 16m/s in axial direction ie V, = 16m/s and a, = 90°

To determine

% =7, Is the turbomachine is power absorbing or power generating? Ap=? if fluid is

water
Solution:
Note that U; = 33m/s >V,; = 16m/s
Hence
Vrl
V1
le
Ul
V
ul
0=90°
Vr2
vVm?2 ‘
V B2
2 a2 =90
u?2
Vuz =0
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(VU - Vo Uy);  —=(16%33-0); ~=528 J/kg

m m

E—
—=

Since — =is+ve This machine is power developing machine

AP
ii) For compressible fluid , Ah0=7°

528 = % ; APy = 528000 N/m? (AP, is N/m? since Ahy is in J/kg);
AP, = 528 kPa

iii) Blade angles

Inlet blade angle

Vil . 10

o _ _ ) _ o
From Inlet velocity triangle, tanf; = Timv tanf, = I3-1¢ B1 = 30.465
Outlet blade angle
o Vinz. 16
From outlet velocity triangle, tanf, = tanf, = 5 B, =63.43°
2
Inlet velocity of the fluid
Vi =+V24 +V2,; Vy,=v162+10%; V; =18.867m/s
Outlet guide blade angle au
tana, = M; tana, = 1—0 ;o aq =320
ul 6
Axial thrust
E, =gﬁ Vit Vinz) Newton; E, =1 (10 - 16) ; F,=—6N
Cc

Tangential Thrust

Fu=gﬁ(ﬁ—@) Newton; F,= 1(16-0) N; E, =16N
c

4. The following data refers to a turbo-machine. Inlet velocity of whirl =16m/s, velocity
of flow =10m/s, blade speed =33m/s, outlet blade speed =8m/sDischarge is radial
with an absolute velocity of 16m/s. If water is the working fluid flowing at the rate of
1 m3/s. Calculate the following i) Power in kW ii) Change in total pressure in kN/m?
iii) Degree of reaction iv) Utilization factor (3b, 08, June/July18 15 scheme)

Inlet velocity of whirl =16m/s, ie m = 16m/s,
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velocity of flow =10m/s, V,,; = 10m/s,

blade speed =33m/s at inlet, U; = 33m/s

outlet blade speed =8m/s =U, = 8m/s,

Discharge is radial with an absolute velocity of 16m/sie V, = 16Tm and a, = 90°

If water is the working fluid flowing at the rate of 1 m3/s. Q = 1m3/s
To determine

i)Power in kW ie E=? li)Change in total pressure in kN/m2 AP, =7iii) R=? lv) ¢ =?

Solution:
Note that U; = 33m/s > V,;=16m/s
Hence
Vrl
V1
Vin1
Ul
\Y/
ul
0»=90°
Vr2
vVm?2 ‘
2
V2 a2 =90 P
U2
Vu2 =O
i) Power in kW
E 1 —_— —_—
7= o (Vur Uy = Vip Uz) 5
E E

Since — =is+ve This machine is power developing machine

m = pQ, m = 1000 * 1; m = 1000kg /s
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E =1 E=1000+528]/s; E =220 =528kW
i) Change in total pressure in kN/m?
AP, AP,
For compressible fluid , Ahg= p"; 528 =—= ; AP,=528000N/m? ;

1000 ’
(AP, is N/m? since Ahy isin J/kg); AP, =528 kPa

iii) Degree of reaction

E (V%—V%)
o - 2_y2
R="27 0 p=1-UEH),
o 29cn
V12 = Vifl + VT%Ll' V12 = 162 + 102; V12 == 356,' V22 = 162,' V22 = 256
R=1-852%9 p_091
2%528

iV) Utilization factor

E
= 528
= - AN &= 256 ; & =O.804
E 4 ki
NG s20+()
m \29.

Determine blade angles, Axial and tangential thrust in the above

problem

v) Blade angles

Inlet blade angle

. . %4 10
From Inlet velocity triangle, tanf; = —2=; tanB; = 33-1¢ /

Ul_'Vul'

By = 30.465°

Outlet blade angle

. . % 16
From outlet velocity triangle, tanf, = Uiz; tanf, = 5 B, =63.43°
2

Outlet guide blade angle au

V 10
tana, = %; tanay = ¢

vi)Axial thrust

; a, = 320

E, =gﬁ (Vi1 =V m2) Newton

F,=1(10-16) ; F,= —6N
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Tangential Thrust

Fy = ™ (Vs — Vez) Newton; Fy =1(16-0) N;  Fy =16 N

5. Water approaches the impeller of a mixed flow pump with an absolute velocity
having tangential and axial components each of 17m/s. At the rotor exit the radial
and tangential components of the absolute velocity are 13m/s and 25m/s
respectively. The tangential blade speed at inlet and exit are 12m/s and 47m/s Find
i) Change in enthalpy across the rotor
i) Total change in pressure across the rotor
iii) Change in static pressure
iv) Degree of reaction (2b. 10 Dec/Jan 17)*

Water approaches the impeller of a mixed flow pump absolute velocity having

tangential and axial components each of 17m/s. ie m =17m/s; V1 = 17m/s;

At the rotor exit the radial and tangential components of the absolute velocity are
13m/s and 25m/sm = 25m/s;V,,, = 13m/s

The tangential blade speed at inlet and exit are 12m/s and 47m/s

U, =12m/s; U, = 47m/s

i) Change in enthalpy across the rotor

% = i(m’ Uy - Vi Up) ; % = (17 * 12) — (25 * 47); % = —971) /kg
ii) Total change in pressure across the rotor
, Ahf%; 971 =20 AP, = 971000N /m?

iii) Change in static enthalpy

1
V2 =VZ%4 +V2; V2 =172+ 172, V2 = 578; VZ =VZ + V2,;

V7 = 25% 4+ 13%; VZ =794

; (h, —hy) = 863] /kg

971 = (hy — hy) + (794—578)

2

iv) Change in static pressure

Do =p+%; Apo = Doz — Do1; AP0 = (p2+p_2j)_(pl+ﬂ)
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1000(794-578)
2 7

2,2
8p, = (2 = p0) + 2971000 = (0, — py) +

Change in static pressure (p, — p;) = 863000N /m?

Degree of reaction

m c 2_y2 _
R=l2 ) poq W) g g _GTETM g 796
- 29c 2%(=971)

6. In an inward flow radial hydraulic turbine for maximum utilisation factor show that,

— 1-R . . . .
ai=cot™! ’:s where ai1= nozzle angle, R=Degree of reaction, ¢is the utilization

factor Assuming the radial velocity component is constant through out and there is
no tangential component absolute velocity component at outlet (33,10 , Dec12) (4b,
8, June/luly18)

Given Data :

e Radial turbineie U; # U,

® Assuming the radial velocity component is constant through out
Vini = Vinz = Vi
there is no tangential component absolute velocity component at outlet

Viz =0
outlet velocity triangle

V r2

vm?2 ‘

2 a2 =90

u2

Inlet velocity triangle
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Vur
Vi-v; _ Vi-Vm
- 2 27 - 2 2
V2— RV3 Vi— RV4
, vV
sina, = V—T; V, =V, coseca,

V,zncoseczal—Vgn _ cosec?a;—1

= . e fosecaT
V,choseczal— RVZ, cosec’a;— R

cosec?ay; = 1 + cot?ay

1+cot?0;—1 cot?ay
E=—7>—"—, €e=T————
1+cot?0,— R 1— R+cot?ay

’

€(1 — R) + ecot?a,= cot?ay; €(1— R)=cot?a;(1—€)

€1-R) 5 . .1 | Q=R
1o =cot“ay; ay=cot /—(1_6)

In an slow speed inward flow radial hydraulic turbine, degree of reaction is R and
utlilization factor is €. Assuming the radial velocity component is constant through

out and there is no tangential component absolute velocity component at outlet,

_ 1—- R)e
show that the inlet nozzle angle is given by oy = cot 1 /ﬁ

Show that for an axial flow turbine under maximum utilization factor condition , the

. U 2 . .
speed ratio is @ is given byV— =3 cosa, where U is the tangential speed of the rotor
1

and Vi is the tangential jet velocity of the fluid . Assume flow velocity is to remain
constant and auis the Take degree of reaction =1/4, (3b. 10 Dec/Jan 2016)*

Axial flow turbine ----U; = U, = U
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Utillization factor is maximum ie 02=90°

Outlet velocity triangle

V r2
vm?2 A
2
V2 a2 —90 B
U2

Degree of reaction =1/4
Assume flow velocity is constant from inlet to outlet ie Vi1 = Vo

u 2
Prove —=—-C0Ssa,

1
Inlet Velocity triangle

Vi
vV le
rl
al a
Bl
U
—
Vi
VE-V}
R=1- 2% ——-1
ZQC_m
—=— (V1 = V2)U; —==V,,U - 2 as V=0
m gc( ul uZ) m Je ul u2
Vo = Vo (From outlet velocity triangle as @, = 90°)
Vo=Vimu ———eqn3 (as Vin1 = Vinz)

Substituting2 and 3in 1
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po 1. Vi

V,.U
zgc ul
Ic
From inlet velocity triangle Vi =VE—-V2,
V2 Vit Vicosa -
Hence, R=1—- —*-; R=1—- 2, R=1——""—""=2asV,, =V,cosq,
2V U 2U
1 Vicosa 3 Vicosa U 2
it e A AV ARE b
V, 3

9. A radial outward flow turbomachine has no inlet whirl. The blade speed at the exit is
twice at inlet. Radial velocity is constant throughout. Taking the inlet blade angle as
45°, show that the degree of reaction,

R=% Where B, is the blade speed at exit wrt tangential direction

(3a,10June/July 16, ) (4b,10June/July 17 ) (4b,10June/July 13 ) (4a. 10, Dec12)
Given Data:

A radial outward flow turbomachine has no inlet whirl ie m =0

Hence Inlet velocity triangle

Vi

Vml ‘

1 ol =90

Ul

The blade speed at the exit is twice at inlet.
U, = 2Uy;
the inlet blade angle as 45°, ie B = 45°

The radial component of absolute velocity remains constant throughout ie V,,,; =

Vinz = Vi
2_y,2
R=1—- 2% . A
ZQc_m
Vl = le == Vm “““““ 1 f
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rom Inlet velocity triangle asType equation here. a;=90°)

2 2 2,2
Vi=V Vin—=V

Substituting 1,inA R =1 — 1 EZ; R=1--2 E2

Iem Iy
Outlet velocity triangle

Vr2
V2
V2
o2 B2
—
U2
V
u2
From outlet velocity triangle VZ =V2+V;2 ; V2-Vi= V3,
And — = g—c(Vu1 —Viu2)U; —= —g—CVuZU2 asasV,; =0
Hence, R=1—-——*%—; R=1+4 2 2
2(-Uyvy) 2(uz)
From Inlet velocity triangle
— Y, — V1. _Vm. _

tanp, = o tan4s = v 1= v u =V,
U, = 2Uy; U, = 2V, —mmmmmmeen 3

From outlet velocity triangle

Vi —
tanf, = Uz—%' Uy = Vg = Vipg Cot By;
Vaz = Uy = Vi Cot By Vg = 2V, — Vy Cot B a

Substituting 3 and 4 in 2

R=14 -2V - VmCOtﬁz); R=14 —(2 = Cot )
2(2Vm) 2(2)

—24cot B,. R = 4—2+cot B, R = 2+cotf,

R=14—7— — 7 2

Dr Abdul Sharief, PACE Page 25



10. An Inward radial flow reaction turbine has radial discharge at outlet The outer blade
angle is 45°. The radial component of absolute velocity remains constant. Assuming
the the tangential speed of the rotor at inlet to be twice the tangential speed of
rotor at exit., determine the energy transfer per unit flow depending on mass and

degree of reaction . Assume V,, = ,/2g. If the values of degree of reaction
respectively are 0 and 1, what are the corresponding values of energy transfer per
unit mass of the fluid (4b,10 Dec15/Jan16)

Data Given
Radial flow turbine U; # U,, radial discharge at outlet ie a, = 90°
Outlet velocity Triangle

Vr2

Vm?2 ‘

B2
V2 a2 =90
i

u2

outlet blade angle of 45°.ie 3,=45°
The radial component of absolute velocity remains constant throughout
ie le = sz = Vm

Vi = Vi =V = vV 29:;

The blade speed at inlet is twice that at outlet U1=2U;
To Express% = f(al) R= f(al)

o1=? When R=0, % =? for that oa

a1=? When R=1, % =? for that oa

Inlet Velocity Triangle
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ml
rl

E V,U —
— =21 asV,, = A
m dc

Note that here gcis included in above equation since V1 = Via = Vi = /29

From Outlet velocity triangle

— Vmz, — Vmaz = Vm, -
tanB; = U, tan45 U, 1 0, U, =V,
Ul = 2U2, U1 :2Vm ____eqnl

Vin —
tanoy == ; Vy1 = Vp cotoy —=======eqn 2
Vi
Substituting 1 and 2 in A
E _ Vpcotay (2Vp) ) E _ 2V4cota;  E _ 2x2gccotay
mo Ic ’ m Ic " om Ic ’
E
— =4 cotay
m

VE-VZ

R=1-22F B
ch_r'n
From outlet velocity triangle, V2=Vm2 =Vm1
VE-V2 V2 V2 v,
R=1--+*F R=1- - . R=1—-——"*- R=1- 2,
29c; 29c; 201V 20
v, 1 cota 4—cota
R=1-— ﬂ;Rzl— _1’- R= ——"1
2V 4 4
At what value of ay, will the degree of reaction be zero
4—cota
0= Tl; cotay, =4; =
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the corresponding values of energy transfer per unit mass

E E E
— =4cotay; — =4x%4; — = 16//kg

m
At what value of aj, will the degree of reaction be 1

4—cotaq,

1= TR

cota; =0;

1 o
tana; = < tana; = © ; a, =90
the corresponding values of energy transfer per unit mass

=4 cot = 4x%0 =0J/k
_— = . _ = * . _— =
; cotaq 5 ) - ]/g

11. An Inward radial flow reaction turbine has radial discharge at outlet with outlet
blade angle of 45°. The radial component of absolute velocity remains constant
throughout and equal to ,/2gH where g is the acceleration due to gravity and H is
the constant head. The blade speed at inlet is twice that at outlet. Express the
energy transfer per unit mass and the degree of reaction in terms of a1, where aiis
the direction of the absolute velocity at inlet with respect to the blade velocity at
inlet. At what value ay will be the degree of reaction zero and unity? What are the

corresponding values of energy transfer per unit mass

Radial flow turbine U; # U,, radial discharge at outlet ie a2=90°

Outlet velocityy triangle

V r2
Vm2 A

2 a2 =90

u2

outlet blade angle of 45°.ie 8, = 45°

The radial component of absolute velocity remains constant throughout and equal to

J2gH e Vo =V, =V, = /2gH

The blade speed at inlet is twice that at outlet U1=2U;
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To Express% = f(a1) R= f(al)

a; =?WhenR =0, % =? for that a;
a; =?WhenR =1, % =? for that a;

Inlet Velocity Triangle

Vi
\Y% le
rl
-=(xl 81
Ui
4>—
Vul
E 1 — —_—
—=—=V,,U, asasV,, =0
m Je ul¥v1 uz
From Outlet velocity triangle
— Vma, —Vmz, g _Vm —
tanf, = U, tan45 = U, 1 U, U, ="V,
U1 = 2U2' U1 = 2Vm """"""" 1
Vin . =
tana, = = ie Vy1 =V, cotay -----==--=------- 2
Vi1
Substituting 1 and 2 in A
E 1 E 1 E 1
—=—V_cota; *V, . —==V2cota; ; —=—2gH cotay;
m c m 1 m m ge m 1 m Je g 1
E 1
—=—2gH cota
m dc 9 1
VE-V2
R=1- — B
29~
From outlet velocity triangle, Vo=V, ; Vo=Vin1 as Vipa=Vinq
VE-VA V2 14 Vaur
R=1- *—F R=1- ** ; R=1- —*—; R=1- 2+
29c; 29c—; chEVu1U1 20,
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R=1— Vmcotal; R=1-— cotal; R = 4—cotaq
2V 4 4
E
a, =7 When R = 0; ~ =? for that o
4—cota
0= Tl; cota; = 4; a, =
the corresponding values of energy transfer per unit mass
E 1 E 1
e 2gH cotay; E—IZgH*AL, — = 8gH

At what value of ay, will the degree of reaction be 1

4—cota
1= ——2L cota, =0;
4
1
tana; = 5 tana, = © ; a; =90°

the corresponding values of energy transfer per unit mass

—E —1 2gH cot —E 4gH %0 —E 0//k
= . = * . =
m g gh cotas; m 9 ’ m J/kg

12. Aninward flow radial turbine has nozzle angle a and rotor blades are radial entry. The radial
velocity is constant and there is no whirl velocity at discharge. Show that the utilization

2cos’ o
1+cos’ o,

13. An inward flow radial turbine has nozzle angle a and rotor blades are radial entry. The radial
velocity is constant and there is no whirl velocity at discharge. Show that the utilization

2cos’ oy
1+cos’ o

factoris equal to ¢ =

factoris equal to ¢ =

14. In an axial flow turbine, for maximum utilization factor, prove that speed ratio is

cos a;
2(1-R)

given by @ =

15. The velocity of steam in a Delaval turbine is 1200m/s. The nozzle angle being 22°.
and rotor blades are equiangular. Assuming the relative velocity of fluid at inlet and
exit to be equal and the tangential speed is 400m/s. Determine (i) the blade angles
at inlet and exit (ii) the tangential force on the blade ring and (iii) power developed
in kW , if mass flow rate is 1kg/s ,iv) . the utilization factor (3a. 10 Dec/Jan 2016)*
Assume V,.; = V,»(3b. 10 Dec17/Jan 2018)

Delaval turbine is Impulse turbine

leR=0 andU,=U,=U
e Velocity of steam from nozzle=V; = 1200m/s, nozzle angle , a; = 22°
e the rotor blades are equiangular ie f; = 3,
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e Tangential speed U = 400m/s,

o V,.iequalstolV,,ielV,. =V,
To determine
i)Rotor blade angle 5, =7, B, =7.,ii) tangential force F, =?iii) P =?
iv) Utilization factor = ¢ =?

Inlet Velocity Triangle

Vi
Vv
\ ml
rl
ol
— B1
U
P—
Vul
M2
V
m?2 V2
a2 B2
—
+
V
u22
Outlet velocity triangle
From inlet velocity triangle
V1 =V, cos ay1; V1 =1200C0s22 ; V. =1112.62m/s;
Vi1 = Vi sinay; Vi1 = 1200sin22; Vi1 =449.527m/s
Vi 449527 . _
tan f, = tan f; = T11262-400 ' [1 =32.24°

Vu1-Uy’
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. V . 449.527
Sin B, = lel ; Sin32.24 = ol

V,1 =842.65m/s
B1 = B, (blades are equiangular); B, = 32.24° V., equalstoV,, ieV,, =V,,
Hence V,., = 842.65m/s

From outlet velocity triangle

—

Vo= Vyy cos By — U; V5 = 842.65 cos 32.24 — 400; V., = 312.732m/s

ii) Tangential force

Tangential force = F, = gﬂ(ﬁ +V,2)
c
Note that + sign since direction of Vu2 is opposite to the direction of Vy1

F, =7 (1112.62 + 312.732) assumingm =1kg/s

F, =1425.35N/kg/s

Power:
=l +V)u; £ =1(111262+312732)400; —£=570140.8//k
m - Je ul uz2 ’ m - 1 ' ' ’ Th_ ' g
E = m% ; E =1 x570140.8; E =570140.8W
Utilization factor

2 .2 2 2
= Igl V22;6= " ZVZaSR =0

V- RVA V2

sin B, = 222 sin32.24 = —2m2_ . V.., = 449.526m/s

27y, ' 842.65 ’ m2 '
V, =JVE + V2, ; V, =V312.732% + 4495262 ;  V, =369.06m/s

2_ 2

¢ = 1200°-369067 e = 0.905

12002

16. At a nozzle exit of a steam turbine, the absolute steam velocity is 300m/s.The rotor
speed is 150m/s at a point where the nozzle angle is 18°. If the outlet rotor blade
angle is 3.5° less than the inlet blade angle, find the power output from the stage, for
a steam flow rate of 8.5kg/s. Assuming V= Vr, find utilization factor. Specify how
you would alter the blade design so that utilization may become maximum under the
given circumstances

Dr Abdul Sharief, PACE Page 32



17.

18.

19.

20.

21.

22.

In a delaval steam turbine nozzle angle at inlet is 18°. The relative velocity is reduced
to the exit at 6% when steam flows over the moving blades. The output of the
turbine is 120kJ/kg of steam. If the blades are equiangular, find i) speed ratio ii)
velocity of steam from nozzle iii) blade speed for maximum utlization

At a stage of an impulse turbine the mean blade dia is 0.75m, is rotational speed being
3500rpm. The absolute velocity of fluid discharging form a nozzle inclined at 20° to the plane
of the wheel is 275m/s. If the utilization factor is 0.9 and the relative velocity at rotor exit is
0.9 times that at the inlet, find the inlet and exit rotor angle.Also find the power output from
stage for mass flow rate of 2 kg/s and axial thrust on the shaft

At a stage of an impulse turbine, the mean blade dia is 80cm, its rpm 3000rpm. The absolute
velocity of fluid discharging form a nozzle inclined at 20° to the plane of the wheel is 300m/s.
If the utilization factor is 0.85 and the relative velocity at rotor exit is equals at inlet, find the
inlet and exit rotor angle. Also find the power output from stage for mass flow rate of 1 kg/s
(4b,10, Dec 18/Jan19)

An impulse turbine the mean blade dia is 0.75m, with a speed of 2800rpm. The absolute
velocity of jet leaving a nozzle inclined at 18° to the plane of the wheel is 280m/s. If the
utilization factor is 0.88 and the relative velocity at rotor exit at inlet remains same,
Determine i) the inlet and outlet blade angles ii) work done iii) power output for a mass
flow rate of 10kg/s (3b. 10, June/July18)

The following data refer to an axial flow impulse steam turbine: Steam flow rate =20kg/s,
blade speed ratio=0.5, blade velocity coefficient V.1/V»,=0.9, the nozzle angle at the rotor
inlet = 30° such as to make the whirl velocity at inlet is positive, rotor speed =4000rpm,
mean diameter of the rotor = 60cm. Find the rotor blade angles if the rotor blades are
equiangular. Find also the power output, axial thrust and the utilization factor. Sketch the
velocity triangles

In an axial flow turbine , the discharge blade angle are 20°each, for both the stator

and the rotor. The steam speed at the exit of the fixed blade is 140m/s. The ratio of

% = (.7 at the entry and 0.76 at the exit of the rotor blade. Find i) the inlet rotor

blade angle, ii) the power developed by the blade ring for mass flow rate of 2.6kg/s
iii) Degree of reaction (3b. 10 June/July 16) (3b. 10 June/July 13)

axial flow turbine U; = U, = U

the discharge blade angle are 20°each, for both the stator and the rotor.
ie o= 20°; B, = 209;

The steam speed at the exit of the fixed blade is 140m/s ie V; = 140m/s

The ratio of% = (0.7 at the entry and 0.76 at the exit of the rotor blade.

le¥al — 0.7 and Y22 = 0.76
U U

m = Vjcosay; m = 140c0s20 ; m=131.56m/s;
Va1 = Visinay; V41 = 140sin20; V,1 = 47.88m/s
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Vay

—=0.7;
U

2 = 0.76;
U

47.88

v 0.7; U =68.40m/s
Va
st = 0.76; V4, =51.98m/s

m > U, Hence Inlet velocity triangle is as follows

Vi
\ “ le
rl
=Ex1 Bl
U1
Vil
= Va . ___ 4788 _
tanf, = ==, tanfy = 37566840 ’ P, =37.16°
2 = tanf,; 51% = tan20; X = 142.81; V., cosf, =142.81
Vyp cosB, > U
M2
vV
m?2 V2
o2 B2
—
+
\V4
uz2
Vi = VipcosBy, — U; V,p = 74.40m/s
E. _ (ha +Vu2)U; E _ (13156 +74.40)68.40; E = 14.08 * 10%)/kg;
m dc m 1 m
E = m%, E =2.6+14.08 103 E = 36.62 % 103W
2 1,2
R =1—- 4 ‘22; VZ = 1407
ZQc_m
VZ=V45L+VE ; V7 =74.40% + 51.982; V7 =8237.28
2_
R =1 22228728, R = 0.5964
2*x14.08%10
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23.

24,

Air flows axially through a axial flow turbine at a mean radius of 0.2m. If the
tangential component of absolute velocity reduced by 20m/s during passage through
the rotor, find the power developed by the turbine for a flow rate 100m3/s at a
point, where the pressure and temperature are 1 bar and 27°C. The rotational speed
of the rotor is 3000rpm

Liquid water lows at a rate of 31.5kg/s through a rotor of an axial flow turbine, where inlet
and outlet mean diameters are 18.5cm and 20cm respectively. The other data are: speed
=6000rpm, V1=35m/s and is directed axially. V,=160m/s such that a, = 30°. Using mean
inlet and outlet diameter find i) Torque exerted ii) V,; and V,, (3c, 06,

Dec18/Jan19,10scheme)

W= 31':"9; axial D; = 18.5¢cm = 0.185m; D, = 20cm = 0.2m; N = 6000rpm;

V1=35m/s and is directed axially V1=35m/s; @; = 90°; V,=160m/s; a, = 30°

V1
vVml A
vl al =90 bl
U1

Uy = T2 Uy = T U, = 58.12m/s
Up = Z2%; Up = T U, = 62.83m/s
V1 = Vicosay; V,1 = 35c0s90 V=0
Vin1 = Visinay; Vin1 = 35sin90 Vin1 = 35m/s
Vo = Vycosay; V.o = 160 cos 30 V. = 138.56m/s

Vina = Vysina, = 160sin30 = 80m/s

U, < m, Hence outlet velocity triangle as given below
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r2
\V4
m?2 V2

o2 B2

—

+
\V4
u22

Torque exerted = ;(le — ERZ);

T=22(0-13856+2);, T=-13856Nm
From Inlet velocity triangle ; V.., = U;; V,; = 62.83m/s;
From outlet velocity triangle : tan[>’2 = Ym2

VuZ_UZ

Assuming flow velocity is constant V,,; = Vipq; Vina = 35m/s

_ Vm2 . _ 35 . — 0
tanfi, = Vuz—U,’ tanfs, = 138.56—62.83 p, =248
sinf., = Ym2, in24.8 = 22, V., = 83.42m/

inB, =3 sin24.8 = = ., = 83.42m/s

25. An inward radial flow hydraulic turbine water enters with an absolute velocity of 15m/s with
a nozzle angle of 15°. The speed of the rotor is 400rpm. Diameter of the rotor at inlet and
outlet are 75cm and 50cm respectively. The fluid leaves the rotor radially with an absolute
velocity of 5m/s. Determine i) The blade angles ii) workdone iii) utilization factor ( 3b,08,
Dec18/Jan19,15 scheme)

V, = 15m/s; a; = 15% N = 400rpm; D, = 0.75m; D, = 0.5m

The fluid leaves the rotor radially with an absolute velocity of 5m/s. a, = 90°%; V, = 5m/

S;

Br=7; B =7—=0e=?

U, = %; U, = n*0.76i*400 ; Uy = 15.70m/s ;

U, = 72, Uy = T U, = 10.47m/s;

m = Vjcosay; m) = 15cos15; m = 14.49m/s;

Vi1 = Visinay; Vi1 = 15sin15; Vi1 = 3.88m/s
m <Uy;

Dr Abdul Sharief, PACE Page 36



Vrl
V1
Vin1
Ul
_—
V
ul
~ Vm_ __ 388
tanf, = Ur—Vs tanf, = 15.70—14.49 '
Vr2
Vm2 A
vV 2
2 a2 =90
U2
Ve =V,

% 3.88
tanp, = %, tanp, = =—;

Uy 5
E _ (Vui Ui—VuaUy), T _ _
s V1 =14.49m/s ;
E _ (14.49% 1570+ 0), E _
= — = 227.49] kg
Utilization factor

= 227.49
=3 mV% ’ €= 227.49+2-
—_—+—= 494+ —
m 2gc 2%1

26. An inward flow reaction turbine has outer and inner diameter of the wheel as 1m
and 0.5m respectively.. The vanes are radial at inlet , and discharge is radial at outlet
and water enters the blade at an angle of 10° Assume the velocity of flow is
constant and equal to 3m/s. Find i) Speed of the wheel ii) outlet blade angle iii)
Degree of reaction (2c. 10 June/July 17) )(4b,10,June/July14)*

B, =72.67°

B, = 37.81°

€= 0.9479

Inward flow turbine; Inner Diameter= 1m ie D; = 1m; Outer Diameter D, =

0.5maqy = 10°. Assume the velocity of flow is constant and equal to 3m/s. Vy; =

Vi, =3m/s; N =7, R =?
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A Vri=Vimg

— B 1:90
Ui
Vr2
Vm2 A
2
V2 a2 =90
U2
From inlet velocity triangle tana;, = %; tanl0 = Ui; U; =17.01m/s;
1 1

U, = 28, 17.01 = =, N = 324.94rpm;

60 60

D,N x0.5%324.94
U, = ”63 . U, = 522 60; U, = 8.5m/s;
tanB, = 2, tanf, = —; B, = 19.424

Uy 8.5
VE-V}
R — 1 1 EZ;
29~
E _ (G Ui=Vaala),
m dc ’
From Inlet and outlet triangles
Vip=U1 ;Vy2 =0
E. _ W U1+0),_ E _ 17.01*17.01+0; E — 289.34] /kg,
m dc m 1 m
VZ=V4H+V2i; V2 =17.01% + 3% V2 = 298.34; Vi =32
R=1— 298.34—9; R =05
2%289.34

27. The mean diameter of axial flow steam turbine is 50cm. The maximum utilisation
factor is 0.9 and degree of reaction is 0.5. The mass flow rate of steam is 10kg/s. The
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a2

speed of the blade is 2000rpm . Calculate i) Inlet and exit absolute velocities ii)

Power developed (3c. 08, Dec12)

Axial : D =D; =D, =50cm = 0.5m; €,,,,=09; R=0.5; m=10kg/s; N =

2000rpm
U= ﬂ; U= x0.5x2000
60 60
vi-vs vi-vs
= 2 27 09= — 2
V{— RV Vi—0.5V5

0.9V12 _(0.9 * O.SVZZ) = V12 - VZZ,'
R = 50%, ie VTl = Vz, VTZ = Vl, a, = ﬂz, a, = ﬁl
a, =90° since turbine is for maximum utilization

a, = B; for 50% R Hence p; =90°

V1
Vr2

A Vrl =Vml

B1

ol p2

Power Developed

E =

Vi + VilU

U =5236m/s

£ ) 7 S— 1

From inlet velocity trianglem = U = 52.36; From outlet velocity triangle m=0

Hence E = = (52.36 + 0) 52.36;

Exit absolute velocity

m

E _ 5.483%10% E

£ = 27415]/kg

2 ’ m_
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v’ 1%
fn o 27415452
Vi = 609.22; V, = 24.68m/s

Inlet absolute velocity

From outlet velocity triangle

£
. 27415

2
27415 + % = 3046.11;

V3 = V2 + U? V2 = 609.22 + 52.362 ; V3 =3350.67 V,, = 57.88m/s

V, = V,, since 50%R V, =57.88m/s

28. At a 50% reaction stage axial flow turbine, the mean blasé diameter is 0.6mtr. The maximum

utilization factor is 0.85 and steam flow rate is 12kg/s. Calculate the inlet and outlet absolute

velocities and power developed if the speed is 2500rpm (3b. 10, June/July14)

Axial : D =Dy = D, = 60cm = 0.6m; €,,,,=0.85 R =0.5; m = 10kg/s; N =

2000rpm

DN 7x0.6x2000
U= W'U_ T—6283m/s

2 2 2 2
= V1Va . g9 V1TV

Vi-RV5' T V-0V

1 2 1 V2

0.9V2 —0.9x0.5V2 = V2 — VZ; V2 = 5.5V -mmeremee 1

R=50%,ieVy =Vy, Vi =Vi, a1 =, =1
a,=90° since turbine is for maximum utilization

a, = B, for 50% R Hence B, =90°

V1
Vr2

a2 1
al B2
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Power Developed

E=Z(Vy + Vi)V
dc
From inlet velocity triangle m = U = 62.83; From outlet velocity triangle V,1=0

Hence E = %(62.83 + 0)62.83; E = 7.895 » 103Watts

Exit absolute velocity

E _ 7.895%10° E

T L =3947.5//kg
= 2
=27 0.9 =272 3047.5 + 22 = 4386.11;
Tyl 3947.5+—% *
m 29c 2%1
VZ =877.22; V, =29.61m/s

Inlet absolute velocity

From outlet velocity triangle
V3 =V +U?% V2 =877.22+62.83% ; V2 =4824.83 V,, = 69.46m/s

Vi, = V,, since 50%R V, = 69.46m/s

29. At a 50% reaction stage axial flow turbine, the mean blade diameter is 60cm. The maximum
utilization factor is 0.9. Steam flow rate is 10kg/s. Calculate the inlet and outlet absolute
velocities and power developed if the speed is 2000rpm

30. The mean rotor blade speed of an axial speed of an axial flow turbine stage with a
degree of reaction of 50% is 210m/s. The steam emerges from nozzle inclined at 28°
to the wheel plane with an axial velocity component which is equal to blade speed .
Assuming symmetric inlet and outlet velocity triangles. Find the rotor blade angles
and utilization factor. Find also the degree of reaction to make the utilization
maximum, if the axial velocity and the blade speed as well as the nozzle remain the
same above(3b. 10, Dec14/Jan 15)*

The mean rotor blade speed of axial flow turbine stage with 50% reaction is 210m/s ie
U=210m/s, R=0.5ie a; = [, a; =

Steam emerges from the nozzle inclined at 28° to the plane of the wheel with axial

component equal to the blade speed ie a; =28°, Vm1=U=210
To determine

& :7, 1 :? 2 =?
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R=? for maximum utilization if the axial velocity, blade speed and nozzle angle remain the

same.
Vi
V le
rl
al
— Bl
Up X
T
Vit
V2
V
m2 V2
o2 B2
aJ
V
u2 Y
Rotor Blade angles
V. 210 -
tana; = = ; tan28 = = V. = 395m/s
Vul Vul
X=V,-U X =395— 210 ; X =185m/s
— Vm1, _ 210, _ 0
tanf; = Pt tanf; = B1 = 48.62
az = Bl' (X1:48.620
f2=ay ; , =28°
Utilisation factor
. _ le . : — ﬁ . —

Sinp, = e Sin 48.62 = v V.4 =279.87m/s
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VZ = VT‘l (50% R) ie VZ =27987m/5

Sina, = /mt . Sin28 =3 V, = 447.9m/s
1 1
VRS _ 4479%-27987° _
oyl 2’ © 447.9%-0.5x279.87°’ €=0.757
V{— RV5 ) 5x279.

Find also the degree of reaction to make the utilization ma maximum, if the axial velocity
and the blade speed as well as the nozzle remain the same above

For maximum utilization outlet velocity triangle

V r2
vVm2 ‘
B2
V2 a2 =90

U

Vipy = U = 210m/s ; Vyp=210m/s

sz :Vz as (12:900

R=1-43%
2—
m
E _ VU T
g as Vi =0
E 395%210 E
e — = 82950 ] /kg
447.92-2102
R=1— Hroi-210 R = 0.0565
2x82950
Vi-vs 447.9°~210°
vi— RVZ 447.9%~ 0.0565x210
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31. The following data refer to a 50% degree of reaction axial flow turbomachine. Inlet fluid
velocity =230m/s, inlet rotor angle =60°, Inlet guide angle =30°, outlet rotor angle 25°, Find
utilization factor , axial thrust and power output per unit mass flow. (3b,10,Dec13/Jan14)

R = 0.5;

axial flow turbomachine U; = U, = U

Inlet fluid velocity =230m/s, V; = 230m/s;
inlet rotor angle =60° , #; = 60°;

Inlet guide angle =30° please note that this is exit guide blade angle Hence this is not a4
outlet rotor angle 25° ie 5, = 25°
e€=? F,=7;,E=?ifm=1kg/s

1
Vv ml
rl
al a1
— P
Uy X
T
ul
V2
V
m2 V2
a2 B2

utilization factor

Since 50%R aq = B,; a1 =
Via = Vycosaty;

Viyq = V,Sinay;

Dr Abdul Sharief, PACE

u2 Y

25% ay =pB,; a; =60

e

V1 = 230cos25

V1 = 230sin25

e—

V,1 = 208.45m/s

Vi1 = 97.2m/s
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Sinp, = Ui, Sin60 = 222, V.1 = 112.24m/s
Vi1 Vr1

Vo =V,.; V, =112.24m/s; ay =p,; ay =60 for 50%R

V.5 = V,costty; V,, = 112.24c0s60 V,, =56.11m/s

Vina = V,Sinay; Vin2 = 112.24sin60 Vinz = 97.2m/s

U=Vy —X; U=V, —Vyicosp,; U=20845—112.24cos60; U = 152.33m/s

E 1, e E 1 E
— = Z(Vul + V2)U; — = 1(208.45 + 56.11)152.33; —= 40300.42] /kg
£ 40300.42
=E = roo0az T €= 0865
m 2gc : 2%1
axial thrust
F, = gm(le —Vimn2); E,=0sinceVy1 = Vo
Power:
E = m%, E =1%40300.42 E =40300.42W

32. A mixed flow turbine handling water operates under a static head of 65m. In steady flow the
static pressure at the rotor inlet is is 3.5atm (guage). The absolute at the rotor inlet is
directed at an angle of 25° to the tangent so that whirl velocity is positive. The absolute
velocity at the exit is purely axial. If the degree of reaction for the machine is 0.47 and the
utilisation factor is 0.896. Compute the tangential blade speed as well as the inlet blade
angle. Find the work output per unit mass flow of water. (4b. 10, Dec12)
Po=0;,V,=0;Z, =65m;p, =3.5atm =3.5%1.03bar; Z; =0

a; = 259 The absolute velocity at the exit is purely axial ie @; = 90°; R = 0.47;

e =0.896

E
U, =2; 1 =7; — =7

Tangential speed of rotor

Applying burnollis equation

Do Yoz =y g 040465= 28100 WL,
w ' 29 w ' 2g 9810 2%9.81
V2 = 575.52;

Dr Abdul Sharief, PACE Page 45



33.

vE-vi 575.52—V2

— Vi _ ) 2 _

= i r? 0.896 = =2 VZ = 102.01
2_y2 _

R=1-47%, 0.47 = 1 — 2222710200, U, = 20.30m/s
29c4; 2%21.74%Uy

Inlet Blade angle

E. — V1 U1—Vu2U2); m’ =0asa, =0 henceE, — Yl

m dc m c

Vi1 = Vicosay; V1 = 23.99co0s25; V1 = 21.74m/s

E _ Vy1Uy E _ 21.74%2030, E _

£ = by, = = B — = 437.62] [kg

V;
tanp, =Tm1U; Vi1 = Visinay; Vg = 23.99sin25; V,,; = 10.14m/s

ul™

1014 . 0
tanf, = 21.74—20.30" p1 = 82.90

A hydraulic reaction turbine of the radial inward flow type works under a head of 160m of
water. At the point of fluid entry, the rotor blade angle is 119° and diameter of the runner is
3.65m. At the exit, the runner diameter is 2.45m . If the absolute velocity of the wheel
outlet is radially directed with a magnitude of 15.5m/s and the radial component of velocity
at the inlet is 10.3m/s. Find the power developed by the machine, assuming that the 88% of
the available head of the machine is converted into work and the flow rate is 110m?3/s. Find
also the degree of reaction and utilization factor (4b,08, June/July 18, 15 scheme)

H =160m; f; = 119%;, D, = 3.65m D, = 2.45m;

the absolute velocity of the wheel outlet is radially directed with a magnitude of 15.5m/s
«,=90% V, = 15.5m/s;

The radial component of velocity at the inlet is 10.3m/s. V,,,, = 10.3m/s

E =7; the 88% of the available head of the machine is converted into work 17, = 88%
flow rate is 110m3/s Q = 110m3/s; R =? €=?

Vrl
V1
V1
Ul
\V4

ul
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Vr2

Vm2 A
B2
V2 a2 =90
U2
= E (Vg1 U= ViaUy) E VU
— _m . Lz ul Y1~ Vu2Y2), _ _ 0. E _ VU
Uh—gH, e o Vo, =0asa, =90°; g

Vai =U;—X; " =tanB;; —>=tan(180 —119) ; X =5.709m/s

E V,U; E (U —5709)U,

mo g, ' m 1
£ (U;-5.709)U

D 0.88 = "L 1381.248 = U? — 5.709U;;
gH 9.81%160

U2 — 5.709U, — 1381.248 = 0; U, = 40.13m/s;

V,: =U; —5.709; V,: = 40.13 —5.709; Vi =344m/s
E 34.4%x40.13 E
w1 - = 1380.47 J/kg

VE=V2A +V3; VE=VH+V2i; V2 =344%+10.3%VE = ; Vi =15.52

VZ-V2 34.4%+410.3%—15.52
R=1-2%; R=1—-——""—7—; R =0.62
29c— 2%1380.47
m
= 1380.47
= #,’ €E= —1552, €=0.92
E vz 1380.47+
m 2gc 2x1
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Power Absorbing machine

According to the direction fluid flow power absorbing turbo machine can be classified into
axial and radial flow power absorbing turbo machine

All are centrifugal turbo machines are radial flow power absorbing turbo machines
In axial flow power absorbing turbo machine U; = U, = U

In radial flow power absorbing turbo machine U; # U,

In power absorbing turbo machine

%= (mUl - mUz) is negative e V,;Uz > mUl

Turning angle of fluid from inlet to outlet is small

Axial flow Compressor
General Inlet velocity triangle

v Vrl Vml

ol p1

Vul

General outlet velocity triangle

V r2
V2

a2 B2

U2

uz2
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In axial flow power absorbing turbomachine, since U; = U, outlet and inlet velocity
triangles can be drawn with common base

AV
Y 1 y3
V1 " Y5\ Vr2
V2 Vrl Va
2
o2 — Bl
- U
Vul
-—
Vu2

y are called air angles

yo is called air angle at inlet, y1is called as air angle at outlet

. E . . : .
output per unit mass — = (Vu1Uq1 — V,2U2)  This expression will have negative value

in power absorbing machine

therefore, generally In power absorbing we express Input/per unit mass

Input/per unit mass ie — %: ViU = ViU
le negative of output =Input

1. Define degree of reaction for an axial flow machine. Prove that degree of reaction for an

axial flow device (assuming constant velocity of flow ) is given by
_ ﬁ (tanﬁ1+tanﬁz

2U \tanB,xtanf,

10, Dec13/Jan 14)( 4a. 10, Dec18/Jan 19) (4a. 10 Dec17/Jan 2018)

) where 81 and f3, are the angles made with tangent to the blades (4a.
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A Vy
Y Y
y] 1 3
V1 ) o\, Vr2
V2 Vrl Va
2
a2 — p1
o— U X
Vul —
H—
Y
Vu2
2.2 2 2 2 12 2 2
Ui-U3  Vyi-Vio Ui-U3  Vi1-Vio
R = 2 2 _ 2 2
= 2 2 212 2,2 E
Vi-V3 +U1—U2 V-V —
2 2 2 m

E
U,=U,=U; g:(Vm — Vu2) U

2 2
_ Vrl_VrZ
Hence, R = —< i ) ' R = ——(Vfl—sz)
’ (Vud = V) U’ 2(Vui = Vuz2) U
Vr21 = 1/212 + X?; Vr21 = Va2 + (V, tan V1)2
Vrzz = 1/212 +Y% Vrzz = Va2 + (V; tan Vz)z

R = —(( V¢%+(Vatanyl)z)—(Vaz+(Vatanyz)z)) _ Re Vg(tanzyz—tanzyl)
- 2(Vgtanyy — Vgtanys) U ’ -

2Vy(tanyy —tany3) U

v, (tan?y,—tan?y )
R= a . ) since, tany; —tany, = tany; — tany,
2(tany, —tany,) U

Vq(tanyq + tanys,)
2U

vy, = 180 — B;; tany, = tan(180 — B,); tany, = cotp;

¥, = 180 — B;; tany, = tan(180 — B,); tany, = cotp,

V tB, + cot
Hence,R = a(co ﬁ; UCO B2) ;
1 1
R = Va(tan31+tanﬁ2) . R = Va(tanpg,+tanB,)
2U o 2 U(tanp*tanpy)
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2. Draw the velocity triangles for axial flow compressor. From the triangles show that degree of
. . - v, .
reaction for axial flow compressor is given by R = ﬁ (cotB, + cotpB,) refer previous
problem

3. With the help of inlet and outlet velocity diagrams , show that the degree of reaction for an
axial flow compressor is given by
R = % (tany; + tany,) Assume axial velocity to remain constant. y; and y, are angles
made by relative velocities with the axial direction (4a,10, June/July13) refer solution 38

4. Draw velocity triangles for the following types of vanes of centrifugal pumps and
compressors i) Backward curved vane ii) Radial vane iii) Forward curved vane (3b. 06, Dec12)

5. The total power input at a stage in an axial =flow compressor with symmetric inlet
and outlet velocity triangles (R=0.5) is 27.85kJ/kg of air flow. If the blade speed is
180m/s throughout the rotor, draw the velocity triangles and compute the inlet and
outlet rotor blade angles Do you recommend the use of such compressors?
Comment on the results you have obtained. Assume axial velocity component to be
120m/s (43,10, Dec15/Jan16)

R = 0.5;— = 27.85k] /kg ; — = 27850/ /kg; U = 180m/s; By =?; B, =%;
le = sz = 120m/5

A Vy

V1 v Y Vr2
V2 vl Va

1
a2 — B

!

Vul

AV, = (Vuz — Vup)

Em = %—%N; 27850 = w; (m - m) = 154.72m/s
[

(Viz — Vur) +X+X=U; 15472 + 2X = 180; X = 12.64m/s

|72 120
tana, = %1; tana; = ——; a; = 83.98°

Vi1 . 120

tan B, = tanfB, = ——;
b U-x’ b 180-12.64 '

By = 35.64°

B, = a, = 83.98°
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6. Draw the velocity triangles at inlet and outlet of an axial flow compressor form the
following data. Degree of reaction 0.5., inlet blade angle 45°, axial velocity of flow
which is constant throughout 120m/s, speed of rotation 6500rpm, radius of rotation
20cm, blade speed at inlet is equal to blade speed at outlet. Calculate angles at inlet
and outlet. Also calculate power needed to handle 1.5kg/s (4b. 10, Dec14/Jan 15)

D
R = 0.5; B; = 45% V,,; = Vppp =120m/s;N = 6500rpm; R = > = 0.2m;
A Vy
Vl Y
Vil v HEA Y%
V2 Vrl R Va
a2 _— Bl
v U X
Vul — —
4>— Y
Vu2
U="N.y = OO0 _ 136.13m/s;
60 60
tanf; = %; tan 45 = 13:?2_){; X =16.13m/s
tana; = %; tana, = %; a; = 82.34°

ﬁz =a = 82340

E _ (uz —Vu)U

m dc

(Ves — Var) =U—=2%; (Vs — Vi) = 13613 — (2 + 16.13);

(Viz — Vi) = 103.87m/s

% - w E =21.20 % 103W

7. An axial flow compressor of 50% reaction design has blades with inlet and outlet
angles of 44° and 13° respectively. The compressor is to produce a pressure ratio 5:1
with an overall isentropic efficiency of 87% when the inlet temperature is 290K. The
mean blade speed and axial velocity are constant throughout the compressor.
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Assume that blade velocity is 180m/s and work input factor is 0.85, Find the number
of stages required and the change of entropy (4b. 10 Dec17/Jan 2018)

R = 50%,32 = 44‘0, ,81 =13° ’
The compressor is to produce a pressure ratio of 6:1 ie % =5; 1y =0.87;Typ; = 290K
1

The blade speed and axial velocity are constant throughout the compressor.

ie Ul = U2 = U and Va]_ = Vaz = Vaz
U =180m/s; k =? whenQ = 0.85

Vl Y
Vil v 3y 2\ Vr2
V2 yn ) Va
+ U
Vul — X —
L Y
Vu2
the number of stages for work done factor is unity
_ Va(tanB,+tanpy) _ Vy(tan44+tani3) _ .
T 2U(tanBtanp,)’ 0.5 = 2x180(tan44xtan13)’ Va = 33.54m/s;
V = .5 =
tanfB, = =% Y =V, ; tanfB, = =%; tanad = 222, V., = 34.73m/s
2 v 2 Va1
Vp=U-Y; V2 = 180 — 34.73 V2 = 145.26m/s

: 0.85(145.26—34.73)180,
Increase in entalphy Ah, /stage = ( n )

_E _ 0(Viz-Vur)U,
- ’

m dc

Ah,/stage = 16911.09] /kg
TOS
_ Ahgg, _ Cp(Tosk+1—To1) . — CpTOI( T(;{:l_l)
770 - Aho' nO - Ahg ’ no - Ahg
4 o P e
CpT01<( ;;11) Y —1> CpT01<( ;{,:1) 4 _1>
Mo = A ; Ahy = ~ ;
)T
CPT01( p’z:d Y ‘1>
1005%290[(5)0-286—1
Ahg = L (o = IO () = 200431.22) kg
{(Aho)cotal — 20043122, k =11.85 say 12 stages
16911.09 ’ ' ¥ &

Number of stages, k, = Ah,/stage ’
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8. A single stage axial blower with no inlet guide vanes is running at 3600 rpm. The
mean diameter of the rotor is 16cm and the mass flow rate of air through the blower
is 0.45kg/s. In the rotor the air is turned such that the absolute velocity of air at exit
makes angle of 20° with respect to the axis . Assuming that the axial component of
fluid remains constant, determine power input and degree of reaction. Assume that
the density of air is constant at 1.185kg/m3 and area of flow is 0.02m? (4b,10 Dec
13/Jan14)
axial blower ie U; = U, = U ; no inlet guide vanes a; = 90°
N = 3600rpm; The mean diameter of the rotor is 16cm, D; = D, = D = 0.16m
m = 0.45kg/s;

In the rotor the air is turned such that the absolute velocity of air at exit makes angle
of 20° with respect to the axis y3 = 20°;
Assuming that the axial component of fluid remains constant Vs, = V¢, = Vs

E =7 R =7
p = 1.185kg/m?; area of flow is 0.02m? ie Ay = 0.02m?
v="2"0; U= TR0 U = 30.15m/s
60 60
h = pAVy; 0.45 = 1.185 % 0.02 * Vj; V, = 18.98m/s
Vrl
\V4§ A
al
T— B1
U
,Y2 \Vr2
V 4 3
\V4i
—
I S U
Vu2
Power Input
tany, = 22, tan20 = 22, Vyz = 6.91
anys; = v, an20 = —~; w2 = 6.91m/s
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E _ (Vuz —VuU, E _ (691 —0)30.15 E

- % 5 — T ——= 208.28] /kg
—E = 1iv % (— 5,); _E =0.45%20828 —E =93.72W
m
Power Input= 93.72W
Degree of reaction
coSy3 = ?; cos20 = 1?/'98 V, =20.19m/s
2 2
E—20828 k E_ 208.28] /k
2 2
Vi=V 2_ 2
R=1- 13 R=1- 222, R =0.886
29— 2%1%(—208.28)
cm

Dr Abdul Sharief, PACE Page 55



Radial flow Power absorbing machine

Types of vanes in centrifugal pump:

Backward curved vane: 8, < 90°

Outlet velocity triangle

Vr2
V2
Vin2

a2 B2

T—

u2 X
\Y4

u2
Inlet velocity triangle
Vrl
Vi
al=90 o B1
U1l

As B, <90° cotp, is positive. Therefore as flow rate Q increases head H, decreases. Most
preferable design
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Forward curved vane: B, > 90°

Outlet velocity triangle

Vo
Vv
\Y m2
r2
o2

T— B2
U2 X

V2

Inlet velocity triangle
Vvrl
Vi
a1=90 B1
Ul

If B, > 90° K, becomes negative as cotf, is negative. Therefore as Q increases H, increases
This design is unstable since head goes on increases as head increases

Radial vanes: 8, = 90°
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K

Outlet velocity triangle

V.
2 A
o
/ 82290

U2: VU2

Inlet velocity triangle

Vrl
V1 A
al1=90 - B1
Ul

9. Draw the velocity diagram for a power absorbing radial flow turbo machine and

show that
1 Vinz COLR
R=: (1 + %) (4a.10, Dec14/Jan 15)

2
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Radial flow compressors

Generally m =0 (whirl velocity ( tangential component) at inlet is zero)

Hence Inlet velocity triangle

Vrl
V1 A
_ 1
a1=90 — B
Ul
Outlet velocity triangle
Vr2
V2
Vin2

o2 B2

T

u2

Vv

u2

Input/per unit mass (—%) =WV Uy — Vi, Uy)
. E

Input/per unit mass (—g) =V, Uy asVy; =0
UZ:@ +Y
tan B, = %} Y = Vinacotfy; Uy =Vyy + Vacotp,
Viz =Uz = VipacotB,

E
Input, (_E) = (U — VmzcotB)U,

Degree of Reaction
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Vi=V
R =1 L - A
29~
Vi = Vi = Vi VE—V3i = Vi, = V3, V=V + Vi Vi, —Vi=-Vj
V12 - V22 = _Viz “““““““ 1
E —_—
_Tf'l = _U2Vu2 2 as Vul =0
E
P -Uy(Uy — Vipacotfs)

Substituting 1 and 2 in A

_VI%Z R — 1 W,L; . R — 1 UZ_ VmZCOtﬁZ-

R=1- 2(~UyVhy)’ T2y’ a 20U

—1 _ 1 VmacotBa, _1 VinzcotfB,
k=1 2+ Z(Uz) ’ R_2(1+ U, )

10. Derive an expression for degree of reaction for radial outward flow machine and explain
briefly the effect of 8,, balde angle at exit with repect to tangential direction (4a, 10
,june/July 17)

Solution same as Problem number 9
11. Derive theoretical head capacity relation in case of radial flow pump (Centrifugal )

U? . . . .
H=U:- %Otﬁz B, =Discharge blade angle with respect to tangential direction.
2

Explain the effect of discharge angle on it (4b. 08,];1%2, 15 scheme)
UZ UzQcot
H=-—=2- M (4a. 08, June/July18, 15 scheme)
Ic Az 9.
Vrl
vi A
x1=90 — B1
Ul

Inlet velocity triangle

Vui=0 ; Vmi=Vi; tan,81 = %

1
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Vr2
V2
V2
a2 B2
P—
U2 X
V
u2

Outlet velocity triangle

Vg =U, —X;  tanB, = %; X = VipgcotBy;  Vip = Uy — Vmacotp,

E —_— —_—
Y =V Uy =V Up)

E e e

— = -V, Uy as V=0

Output = —V_uz>U2 ; —Output = VTQUZ; Input = mUZ;
ViU

gH, = Vy,Uy, He = %

Substituting V,,, = U, — Viypcotf, in above equation

— (UZ_VmZCOtBZ)UZ.

H g, =% IRl _oonq
e g ’ e g g eqn
Q
Q=Ar Vg, Q = D3ByVina; Vina = 7D,B, eqn2

Substituting 2 in 1

H = U? ( o} Uzcotﬁz)
e—— \* ——
g nD3B; g

H, = K, — K,Q where K, = Ufand K, = 2

Above equation is called as H-Q characteristic equation

If B, < 90° K, becomes positive as cotp, is positive. Therefore as Q increases H, decreases
If B, > 90° K, becomes negative as cotf, is negative. Therefore as Q increases H,, increases
If B, = 90° K, becomes zero as cotp, is zero. Therefore as Q increases H, remains constant

Above characteristics can be plotted as shown in fig
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B2>90

‘///////////B2=90

H
B2<90
u?
: >~ Prerotati
~ rerotation
~N
<
~N
~N

~N

N
~N
B

Q

12. Derive head — capacity relationship for centrifugal pumps and explain the effect of
discharge angle on it (4b,10, Dec16/Jan17)(4a,10,June/July14)
Solution is same as above question 11

13. The internal and external diameters of the impeller of a centrifugal pump are 20cm
and 40cm respectively. The pump is running at 1200rpm. The vane angle of impeller
at inlet is 20°. The water enters the impeller radially and velocity of flow is constant.
Calculate work done by the impeller /kg of water for the following two cases
i) When vane angle at outlet is 90°
i) When vane angle at outlet is 100° (4b,10 Dec 16/Jan17)

E
Dy = 0.2m; D = 0.4m; N = 1200rpm; By = 20° B = 90°; Vpy = Vyp; — =7

i) When £, = 907 ii) when 5, = 100°

When B, = 90°
nD4{N mx0.2%1200 nD, N mx0.4%1200
U = ——;U = ——=1256m/s; U, = ——; U, = ————— = 25.13m/s;
60 60 60 60
\Vrl
V1 A
a1=90 B1
Ui
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)
- B2=90
U =
2 VLI2
E _ (Vi1 Us = VyoUp) 75— ——s E -UU, E  —2513%25.13
m Je »Yul ) u2 27 m Je ' m 1

% = —631.51 J/kg; —sign indicates the input to the pump

ii) When g, = 110°

\/rl1
V1 A
a1=90 — B1
Gkl
V r2
V2
V2
o2 B2
—
u2 X
V
u2

tan By = Vuﬂl tan 20 = 5 Vg = 4.57m/s; Viny = Viny = 4.57m/s;

Vs =0; Vi = Uy — X; X = Viyppcot (180 — 100); X = 4.57 « cot 80; X = 0.805m

Vo = 25.13 — 0.805; V., = 24.325m/s;

E _ (V1 Up = VpUz) 5 E _ — VU E _ —24325+2513 E
;z—,VM:O; ;— = ;== ; —=—611.28]/kg
dc m dc m 1 m

—sign indicates the input to the pump
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14. A centrifugal pump delivers water against a head of 25m. The radial velocity of flow
is 3.5m/s and is constant ., the flow rate of water is 0.05m3/s. The blades are radial
at tip and pump runs at 1500rpm. Determine i) Diameter at tip ii) width of blade at

tip iii) inlet diffuser angle at impeller exit (4b,10, June/July16)

H = 25m; V,,, =V, = 3.5m/s; Q = 0.05m3/s; B, = 90°; N = 1500rpm;

Assuming Hydrulaic efficiency is 100%

E E E
- = gH,; = —9.81 * 25 y = —24525]/kg
Vrl
Vi A
x1=90 — B1
U1l
V2 A
2 B2=90
U2: VU2
E (VUi —ViaUs) — — E
mT e V=0 Vi = Uy -
U2
—245.25 = — =%, U, = 15.66m/s
1

15.66 = ’[”26—3500 D, = 0.199m

Q = DyB,Viny; 0.05 = 7 %0.199 x B, x 3.5; B, = 0.022m

_ —UU;

dc
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UNIT 3
STEAM TURBINE

1. Define steam turbine. List the differences between Impulse and reaction steam

turbines (5a. 08, Dec15/Jan16)(5a, 06, June/July18)

Briefly explain velocity compounding (5b. 08, Dec15/Jan16)

Derive the condition for maximum utilisation factor for impulse turbine (5a,10,
June/July17)

4. Draw the inlet and exit velocity triangles for a single stage steam turbine. Further
prove that maximum blade efficiency is given by

Mmax = €OS°ay
Assume V., = V,, and B; = [, (7a. 10, June/July13) (5a. 08, June/July18,15CBCS)

5. Write a note on compounding of steam turbines and explain any two types of
compounding with neat sketches (5b. 10, Dec16/Jan17) Show the velocity and pressure
variations across the turbine (5a,10, Dec13/Jan14)

6. Define compounding .List different types of compounding. Explain any one method
of compounding with neat sketch showing variations of pressure and velocity of
steam (5a, 8,June/July18 15CBCS)

7. What is necessity of compounding of steam turbines and Discuss two types of
compounding with neat sketches (5a. 10, Dec17/Jan18)what is compounding 5a. 08,
Dec18/Jan19)

8. What is compounding or staging? Name the different compounding methods (5a,04,
June/July14)

9. With neat sketch , explain the pressure —velocity compounding of steam turbine
(5a,08, June/July16)( 5b, 06, June/July18)

. .- 2cos? .
10. Show that the maximum blade efficiency 1y10de max = % for a 50% reaction
1

Parsons turbine (4a,10,Dec18/19) (6a,08,CBCS 15,Dec18/19)

11. For a 50% reaction turbine show that @; = B,and a, = 31, where a; and f;are the
inlet angles of fixed and moving blades, a, and ,are the outlet angles of fixed and
moving blades (5a, 08 , Dec 12)
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Definition of Steam turbine(*)

Steam Turbine is is a power generating machine in which pressure energy of the steam is converted

into mechanical energy due to dynamic action

Classification of steam turbine:

1.
2.

Based on working principle : a. Impulse Turbine b. Reaction turbine
Based on staging :a. Single stage b. Multi stage

Working Principle of Impulse turbine : The high pressure and high temperature steam generated in

the steam generator is expanded in a steam nozzle or fixed blade passages and expanded steam

with high velocity made to pass through the moving blades which is mounted on the shaft. In moving

blades decrease in velocity and pressure of steam takes place which results in force impart on the

moving blades . The resulting force rotates the rotor.

Steam turbine generally axial flow turbine U; = U, = U

Differences between Impulse and Reaction turbines(***)

Sl no Impulse Reaction

1. High Pressure and High temperature High pressure stem is directly passed into the
steam is expanded in set of nozzle blades and pressure of the steam continuously
and pressure energy is completely drops and velocity increases . The steam leaving
converted into kinetic energy and the blades will exert reactive force in the
steam with high velocity directed to backward direction of flow and reactive force set
set of moving blades where kinetic the blade in motion
energy absorbed in blades and
converted into impulse This impulse
set the blade into motion

2. Blades are symmetrical in shape Blades are aerofoil in shape

3. The pressure of steam remains The pressure of steam continuously drops when it
constant when it flows through the flows through the moving blades
moving blades

4, Impulsive force is converted into work | Reactive force is converted into work

5. Low efficiency Relatively high efficiency

6 High speed Relatively low speed

7. Compact Bulky

8. Less stages required More stages required for the same power

generation
9. Used for small power generation Used for medium and large power generation
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Impulse Turbine

Maving
buckets

Fixed
nozzle

Sleam Pressure

Single Stage Impulse Turbine : De Laval Turbine

Reaction Turbine

[ ]

Rotating
nozzle

Rotating
, nozzle

Steam Pressure

Working Principle: In a single stage impulse turbine high pressure steam enters set of nozzle (part of
stator or casing) and expands completely in nozzle which results in conversion of pressure energy to

kinetic energy. The steam with Kinetic energy made to flow through moving blades mounted on the

rotor wherein change in velocity takes place which results in change in momentum takes place. This
results in the rotation of rotor. There is no pressure drop as the stem flow through the passages of
moving blades. Hence the relative velocity between steam and moving blades remains constant over

the blades. Hence the degree of reaction is zero
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Play,
Slow motion

on the surface of the
blade

Analysis on single stage Impulse turbine: (***)

Vr2 \Y
V2 Vrl
o2 1
oc-: B2 B1
U
Vr2cosf2 V1cosal ;/11 3cos
AVU
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Forces on the blade:

Tangential force: (***)

Ic Ic

Axial thrust:

Fa — m(Vfl_sz)

dc

Newton

Energy Per unit mass

E _ m(Vus—Va)U E _ m(Vug+Va)U

J/k Or

m Ic / g m dc
Power

E = MuVu)U Watts

9c

Blade efficiency(***): It is defined as the ratio of workdone per kg of steam by the rotor to the
energy available at the inlet per kg of steam

workdone per kg of steam by the rotor

Mo = Energy available at the inlet per kg of stam
z m(ul Vug)y 2(Vy1~Vaz)U 2(Vu1+Viz)U
— _m_. — dc . — ul— Vu2 AlSO — ulmTVu2
Mp K M vz Mp 7 Mp Tz
29c 29c

Stage Efficiency:(***)

It is the ratio of work done per kg of steam by the rotor to the isentropic enthalpy change per kg of
steam in the nozzle

2
E — s SN
e = (Vui+¥2)U _ (Vus+Vu2)V > _ -
stage Ahgs Ahys V_% Ahgs b nozzle

2
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Condition for maximum Efficiency (******)

Vr2 Vv
V2 Vrl
o2 ol 1
B2 p
U
Vr2cosp2 V13cos
B V1cosal
(31
b
AVU
E — E
™ (Vu1+Vu2)U} o= uay, ;
From velocity triangle, AV, =V ,cosf 1+ V ,cosf3,
Vr2CosB2
E _ U(VyiCosBy+VraCospy) . E _ UVriCoshs (2a)
Hence, = o ;o= o
Vr2 =C,, (blade friction coefficient) ; cosha _ K, constant
Vr1 Cosfy

E _ UVpCosB1(1+CpK).
- ’

But from Inlet velocity triangle, V,.;Cosf; = V,Cosa; — U

3

Ic

E U Cosa; —U) (1+ CpK)
m Ic

E U (V1Cosaq—U) (1+CpK)

m _ dc . _2U (V;Cosay—U) (1+CpK)
Mp = vz Nb= 2 ; Nb= V2

2gc 29c
np = 2 VEX—(VlCOf/al—U) x(1+ CpK); b= 2¢ (cosa; — @)(1 + C,K) where ¢= VE

1 1 1

For max efficiency
m _q. ] o P B
50 =0 % (20 (cosa; — ®)(1 + CpK)) = 0; % (20 (cosa; —9))=0
:_Q)(@ cosa; — %) =0; cosa; —20 =0; 0= %

cos

2a1 in n, =20¢ (cosa; —0)(1 + C,K) will give max efficiency

Substituting @ =

np =2 co;al (cosa1 - cozal) (1+ CpK)
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2
Ty = 225 (1 4+ )
If rotor blade angles are equiangular

If Via =Vias B1 =P

cos’a;

— *7. — 2
Nbmax = 2 2: Nbmax =€0S™ 1

Necessity of compounding:(*****)

Single stage impulse turbine operates at very high speed.
High speeds are undesirable for the following reasons

e High speed causes high blade tip stresses due to centrifugal forces acting at the tip of blade

e large losses due to disc friction

e Low efficiencies due to large exit steam velocity in the turbine

e Gear trains with large efficiencies and high speed ratios must be used to match between the
turbine speed and the driven component speed since most driven machines run at speeds
around a few thousand RPM at most

Reasonable blade tip speeds are obtained in impulse turbines by the compounding stage.

Definition of Compounding(******)

Compounding is the method of reducing blade speed for a given overall pressure drop. Multiple
rotors are mounted on common shaft in series and velocity is obsorbed in stages as it flows over the
blades

Types of Compounding(*******)

1. Velocity compounded turbine
2. Pressure compounded turbine
3. Velocity and pressure compounded turbine

Velocity compounded turbine: compounding involves in which the whole pressure drop occurs in

one set of stationary blades or nozzles where as all the kinetic energy is absorbed in usually two,
three or even four rows of moving blades with a row of stationary blades between every pair of
them. The total energy of the stream can be absorbed by all the rows in succession until the kinetic
energy at the end of last row becomes negligible.
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ddads
) )) )

Boiler prssure

\
\

Intial velocity of steam

Velocity variation line during the flow of steam

Velocity variation line during the flow of steam

/

When the steam flows through the nozzle steam expands nearly to atmospheric pressure and

|

N

velocity increases.

While steam flows through moving blades velocity decreases while steam pressure remains constant
While steam flows through the stationary (fixed) blades both pressure and velocity remains constant
Both stationary blades and moving blades are symmetrical

The first row of the moving blades absorbs most of jet energy while latter absorbs comparatively less
Advantages:

1. Maximum possible pressure energy is converted into kinetic energy in nozzles of first stage
and there is no pressure drop in stages and hence the stress in the turbine is less

2. Fewer stages are sufficient due large kinetic energy drop compared to pressure
compounding

3. Compact compared to pressure compounding

Disadvantage:
1. The friction losses are more due to high velocity of steam

Pressure Compounding
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Boiler prssure

Velocity variation line during the flow of steam

Intial velocity of steam pressure variation line during the flow of steam

L —_

It is equivalent to a number of simple impulse stages put together. It is the type of compounding in
which pressure drop occur in each stator row. Between the two moving blade rows there is a row of
nozzles are often referred to as diaphragms.

In the row of nozzle pressure decreases and velocity increases. In rows of moving blade velocity
decreases while pressure remains constant.

Advantages: High efficiency because very high velocities are avoided.

Disadvantages: Leakage loss is higher compared to velocity compounding

Dr Abdul Sharief, PACE , Mangalore Page 9



Velocity and pressure compounded steam turbine

— —~ Al I
AN alvia
f\vm% N
%F\Uﬂ%mum
ZAgiAlZialwla
N MB gg MB N MB g MB

Boiler prssu

=

e

Exit velocity

—
—+
(2]

I3 T T

a

leocity 0

In this method high rotor speeds are reduced without sacrificing the efficiency or the output.

Pressure drop from boiler pressure to the condenser pressure occurs in two stages

First and second stage taken separately are identical to a velocity compounding consists of set of
nozzle and rows of moving blade fixed to the shaft and rows of fixed blades to casing in which
pressure decreases and velocity increases in the nozzle. While moving through the moving blades
velocity decreases while pressure remains constant where as while the steam flows through the
fixed blade pressure and velocity remains constant
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Analysis of maximum efficiency for velocity compounded steam turbine

Vr2 V1
V2 V2
V)
o) al B2 B1
(05 —
V2cosa2 U
AVuI
el
Vrl cosBl Vr2cosp2
V1cosal
Vr4 A\
v4a Vr3
o4
P S 6 B3
18]
Vrdcosp4 V3c0sa3 Vr3cosp3
AVull
(5) _ U(Vur+Vuz) _ Ux(AV); A
m/y 9c Ic

From velocity triangle for | stage, (AV,); = (V31 CospBy + V,,Cosp,)

E U (Vy1Cosf1+VyyCos
Hence (_) — (Vr1 B1+Vr2 B2)
m e

If Voq =V, and By = f,, (E)I _ Us2VriCospy

m dc

But from Inlet velocity triangle of Ist stage, V,4Cosf; = V;Cosa; — U

(E) _Ux2(VyCosa,-U)
m/ dc

(5) _ U(Vus+Vus) _ Ux(WVn
m/yr Ic Igc

From triangle for Il stage, (AV,);; = (V,.5C0sB5 + V. CoSB,)
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E U%2Vy3C
If Viz =Vry and B3 = B4, (_)1 = Ur2VrsCoshs

m dc

But from Inlet velocity triangle of Il stage, V,.3Cosf3; = VzCosa; — U

(E) _ 2U(V5Cosas — U)
1

m Yc

11

m dc
But from outlet velocity triangle of Ist stage, V,Cosa, =V,,CosfB, —U

V,y =V,, and B, =p4; Hence, V,Cosa, =V, Cosfy — U

Substituting above relation in (—)
m/yj

(E) _ 2U(Vy1CosB—U-U). (E) _ 2U(Vy1CosB1—2U)
m/ Ic ’ m/| dc

But from Inlet velocity triangle of Ist stage, V,.;Cosf; = V;Cosa; — U

(E) _ 2U(V Cosa;—U=-2U), (E) __ 2U(V,Cosay,—3U)
m/ 9e ’ 1 ge

m
E E E
ORONOK
m/r \m/| \m/j
(E) __ 2U(W,Cosa;—U) + 2U(VyCosa,—3U) |
T dc dc ’

(E) __ 2U(V,Cosa;—U+V Cosa;—3U)
m T dc

— 2UhCosa1=2U) ¢ 5 stages

Ic

(E) _ 2UQ2ViCosa;—4U), (
mJ/r

) 4U(V4Cosaq
dc ! T

In general form

E 2nU((VyCosa,—nU
(—) = 2cosay—nl) ¢ stages
m/r dc

Blade efficiency

(E) 4U(V1Cosaq1—2U)
=5 =8 = 8U(Vycosa, —2U)
M =—77 Mp = %) ; Mp = V2

2gc 2g¢

8U X (Vicosay—2U) |

M =7 . ; Np = 8® x (cosa; — 2P)

For max efficiency

Mm_ . L _ -0 L — 2(2?)=
%= 0; 3 (8<I> x (cosay ZCD)) = 0; 2% (®Pcosa; — 204)=0
cosay — 4P =0; @ =222 condition for max efficiency for 2 stages

cosa,

Substituting @ = "

inMy, =8® x (cosay; — 2@) will give max efficiency
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cosoy

cosayq ), _ 2
cosay — 2 ; Nbmax = COS“ a4

Npmax = 8 P

Reaction Turbine

In the case of reaction turbine, the moving blades of a turbine are shaped in such a way that
the steam expands and drops in pressure as it passes through them. As a result of pressure
decrease in the moving blade, a reaction force will be produced. This force will make the

Reaction Force .
PP Water coming out

I of the nozzle

( @ Rotor

Water coming out ' |  ®©2018mechaniclbooster.com
of the nozzle [ 3
Reaction Force

blades to rotate.

Impulse Reaction turbine

In the impulse reaction turbine, power is generated by the combination of impulse action
(Impulse force) and reaction (Reactive force) by expanding the steam in both fixed blades
and moving blades. In fixed blades as velocity increases as steam expands where as in
moving blades both pressure and velocity decreases. In other words in Impulse reaction
turbine both pressure energy is converted into work

Degree of Reaction

Degree of reaction defined as ratio of static enthalpy drop to stagnation enthalpy drop in the stage

2 2 2 2
Ui—Uz _ V1= Vo

212 2_ 112 2 _y2
29, 25, i e Vi—V3 Ui—-U3 Vri—Vr2
R= o7 2oz 27 m= 2 T 2
17Y2 91792 _ Yr1 V2 Ye Ye 9
2o, 2o, 2o,

For Axial flow turbine U;=U,

_ Vi1-Via V22_V2
2g T rl
R=—7%, R=—T2-T1

3[m

Also

(AhO)mom’ng blade

R =
(Aho)fixed blade T (Aho)moving blade
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V12 _‘PVZZ

(Aho) fixed biade™ 21

n

= carry over factor ; n,,= nozzle efficiency

’ (Aho)moving blade™

2 2
Vio— oV
2Mn

Derive an expression for Degree of Reaction for axial reaction turbine(***)

2 .2 2 2

U7-U Vo=V
1 72 _ "r1 "r2 2 2 2 2 2 2
R = 29, 29, , e _Vi—V; n Ui—-U; Vii—Vr2
Vi-vi  Ui-U ViV 29, 2g, 24,
29, 29, 29,
For Axial flow turbine U;=U,
2 2
_ Vrlz_VrZ
R= o
V2 _y2
R= TZZ E” ------------ A
9.~
E

()= vaw

Vr2

V1
V2 V2 vr Vil
al 1
a2 - B2 B
U
Y X
AVU

AV, = X+Y
1% 1%
7f =tanp, ;Tf =tan f3,
X =Vscotpy ;Y =V cotp,
AV, = Vs cotf+Vy cotp,
(E) _ U(Vy cotB1+Vy cotfs) . (E) _ U(cotPi+ cotBr) Vs 1
m) Jdc ! m/ dc
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14 . 4 .
WZ= sin By ; Vy1 = Vrcosec By W}; =sin Vyo = Vrcosec B,

Substituting 1 and 2 in equation A

B (Vfcosec ﬁz)z—(Vfcosec [31)2.

R 2U(cotBy+ cotBy) Vs !

p  Vi(cosec?By—cosec?B,) _ Vf(1+00t232‘(1+60t251)) _ V(o By—cor’By)
2 U(cotBq+ cotBy) Vi ’ 2 U(cotBy+ cotBy) ! 2 U(cotfy+ cotfz)

R = e e R= TR R gy (cothy = cotfy)

R =3¢ (ongs ~ s R= 3 (enpozants)

Condition for 50% reaction turbine(******)

R = %(cotﬁz — cotf’;)
For 50% reaction R = %
> = %(COtﬁz — cotpy); U = Vi(cotP; — cotfy) ------------- 1
From Inlet velocity triangle
R = VX
But tanf; =¥; X =V cotp;
tana, =5—f; V1 =V cotay
w1
Hence, U =V; cota,-V; cotp;
U = V(cotay — cotfy) ----------- 2
1=2;  Vi(cotP, — cotpy) = Ve(cotay — cotfy); cotf, = cotay; =a

From outlet velocity triangle

U=Y-V
But  t =Y, Y=V, cotpy; t =2, Vo, =V, cot
u anf, = o =Vr cotf,; anaz = = Vi = Vy cota,
Hence, U = V; cotf,- Vf cotay; U =Vi(cotp, — cotay) ------------ 3
1=3; Vi(cotp, — cotpy) = Ve(cotp, — cotay); cotfy = cota; PBy=ay

Hence in 50% reaction turbine
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Br=ai; B1=a;
Hence both Inlet and Outlet triangle in 50% Reaction turbine are symmetrical
Hence V,; =V3; V,, =V,

Efficiency of 50% reaction turbine(***)

2,2 2 2 2 2

Vi-va (U102 _ Vi E
TI — 2-96 ch ch — m
- 2 2 2 2 2 2 2 _y2
Vi U1U3 ViV Vi ViV
2.95 ch ch ch ch
E
n= ) m2 >~ — —eqn A as U; = U, = U for axial flow turbine
ﬁ — Vrl_VrZ
2«91: 2.95
E  UWy +Vy2)
m Ic
Vr2
V1
V2 V2 vr Vil
a2 ol o Bl
L M
V2co0s0.2 V1cos o1
AVuU

m + m = Vjcosa,+V,cosa,
m + m =V cosay+ Vyicospy
But V,,cosf; = Vicosa; —U
m + m = Vjcosa,+ V,cos a;-U
V; + VHZ = 2Vicosa; =U

E U(2Vicosa; —U)

m Ic
E _ 2ViUcosa; — U?
m Ic
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V2 <2Ucosa1 _U_Z)
E 1 4 V.2

m e
U .
But — speed ratio ®
1

E _ V& (20cosa; —9?)

B
m dc
29c 2g; ' 29¢  29c¢ 24¢
VTZ = V1 (SO%R)
Vi Vi VA Vv,
29 29c  29. dc 29c¢

From outlet velocity triangle and applying cosine rule V3 = V32 + U? — 2V, Ucosa,

VZ _ Vi+UP—2ViUcosay

Hence, eqn 1 becomes

dc 29 !
ViV, VA _ vi  vE+Uu?-2viUcosa; | Vi  vhE VA _ viovE U_2+2V1Ucosa1
29, 29, 29, 9. 29, ’ 29, 29, 29, 9. 29, 29, 29,
29, 29, 29, 2 2 2
vV V3 _ Vi V2 U? 2V Ucosa,

< — -+
29, 2g, 2 29, VE 4

v V2 VA %73
L4z = L (] —P? + 20cosay)---mm- C
ZQC 2gc ZQC 2gc

v2 (20cosa; —0?)
9 2 (2@cosa; —®?)

= ﬁ(1—¢2+2¢cosa1) ’ = (1-®?+2dcosay)
ch

_ 2(20cosa; —®*+1-1) _ 2(20cosa; —d2+1)-2 —5_ 2
M = (1-Dd2+2dcosaq) M = (1-Dd2+2dcosaq) M = (1-d2+2dcosaq)
for max efficiency
omy _
a0~V
3} 2 3} 2
0 (2 - (1—(I>2+2<Dcosa1)) =0 a0 ((1—<I>2+2<Dcosa1)) =0
0
%(1 — ®2 + 2dcosa,) = 0; 0—2® + 2cosa; = 0; 2@ = 2cosay; @ = cosay

@ =cosa, condition for max efficiency for 2 stages
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Substituting

® =cosoy in Np=2— 2

will give max efficiency

2

= 2 -

Nomax (1- cos?aq+2cosa;cosaq)
2

=2- —=_
Npmax (1+ cos?a4)

_ 2(14 cos?a;)-2
Nomax = (14 cos?ay)

2 cos?a,

Nbmax =

(1+ cos?ay)

(1-®P2+2dcosaq)
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Numerical Problems

1. The following data refers to Delaval turbine. Velocity of steam at exit of the nozzle is
1000m/s with a nozzle angle 20°. The blade velocity is 400m/s and blades are equiangular.
Assume a mass flow rate of 1000kg/hr, friction coefficient 0.8, nozzle efficiency is 0.95,
calculate i) blade angles ii) Work done /per of steam iii) Power developed iv) Blade efficiency
v) Stage efficiency (5b. 10, June/July17) (5b. 10, Dec14/Jan15)

Given Data:

Delaval turbine is Impulse turbine
leR=0 andU, =U,=U

Velocity of steam from nozzle= V;=1000m/s, nozzle angle = a;=20°
the rotor blades are equiangular ie B1= B>

Tangential speed = U = 400m/s,

m = 1000kg/hr; m = 0.28kg/s

friction coefficient 0.8 ie % =0.8
rl

Nnozzle = 0.95
To determine

i)Rotor blade angle B1=?, B,=?., ii) E =7iii) Np1aae="? IV) Nstage=2

Inlet Velocity Triangle

Vi
Vv
\ ml
rl
ol
— B1
U
J—
Vil
Blade angles
From inlet velocity triangle
V1 =Vicosa;; Vi, = 1000 cos20; V1 = 939.69m/s
Vip = ViSina;  Vypy = 1000 sin20; Vip = 342.02m/s
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Vi1 342.02

tanf; = =; tanf, =————
b1 Va-U’ gl 939.69—400 ’

By = 32.36°

B, = B, (blades are equiangular); B, = 32.36°

Work done /per of steam

342.02
sinf; = % ; sin32.36 = e V= 639m/s

Tl

<

r2 _ . h — . —
Vs 08; =5=08; V., =511.2m/s

<

V,p cos By = 511.2 cos 32.36 ; V,, cos B, = 431.81; U = 400m/s

Vo cos B, > U, Hence, Outlet velocity triangle as given below

V2
\V4
m2 V2
a2 B2
I—
+
\V4
u2
From outlet velocity triangle
Vo =V,,cosBy—U; V,, =431.81—400; V,, =31.81m/s
Power:
E. _ (Vu1+Vu2)U; E _ (939.69+31.81)400; _E — 388600/ /kg
m dc m 1 m
E = m% ; E=0.28+388600; E =108808W ; E =108.808kW

Blade efficiency

E
ey 388600
—__m . J— . j—
Mo =3 My ="tozs Mp=0772

Stage Efficiency:
Nstage = NbMnozzie; MNstage = 0.7772 * 0.95 Nstage = 0.7383

ii) Tangential force
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Tangential force ,E, = (V,; + V) ; E, = 0.28(939.69 + 31.81); FE, =272.02N
Axial thrust : F, =m (V1 — Vinz)

Sing, = ‘:/mzz ; Sin32.36 = ML Vi, = 273.61m/s

Fy=m (Vyy — Vi) ; F, = 0.28(342.02 — 273.61) E, = 19.15N

Graphical solution

\Vr?2 V1

34,2

3 vm1

2708

3 \r
&

1

9731

Scale 1cm = 100m/s

1. U=400m/s; U=4cm; 2. V,=1000m/s; V; =10cma; = 20°

3. Complete triangle (right side) 4. Measure V,; and 8, ie V,;, = 63.89mm f3; = 32°

4.V,, = 0.8V,  V,, =0.8%63.89 =51.11mm; [, = p, (blades are equianglular) p, = 32°

5. Draw V,, = 51.11mm at an angle 8, = 32° measuring from right and complete right triangle

342m
N

6. Measure AV, ie AV, = 9.731cm ie AV, = 973.1m/s; V1 = 3.42cmieVy; =

Vina = 2.708cm = 270.8m/s

Calculation
Power
E. _ (Vu1+Vu2)U; E _ Anu E _ 973.1*400’_ _E = 389240] /kg
m Ic m dc m 1 m
E = m% ; E=0.28%x389240; E =108987W ; E = 108.987kW
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Blade efficiency

E
pry 389240
— _m . — . -
nb - V% ’ nb ~— 10002 nb - 0'778
2gc 2

Stage Efficiency:
Nstage = MbMNnozzie; Nstage = 0.778 * 0.95 Nstage = 0.739
10% Difference between theoretical and graphical solution is permitted

2. Steam issues from a nozzle of a Delaval turbine with a of 1200m/s. The nozzle angle is 20°.
The blade speedy is 400m/s. The inlet and outlet blades are equal. Assume a mass flow rate
of 1000kg/hr, calculate i) blade angles ii) relative velocities of blade entering ii) Axial thrust
iii) Power developed iv) Blade efficiency Assume K=0.8 (5b. 10, Dec18/Jan19)

3. Steam issues from a nozzle of a Delaval turbine with a of 1000m/s. The nozzle angle is 20°.
The blade speedy is 400m/s. The inlet and outlet blades are equal. Assume a mass flow rate
of 900kg/hr, calculate i) blade angles ii) relative velocities if blade velocity coefficient is 0.8
ii) Tangential force on the blades iii) Power developed iv) Blade efficiency (5b. 10,
Dec17/Jan18)

4. The data pertaining to an impulse turbine is as follows: Steam velocity =500m/s, blade speed
=200m/s, exit angle at moving blade =25° measured from tangential direction, nozzle
angle=20°. Neglecting the effect of friction when passing through blade passages, calculate :
i) Inlet angle of moving blade ii) Exit velocity and direction iii) Work done per kg of steam iv)
Power developed v) Diagram efficiency (5b,16, June/July14)

V, =500m/s; U =200m/s; B, = 25°% Nozzle angle= 20° ie a; = 20°
Neglecting the effect of friction when passing through blade passages, V,.; = V-,

Inlet blade angle £,

Vi = Vicosay; Vyy =500 cos20; V,1 = 469.85m/s
Vi
\% le
ri
al a1
U
T S — e
Vul
Vi1 = ViSinay; V1 = 500 sin20; Vi = 171.01m/s
Vi | 17101 _ o
tanf; = Tk tanf; = reo85—200 B = 32.36
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Exit velocity and direction
B, = 257 (given)

171.01
sinf; = % ; sin32.36 = e V1 = 319.50m/s

1l
VTZ = VTl; ; VTZ = 31950m/s
V.5 cos By = 319.50co0s 25 ; V,, cos B, = 289.56; U =200m/s

V,» cos B, > U, Hence, Outlet velocity triangle as given below

V2
V
m2 V2
o2 B2
—
+
\V4
u22
From outlet velocity triangle
Vi =V.,cosBy—U; V5 =289.56—200; V2 = 89.56 m/s
Sinf, = mz . Sin25=-—m2_.  y__ =13502
inf, = Ve ME2 = 379,507 mz = 135.02m/s

VZ2=V2+V2,;  V,=V4+V2,;, V,=189.562+135.02% V, = 162.02m/s

Vinz 135.02_

p——L7 % —_— = — 0
tana, = ™ tana, = ———; a, = 56.44
Work done /kg of steam
E. _ (W;ﬁﬁ)u; E _ (469.85+89.56)200; _E — 111882 J /kg
m dc m 1 m
Power

Assumem = 1kg/s

E=m-—,; E=1%111882; E =111882W ; E = 111.882kW

E
m

Diagram efficiency
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111882

;M= sz s M = 0.895

|>-\<N|§'| m

Np =

N
Q
N

c

Tangential force

Tangential force ,E, = (Vy; + Vi) ; E, = 1(469.85 + 89.56); F, =559.41N
Axial thrust : F, =m (V1 — Vinz)

F, =m Vi1 — Vi) ; E, = 1(171.01 — 135.02) F, = 35.99N

5. The following particulars refer to a single impulse turbine. Mean diameter of blade ring
=2.5m, speed =3000rpm. Nozzle angle 20°, ratio of blade velocity to steam =0.4, blade
friction factor =0.8, blade angle at exit is 3° less than that at inlet. Steam flow rate
36000kg/hr. Draw the velocity diagram and calculate i) power developed ii) blade efficiency (
5b. 08, Dec18/Jan19 CBCS)

Mean diameter of blade ring =2.5m D; = D; = D = 2.5m; N = 3000rpm; a; = 20°

ratio of blade velocity to steam =0.4 ieVE = 0.4; blade friction factor =0.8 ie % = 0.8
1 1l

blade angle at exit is 3° less than that at inletie 8, = B, — 3; 1 = 36000kg/hr, m = 10kg/s

Power
v=2% Uy = Z2000, U =392.7m/s
60 60
YU=04; 3229_04; v, =981.75m/s
41 1
V1 =Vicosa;; Vyi =981.75 cos20; V1 = 922.54m/s
Vi
\Y le
rl
al a1
U
—%

Vi
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Vi1 335.78

tanf; = =; tanf, =——1—
b1 Va-U’ gl 922.54—392.7 '’

By = 32.36°

B,=pB1—3; PB,=3236-3; B, =29.36

335.78

sinf, = ‘;mll ; Sin32.36 = V—1 ; Vip = 627.34m/s
T T

Vrz _ . VTZ —_ . —

=08 —2-=08; Vyp =501.88m/s

V., cos B, = 501.88 cos 29.36 ;V,, cos B, = 437.42; U =392.7m/s

Vo cos B, > U, Hence, Outlet velocity triangle as given below

Viz
V
m2 V2

a2 B2

I—

+
\V4
u2

Vi, =V,,cos By —U; Vp = 437.42 —392.7; V., = 44.71m/s

i _ M; E _ (922.54+44.71)392.7; _E — 379841.15]/kg
m dc m 1 m

m = 10kg/s. E = m% ; E=10%379841.15; E =3798411.5W ; E = 3798.41kW

Blade Efficiency

E
oy 379841.15
—__m . — . J—
M = vy’ M = gz » M = 0.788
2g¢ 2

6. Inasingle stage impulse turbine the mean diameter of blades is 1m. It runs at 3000rpm. The
steam is supplied from a nozzle at a velocity of 350m/s and the nozzle angle is 20°. The rotor
blades are equianglular. The blade friction factor is 0.86. Draw the velocity diagram and
calculate the power developed if the axial thrust is 117.72 Newtons (5b,10, Dec13/Jan14)

(5¢,08, June/July18)

7. Inasingle stage impulse turbine the mean diameter of blades is 80cm. It runs at 3000rpm.
The steam issues from a nozzle with a velocity of 300m/s and the nozzle angle is 20°. The
rotor blades are equiangular. The blade velocity coefficient is 0.85. what is the power
developed when the axial thrust is 140 Newtons (6b,08, June/July,15,18CBCS)
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Mean diameter of blades = 80cm D; = D; = D = 0.8m; N = 3000rpm; V; = 300m/s; a; =

200

The rotor blades are equiangular. 8, = [5;; blade friction factor =0.85 ie ? = (0.85

Tl

E =7?7; The axial thrustis 140 Newtonsie F, = 140 N

Inlet blade angle 3,

Var = Vicosay ;  Vyp = 300 cos20 ; Vo = 281.91m/s
U = 2N, y = 2283000, U = 125.66m/s
60 60
Vi
\Vj le
rl
al a1
U
—»—
\Y

ul
Vo = ViSina; Vg = 300 sin20; V= 102.61m/s
V| _ 102.61 . _ o
tanp, = Va-U’ tanfp, = 281.91—125.66 ' P =33.29

B2 = B1; Bz =33.29°

10261y =186.95m/s

sinf; = Ym1, sin33.29 = —
1

Vi

2= 085 —2 =085 V,,=1589m/s
Vi1 186.95

V.5 cos B, = 158.9 cos 33.29 ;V,, cos B, = 132.83m/s; U = 125.66m/s

V,» cos B, > U, Hence, Outlet velocity triangle as given below
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V2
V
m2 V2
a2 B2
—
A
V
u2
From outlet velocity triangle
Vi =VycosBy—U ; V,,=132.82—125.66; Vo =717m/s
E. _ (Vu1+Vu2)U’_ E _ (281.91+7.17)125.66; _E — 36325.54 ] /kg
m dc m 1 m
Sinf, =22 Sin33.29 = 2.  y  =8722
inf, = v, in33.29 = -~ m2 = 87.22m/s

F, =V — Vip) ; 140 = 11(102.61 — 87.22); 1 = 9.09kg/s
E = m% ;0 E =9.09+36325.54; E =330372.6W ; E =330.37klW

8. The simple impulse turbine has a mean blade speed of 200m/s. The nozzles are inclined at
209 to the planes of rotation of the blades. The steam velocity from nozzles is 600m/s. The
turbine uses 3500kg/hr of steam. The absolute velocity at exit is along the axis of turbine
Determine i) Inlet and exit angles of blades ii) Power output of turbine iii) Diagram efficiency
(5a. 10, Dec16/Jan17)

Inlet and exit angles of blades

U=200m/s;a; =20°; V; =600m/s; m =3500kg/hr; m = 0.972kg/s

The absolute velocity at exit is along the axis of turbine ie V,, is axial @, = 90°

Vyp = Vicosay; Vy; = 600 cos20 ; V,1 = 563.82m/s
Vin1 = ViSinay; Vg = 600 sin20; Vin1 = 205.21 m/s
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\Y le

al

C

ul

205.21

o —— = o
563.82—200 ’ p1 = 29.42

v,
tanp; = Wln——lU; tanp, =

20521
Ve '

sinB, = ‘% sin29.42 = V., = 418.17m/s

, Hence outlet velocity triangle is as given below

Vm?2
V2
u?2
Assume Vyp = V,q; Ve =418.17m/s
cosf, = %; cosf, = 458%; B, = 61.42°

Power output of turbine

E Vi1 —Vip)U — E  (563.82—0)200 E
E:“TZ); Vu2=0asa2=900; g:f; —m:112764 ]/kg
E = m% ;o E=0972%112764; E = 109606.6W ; E = 109.606kW

Diagram efficiency

E
- 109606.6
—__m . — . —
M =7z7 M -z 5 N =0.608
29c 2
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9. One stage of an impulse turbine consists of a nozzle and one ring of moving blades. The
nozzle is inclined a 22° to the tangential speed of blades and the blade tip angles are
equiangular and equal to 35° (a) Find the blade speed, diagram efficiency by neglecting
losses, if the velocity of steam at the exit of the nozzle is 660m/s (b) If the relative velocity of
steam is reduced by 15% in passing through the blade ring. Find the blade speed, diagram
efficiency and end thrust on the shaft when the blade ring develops 1745kW

10. Steam flows through the nozzle with a velocity of 450m/s at a direction which is inclined at
an angle of 16° to the wheel tangent. Steam comes out of the moving blades with a velocity
of 100m/s in the direction of 110° with the direction of blade motion. The blades are
equiangular and the steam flow rate is 10kg/s. Find (i) Power developed (ii) the power loss
due to friction (iii) Axial thrust (iv) blade efficiency and (v) blade coefficient

11. Dry saturated steam at 10atmospheric pressure is supplied to single rotor impulse wheel,
the condenser pressure being 0.5 atmosphere with the nozzle efficiency of 0.94 and the
nozzle angle at the rotor inlet is 18° to the wheel plane. The rotor blades which move with
the speed of 450m/s are equiangular. If the coefficient velocity for the rotor blades is 0.92.
find (i) the specific power output (ii) the rotor efficiency (iii) the stage efficiency (iv) axial
thrust (v) Velocity and the direction of exit steam (5b,12, Dec 12)

e Dry saturated steam at 10 atmospheric pressure is supplied to single rotor impulse wheel
the steam enters nozzle at 10 atmospheric pressure and dry
e the nozzle efficiency of 0.94 ; n,=0.94
e nozzle angle at the rotor inlet is 18° to the wheel plane a;,=18°
e The rotor blades which move with the speed of 450m/s are equiangular ie U=450m/s and
B1= B,
e |[f the coefficient velocity for the rotor blades is 0.92 ie % =0.92
find (i) the specific power output ie E=? (ii) the rotor efficiency n,=" (iii) the stage efficiency n,=? (iv)
axial thrust F, =? (v) the direction of exit steam o,=?

hy = hgat 10bar = 2780k] /kg
h, = 2270 kj/kg from mollier diagram

saturation line

h1=2780

ar

h2=2270
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\/

1 Nozzle

/\

2 Turbine

Vi =+2(hy — h)103n,; V; =/2(2780 — 2270)103x0.94; V; = 979.2m/s
Take scale 1cm = 100m/s
I . ‘
\V4l A
= V5¢ o \Vr2 Q
& P & \V 2 -
’\5\0 Y _— ‘\)o Bl
[ee)
Y ot B’z Y
u 4
_ AVU=9237 -

Measure AV, =9.237cm ; AV, =9.237 * 100 = 92.37m/s

E _ AV,U, E _ (923.7)x450
- T =
m

dc m 1

E
= = 415665/ /kg

ii) Rotor efficiency

_ _ 415665
’ T 97922
2

2
iii) stage efficiency 1, =1n,1p

n = 0.867

Bladen =

R

ns = 0.867x0.94 ns, = 0.814
iv) Axial thrust

Vi1 = 3.025¢cm, Ve = 3.025 * 100m/s.

Ve = 2.784cm, Ve = 2.784 * 100m/s.

Vin1 = 302.5m/s

Vino = 278.4m/s Assume m = 1kg/s
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Fy=mh (Vyyy — Vi) ; E, =1(302.5—-278.4)  F,=241N

Analytical method

V1 =Vicosay; Vy, =979.2 cosl8; Vyp = 931.27m/s
Vi1 = ViSinay; Vg = 979.2 5in18; Vin1i = 302.58m/s
Vi
\Y% le
rl
al a1
U
—%
Vi
_ Vm . _ 302.58 _ o
tanf, = Tt tanp; = S312.—a50 B = 32.15
p2 = P1; P =32.15°
sinB, = 2t sin32.15 =228,y =568.61m/s
VTl VTl
%2 = 0.92; 2 —092; V., =523.12
Ve T 56861 ' L 12m/s

Vyy cos By = 523.12 cos 32.15 ; V., cos B, = 442.92m/s; U =450m/s

V,» cos B, < U, Hence, Outlet velocity triangle as given below

V r2
V2
V2
a2 B2
T—
u2
— —
vV
u2
Vo =U—V,,cosBy ; Vo =450—442.92; V2 =7.08m/s
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E_ (ui-V)U E _ (931.27-7.08)450

m Je ’ ™ 1

; — =415885.5]/kg

ii) Rotor efficiency

E
P 415885.5
Bladen = W ; = Tov02Zz n= 0.867
2 2
iii) stage efficiency 1, =n,1,
ns = 0.867x0.94 ns = 0.814
iv) Axial thrust
Sinf, =m2 Sin32.15 =—22_. V. =278.37m/s; Assumem = 1kg/s
|7 523.12

F,=mVy — V) ; F, = 1(302.5 —278.37); F, = 24.12N

(v) Velocity and the direction of exit steam

V2=V +V2,;  Vo=\V&+VZ,; V,=+7.08%+278372; V, = 278.46m/s

v, 278.37
tana, = % tana, = ;

- a, = 88.54°
Vuz 7.08

12. In a two row velocity compounded impulse steam turbine, the steam from the nozzle issues

at a velocity of 600m/s. The nozzle angle is 20° to the plane of rotation of the wheel. The
mean diameter of rotor is 1m and the speed is 3000rpm. Both rows of moving blades have
equiangular blades. The intermediate row of fixed guide blades makes the steam flow again
at 20° to the second moving blade ring . The frictional losses in each row are 3%. Find i) The
inlet and outlet angles of moving blades of each row ii) The inlet blade angle of the guide
blade iii) The power output of first and second moving blade rings for unit mass flow rate iv)
the blade efficiency v) the stage efficiency (assume nozzle efficiency =0.95)
the steam from the nozzle issues at a velocity of 600m/sie V; = 600m/s
a; = 20°%; The mean diameter of rotor is Imie D; = 1m; N = 3000rpm
Both rows of moving blades have equiangular blades. le §; = 8, and 3 = 5,
The intermediate row of fixed guide blades makes the steam flow again at 20° to the second
moving blade ring . ie a3 = 20°
The frictional losses in each row are 3%. le Vrz - % = % =1-0.03;

Ver _ Vi V.. 1 2 T3

=—==——==1097
Ve V2o Vi3

0 B =By =7 By =By =70 (5) =2 and( ), =2y, =2 ) ns =2ifn, = 0.95
DN m+1x3000

U= H; U= U= 15707m/s
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2
VI
| < Vr2 3 é:
s Ve =
o
2 A\
w2 p2s s 2
al
g1
160,08
]
<
[ee]
A

1. Draw U =3,14cm ie1557(')07

2. DrawlineV; = 600m/sie 12cm at an angle a; = 20°
3. Joinendof Uand Vj ie

13. In a Curtis stage with two rows of moving blades the rotor are equiangular. The first rotor
has angle of 29° each while second rotor has angle of 32°each. The velocity of steam at the
exit of nozzle is 530m/s and the blade coefficients are 0.9 in the first, 0.95 in the stator and
in the second rotor. If the absolute velocity at the stage exit should be axial, find i) Mean
blade speed ii) The rotor efficiency iii) The power output for a flow rate of 32kg/s (5b,12,

June/July16)

Two rows of moving blades the rotor are equiangularie B; = B,; 3 = B,
The first rotor has angle of 29° each 8, = 8, = 29%; ;3 = 5, = 32°

The velocity of steam at the exit of nozzle is 530m/s V; = 530m/s

Blade coefficients are 0.9 in the first ie % =0.9;

Tl

Blade coefficients 0.95 in the stator ie% = 0.95;
2

Blade coefficients 0.95 in the second rotor ie % =0.95
3

If the absolute velocity at the stage exit should be axial ie a, = 90°
Assume U = 3cm

Start from last triangle (4)
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1. Draw U = 30mm for 2 stage
2. Draw V, line vertical since a, = 90°

3. Draw V,, line at an angle 32°, V, Line and V,., line intersect each other,

measure V,, = 35.38mm ; . = 0.95; 222 = 0.95; V,3 = 37.24mm;
3 3

4. Draw V3 line equal to 37.24mm

5. Draw V3 line joining right end of U and end of V,.; line measure V3 ie 37.24mm

6. Draw U = 30mm for first stage,

7. Draw V,, line from right end of U of first stage at an angle 8, = 29°

8. Left end of the U of first stage velocity triangle as centre draw an arc of radius
V3 =37.24 mm to cut V,, line

9. Join left end of U of First stage velocity triangle to intersection point of arc and V.., line ie

V, line, Measure V,., ie 92.74mm

Zr2 = 0.9; 272 = 0.9; V,, = 103.04mm
Vi1 Vr1

10. Draw V,.; line from right end of U of the first stage velocity triangle measuring
103.04mm at an angle g; = 29°
11. Join end of V. line with left end of U of first stage velocity triangle ie V; line

12. Measure V; ie130.09mm at a; = 23°
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44,96

92, %

R
Vi
8 Hr2
V2 o
™~ -+
9 o -
U 6
17123
o]
Vré \V3
LN O\Q j\fj& V \é =
= Vil b &
1
U 6158
Vi = 130.09mm on the drawing
Actual V; =530m/s
Hence 13.009¢cm = 530m/sie 1lcm = 1:‘:’)?)9m/s; 1cm = 40.74m/s

Mean Blade speed

Mean blade speed U = (3cm * 40.74)m/s; U = 122.22m/s

Rotor Efficiency

(AV), = 17.123 = 40.74m/s; (AV,); = 697.59m/s
(AV);; = 6.158  40.74m/s; (AV,);; = 250.87m/s
AV, = (AV)); + (AV,),;; AV, = 697.59 + 250.87; AV, = 948.47m/s

E
m

M =%z7 M=

2gc

_ 948.47+122.22

1

5302
2*1

11592091 |

’

’

~ = 11592091/ /kg

n, = 0.825

The power output for a flow rate of 32kg/s

E = m% ; E=32%11592091; E = 3709469.12W ; E = 3.709MW
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14. In a curtis stage turbine steam enters the first row of moving blades at 700m/s. The outlet
angles of the first rotor blade, the stator blade and the last rotor blade are respectively, 23°,
19° and 37°. If the mean bade speed is 160m/s and the blade coefficient is 0.93 for all blades
and steam flow rate is 162kg/min, Discharge is axial. estimate: i) Power developed in the
stage ii) rotor efficiency iii) axial thrust and iv) tangential force on the blades

15. In a curtis stage turbine steam enters the first row of moving blades at 700m/s. The outlet
angles of the firstrotor blade, the stator blade and the last rotor bade are respectively, 23°,
19° and 37°.and the blade coefficient is 0.93 for all blades and steam flow rate is 162kg/min,
Discharge is axial. estimate: i) Power developed in the stage ii) rotor efficiency iii) axial
thrust and iv) tangential force on the blades

16. A curtis impulse stage has two rotors moving with an average tangential speed of 250m/s.
The fluid relative velocity is reduced 10% in its passage over every blade, whether fixed or
moving. The nozzle is inclined at an angle of 17° to the wheel tangent, has an efficiency of
0.92. The inlet angle of the first rotor blade is 22°. The intermediate stator inlet and exit
angles are respectively 31.5° and 20°. Assuming that the second rotor is of equiangular.
Find: i) the absolute velocity V; and the speed ratio ii) the ratio of work output from the
second rotor to that of the first rotor iii) stage efficiency and iv) the power output and axial
thrust for a flow of 5kg/s of steam over the blade

17. The mean rotor blade speed of an axial flow turbine stage with 50% reaction is 200m/s. The
steam emerges from the nozzle at 28° to the wheel plane with axial velocity component
equal to the blade speed. Assuming symmetric inlet and outlet velocity triangles, find the
rotor blade angles and utilization factor

18. A Parsons turbine is running at 1200rpm. The mean rotor diameter is 1m. Blade outlet angle
is 23°, speed ratio is 0.75 , stage efficiency is 0.8. Find the isentropic enthalpy drop in this
stage (6b, 08 Deec18/Jan19, 15 CBCS)

Parson turbine ie 50% Reaction turbine; N = 1200rpm; D = 1m; B, = 23°;
Speed ratio = 0.75 ieVE =0.75;n, =0.8
1

For 50%R turbine a; = fB5; a; = 23°
mx1+1200

v =22 U= ; U = 62.83m/s
60 60

Y~ 0.75 5283 _ 0.75; V, = 83.78m/s

V1 Vl
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\Y% le

al

C

ul
V2
V
m2 V2
o2 B2
—
+
\V4
u2
Vo = Vicosay ; V,1 = 83.78 cos23; Vi =7712m/s
V.., = V,Sinay; V,,, = 83.78 Sin 23 V,., = 32.73m/s

For 50%R turbine, Vi =V1; V,.n, = 83.78m/s

Viz =Vypcos By —U ; Viy =8378cos 23— 62.83; Vi = 14.28m/s
E _ (VuntVua)U E _ (77.12+1429)62.83

m Jde ! m 1 ’

£ = 5743.29 ] /kg;
m
Ahg=—; Ahg=5743.29]/kg

_ Ahy _ 5743.29
Ns = Ahgs’ 0.8 = Ahgs '

Ahgs = 7179.11] /kg

Graphical Solution

Parson turbine ie 50% Reaction turbine; N = 1200rpm; D = 1m; B, = 23%;
Speed ratio = 0.75 ieVE =0.75;7, =0.8
1

For 50%R turbine a; = By; a; = 23°

nDN_ n*1*1200'

U =22 U= ; U = 62.83m/s
60 60

Y = 0.75 5283 _ 0.75; V, = 83.78m/s

41 Vi
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Scale 1em = 20m/s; U = %Cm; U=3142cm; VvV, = %C‘m; V; = 4.189cm

&
o~
mM
el
U
45,7
et} —
3142
AV, = 457cm; AV, =457 «20; AV, = 91.4m/s
E _ (MatW)U, B _ (AV)U E _ 91446283 E _ )
s . 0 mT g me 1 m—5742.62]/kg,
Ahy = —%, Ay =5742.62]/kg
AR 5742.62
s = s 08=>7""%  Ahos = 7178.33/kg

19. The following particulars refer to a stage of a parsons steam turbine. Mean diameter of
blade ring =70cm, steam velocity at inlet of moving blades=160m/s, outlet blade angles of
moving blades 8, = 20°, steam flow through the blades =7kg/s and speed 1500rpm
,n = 0.8. Draw the velocity diagram and find the following: i) Blade inlet angle ii) Power
developed in the stage iii) Available isentropic enthalpy drop (5b, 08,June/July1815CBCS)
Parson Turbine-50%; D = 70cm D = 0.7m;
steam velocity at inlet of moving blades=160m/s, V; = 160m/s;
outlet blade angles of moving blades 8, = 20°,
steam flow through the blades =7kg/s m=T7kg/s; N =1500rpm; n=0.8

i) Blade inlet angle §; =? ii) Power developed in the stage E =?

iii) Available isentropic enthalpy drop Ah,s =?
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DN 7%0.7%1500
U= W' U= T' U= 5498771/5
For 50%R turbine a; = f5; a; = 20°
Vi
\% le
rl
al a1
U
—%
Vui
V2
Vv
m2 V2
o2 B2
T—
+
V
u2

m = Vicosay ; m = 160 cos20; m = 150.35m/s
Vi1 = ViSinay; Vi1 = 160 Sin20 Vi1 = 54.72m/s

For 50%R turbine, Vo =V1; Vyp = 160m/s

Vg =V,pcos B —U ;  Vyy =160 cos 20 — 54.98; V,, =95.37m/s
E_ (Vu1+Vu2)U; E _ (15035 +95.37)54.98; E_ 13500.68 ) /kg ;
m dc m 1 ™
Ahy =2, Ahy = 13509.68//kg
Ah 13509.68
M5 = Ty 0.8 =320 Ahos = 16887.10)/kg

Graphical Solution

Parson Turbine-50%; D = 70cm D = 0.7m;
steam velocity at inlet of moving blades=160m/s, V; = 160m/s;
outlet blade angles of moving blades 8, = 20°,

steam flow through the blades =7kg/s m=T7kg/s; N =1500rpm; n=0.8
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i) Blade inlet angle §; =? ii) Power developed in the stage E =?

iii) Available isentropic enthalpy drop Ah,, =?

DN
—; U=
60 60

For 50%R turbine a; = f5; a; = 20°

1x0.7%1500

U= . U =5498m/s

Scale: 1cm=10m/s; U = %cm ; U=5498cm; Vv, = %cm; V; =16cm

Vr2
V1
V2 5 3
Vr1

54,72

30°
20

0

O

5498

24572

AV, = 2457cm; AV, = 2457 x10; AV, = 245.7m/s

E, _ (Vu1+Vu2)U; 5 _ v, U E _ 245.72*54.98; _E — 13509.68 ] /kg ;
m dc m 9dc m 1 m
Ahg =%, Ahy = 13509.68 ] /kg
Ah 13509.68
s = Ah;; 0.8 = Ao, ; Ahys =16887.11 ] /kg
20. The following data refer to a 50% reaction turbine D=1.5m p = LA 0.72; B, = 20°,

1
N = 3000rpm find i) blade efficiency ii) Determine percentage increase in the blade

efficiency and rotor speed if the rotor is designed to run at its best theoretical speed , the
2 2
exit angle a;is 20°. Blade efficiency for the best speed is given by ﬂﬁb, 10,

June/July 13)

1+cos?aq

50% Reaction turbine; ; D = 1.5m; p = V£= 0.72; B, =20° N =3000rpm;
1

np =7 i) Determine percentage increase in the blade efficiency and rotor speed if the rotor is

designed to run at its best theoretical speed , the exit angle a,is 20°. Blade efficiency for the best

2 2
speed is given by o

1+cos?aq

For 50%R turbine a; = fB,; a; = 20°
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60 60
V2
\Y \V
m2 2
o2 B2
T—
— ———
\V4
u2
Vi
\Vj le
rl
al B1
U

T S —

Vul
V%: 0.72; 2351'62 =0.72; V, = 327.25m/s
V1 = Vicosay ; V1 = 327.25 c0s20 ; V,1 =307.51m/s
Vi1 = Vi Sinay; Viny = 327.25 Sin 20 Vipy = 119.27m/s

For 50%R turbine, Vo =Vi; V,n = 327.25m/s

Vg =V,pcos By —U ;  Vyy = 327.25 cos 20 — 235.61; V2 = 71.90m/s
E. _ (Vu1+Vu2)U; E _ (30751 +71.90)235.61'_ _E — 89393.82 J/kg ;
m dc m 1 m

sz = le, sz = 11927771/5, VZZ = Vlfz + VT%I.Z
V2 =71.90% + 119.27%;, V2 = 19394.94

E
o wm 8939382 —0.902
Np E vi Np 89393 82 4122050 My .
m ZgC 2+1
For best theoretical speed 7, = <2591
or best theoretical speed 717, = Ttcosta,
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2c0s%20

M1 = Troozye M1 = 0.937

Percentage increase in efficiency % * 100
b

93.7-90.2
90.2

optimum speed ratio for maximum ef ficiency @ = cosa;

x100; 3.88%

Y= cosay; L= cos20; =094 —2— =094, U=307.51m/s
1 Vi Vi 327.25
v =2 307.51 = "% N = 3915.33rpm

60

21. In a reaction turbine , the inlet and outlet blade angles are 50° and 20° respectively. Steam
enters at 18° to the plane wheel and leaves at 40° . The rotor speed is 260m/s. Calculate the

speed ratio , specific work and degree of reaction (5c. 08, Dec15/Jan16)

Reaction turbine
the inlet and outlet blade angles are 50° and 20° respectively ie 5; = 50°; 5, = 20°

Steam enters at 18° to the plane wheel and leaves at 40° ie @y = 18°; a, = 40°
The rotor speed is 260m/s ie U = 260m/s

Scale 1cm =50m/s

10
vr
4
F V2 V1 2
& 5 o K §
= S A -
1
U
52
3>
;/ 1133 -
1.
Draw line U

2. DrawV; lineatanangleata; = 18°
3. Draw V,, line at an angle #; = 50° ; V;line and V,; line intersect each other ie end of V;

and V.4
Draw V., line at an angle 5; = 20°
5. Draw V, line at an angle at &y = 40°; V. line and V, line intersect each other ie is the

end of I, and V.,

Speed ratio
Measure Vjie 7.517cmie V; = 7.517 * 50 V; = 375.85m/s

260 Speed ratio= 0.69
375.85

Speed ratio = Vzie Speed ratio =
1

Specific work output
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22.

23.

24,

25.

26.

27.

Measure AV, = 11.133cm; AV, =11.133 %50 AV, = 555.65m/s

E _ AV,U, E _ 555.65+260 E _ 144729]
m oge ! m 1 m kg

Degree of Reaction

Measure V, ie 5.2cmcmielV; = 5.2 %50 V, =260m/s
£ (vi-v3) (vi_v2) < 457 pe0?
—_m 29c . _ _\"i=va), _ _ 375.85“-260 _
R = —% ; R=1 —%2515 ; R=1-—p—oo R= 0.254

At a stage in reaction turbine the mean blade ring diameter is 1m and the turbine runs at a
speed of 50rev/s. The blades are designed for 50% reaction with exit angles 60° and inlet
angles 40° with respect to the axial direction. The turbine is supplied with steam at the rate
of 60000 kg/hr and the stage efficiency is 85%. Determine a) the power output of the stage,
(b) the ideal specific enthalpy drop in the stage in kl/kg and c) the percentage increase in
relative velocity

One stage of an impulse turbine consists of a nozzle and one ring of moving blades. The
nozzle is inclined a 22° to the tangential speed of blades and the blade tip angles are
equiangular and equal to 35° (a) Find the blade speed, diagram efficiency by neglecting
losses, if the velocity of steam at the exit of the nozzle is 660m/s (b) If the relative velocity of
steam is reduced by 15% in passing through the blade ring. Find the blade speed, diagram
efficiency and end thrust on the shaft when the blade ring develops 1745kW

A 50% reaction steam turbine, running at 7445rpm develops 5MW and has a steam mass
flow rate of 6.5kg/kWhr. At a particular stage in the expansion the absolute pressure is
85kPa at a steam dryness fraction of 0.94. If the exit angle of the blade is 70° measured from
the axial flow direction, and the outlet relative velocity of the steam is 1.3 times the mean
blade speed, find the blade height if the ratio of rotor hub diameter to blade height is 14

In a reaction turbine, the blade tips are inclined at 35° and 20° in the direction of rotor. The

stator blades are the same shape as the moving blades, but reversed in direction. At a
certain place in the turbine, the drum is 1m diameter and the blades are 10cm high. At this
place, the steam has pressure of 1.75 bar and dryness is 0.935. If the speed of the turbine is
250rpm and the steam passes through the blades without shock find the mass of steam flow
and power developed in the ring of moving blades

Consider a 2 stage velocity compounded axial flow impulse steam turbine. The absolute
velocity of steam entering the first row of moving blades=450m/s. The steam leaves the last
row of moving blades axially. The blade angles at inlet and outlet of both the rotors are the
same and equal to 30° . Sketch the velocity triangle at inlet and outlet of each stage
separately. Find the blade speed

The velocity of steam at the exit of a nozzle is 440m/s which is compounded in an impulse
turbine by passing successively through moving, fixed, and finally through a second ring of
moving blades, The tip angles of moving blades through out the turbine are 30°.Assume loss
of 10% in velocity due to friction when the steam passes over a blade ring. Find the velocity
of moving blades in order to have a final discharge of steam as axial. Also determine the
diagram efficiency
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28. Given data for a two-wheel velocity compounded Curtis steam turbine stage are as follows:
mean rotor speed=450m/s. Rotor exit angles are 22° and 33° respectively for the 2 rotors,
stator blade exit angle=20°. Blade velocity coefficient for each blade (stator and rotors) =
0.95. Assume axial discharge (assume rotors are to be equiangular). Draw velocity triangles
to a scale. Find nozzle angle at inlet and the rotor efficiency

29. The following details refers to a Curtis turbine: i) both rotors are equiangular (ii)
rotor blade angles are 29° in first rotor and 32° in second rotor (iii) absolute velocity
of steam entering the first row of blades is 530m/s iv) blade coefficients are 0.9 in
first rotor, 0.91 in stator and 0.93 in second rotor v) the absolute velocity is axial
from the second rotor. Find graphically or otherwise a) mean blade speed b) power
output for a flow rate of 3.2kg/s

Dr Abdul Sharief, PACE , Mangalore Page 44



HYDRAULIC TURBINES

1. Classify Hydraulic turbines with example (6a, 05, Dec13/Jan14)
With mathematical expression , define the following i) Hydraulic efficiency ii)
Mechanical efficiency iii) overall efficiency iv) Volumetric efficiency (8a,08Dec18/
Jan19,15 scheme) (6a, 08, Dec12)

3. Obtain an expression for the workdone per second by water on the runner a pelton
wheel and hydraulic efficiency (6a, 10,June/July14)

4. Show that for maximum efficiency of pelton wheel the bucket velocity is equal to

half of the jet velocity U = % (7a,08Dec18/Jan19,15 scheme)(7a, 08, June/

July18,15 scheme)

5. Show that for a Pelton turbine the maximum hydraulic efficiency is given by

Nmax = chﬂ where Cyis the blade velocity coefficient and [3,is the blade

discharge angle (6a, 08, June/July 16) (6a, 08, Dec15/Jan 16) Draw the inlet and exit
velocity triangles for a pelton wheel turbine (5a, 10, Dec13/Jan 14) (6b,
08,Dec17/Jan18)

6. Derive an expression for maximum hydraulic efficiency of a Pelton wheel in terms of
runner tip angle and bucket velocity coefficient (6a, 10,June/July18)

7. Draw an neat sketch of a Francis turbine and draw velocity triangles at inlet and
outlet (6¢, 05, Dec13/Jan14)

8. Define the draft tubes with neat sketch. Explain different type of draft tubes (6a,
05,June/luly 17) (6b, 05,June/July 17)

9. Explain the function of draft tubes and mention its types (6b, 04, June/July 16) (6b,
04, Dec15/Jan 16) (6a, 05,Dec17/Jan18)

10. Write short note on draft tubes in a reaction hydraulic turbine (6a, 04,Dec14/Jan15)

11. Show that pressure at the exit of the reaction turbine with draft tube is less than
atmospheric pressure (8a,08,June/July18, 15 scheme)

12. With a meat sketch , explain the working of Kaplan turbine , Mention the functions
of draft tube (6a, 10, Dec16/Jan17)

13. Draw the cross sectional view of a Kaplan turbine and explains its working . Also
sketch the velocity triangles at inlet and outlet (6a, 10, Dec18/Jan19)

14. Define mechanical efficiency and overall efficiency of turbines

Dr Abdul Sharief, PACE Page 1



Hydraulic turbine is a turbomachine which converts Hydraulic energy into mechanical
energy by dynamic action of water flowing from a high level . Hydrualic energy is in the fom
of potential and kinetic

Classifiacation

1. Based on the type of hydraulic enrgy at the inlet of turbine:

i) Impulse turbine in which inlet energy is in kinetic form ex: Pelton wheel ,
Turgo wheel
ii) Reaction turbine in which inlet energy is in the form of kinetic and pressure

Ex : Francis, Propeller, Kaplan, tubular Bulb
2. Based on the direction of flow of water through the runner
i) Tangential flow in which water flows in a direction to path of the rotation
example : Pelton wheel
i) Radial flow —a) radial inward b) radial outward
In radial inward water flows along radius of runner from outer diameter to
inner diameter ex Francis
In radial outward flow turbine water flows from inner diameter to outer
diameter ex: Forneyron
iii) Axial flow: water flows parallel to the axis of the turbine Ex Kaplan turbine
iv) Mixed flow : water enters radially at outer periphery and leaves axially
example : modern Francis turbine
3. Based on the pressure head under which turbine work
i) High Head Impulse turbine example: Pelton wheel
i) Medium Head reaction turbine Ex : Frnacis
iii) Low Head reaction turbine Ex: Kaplan, Propeller
4. Based on the specific speed of the turbine
i) Low specific speed, Impulse turbine Ex Pelton wheel
i) Medium specific reaction turbine Ex Francis turbine
iii) High specific speed reaction turbine Ex Kaplan and propeller turbine

Efficiencies in Hydraulic turbine

1. Hydraulic Efficiency is defined as the ratio of Power developed by the runner to
water power available at the inlet of turbine

PR
N = Pw'

E . . . . .
Np = won where FE is calculated from Eulers turbine equation and Q is the discharge

inm3/s, His the net pressure head available at the inlet of turbine
In Pelton wheel at the inlet of turbine water power is in the form of Kinetic energy

Hence, n, = where m is the mass flow rate of water flowing through the

1. .2
Em V1

runner V; is the velocity of water enters the turbine
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2. Mechanical Efficiency: is the ratio of Power developed at the shaft of turbine to the
power developed at the runner
Ps Ps
Nmech = ar' Nmech = =
3. Overall efficiency : is the ratio of power developed at the shaft to the water power

available at the inlet of turbine

_ Fs. _ PR Ps, _
No _P_’ No __*P_' No = Nn * NMmech
w R

Py
4. Volumetric Efficiency: is the ratio of actual volume of water used in the energy
transfer to the volume of water supplied to the turbine

)= a

" Qun
If the volumetric efficiency is given in the problem, then actual hydraulic efficiency is
Nha = Mn * Ny

Pressure Heads:

Gross Head,Hg : Pressure head of water available at the Dam

Friction HeadHy : Pressure head of water lost due to friction in the penstock which supplies

the water from Dam to turbine
Net Head H: Pressure Head available at the inlet of turbine H = Hg — Hf
Pelton wheel

The water from the reservoir at higher position flows down through penstocks end of which
is fitted with nozzle. In a nozzle potential energy is converted into kinetic energy. The high
velocity from the exit of nozzle strikes the buckets fitted at the periphery of the rotor at
centre. Water while passing through the buckets there is change in velocity and direction
which results in change in momentum. The tangential force induced due to change in
tangential component of fluid in buckets sets the rotor in rotary motion. Thus kinetic energy
of fluid converted into work.
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Casing

o

Runner
Penstock

/

Bucket

Hand Wheel 7

Spear Tail Race

Water Jet ]
©2018mechanicalbooster.com

Main Parts of Impulse Turbine

The tangential force =mass flow rate * change in velocity of fluid in tangential direction

Fu= ™ (Ve = Vi)s R = (Vs 4 722)
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Torque T =2 (Vi + Vo) * R; T =2 (ViR + ViaR)
Power: E = gﬂ(m + (IE)U
Axial thrust: F, = gﬂ'(vf1 — V)N

Important design parameters for Pelton wheel

» Jet velocity emerging from nozzle V; = Cy,+/2gH; where Cy is coefficient of velocity
ie 0.96 t0 0.98, H is the net head available ie H; — Hy , where H is the gross head
available at the Dam, Hy is the friction loss in penstocks

> Speed ratio ¢ = J% ie 0.43 to 0.46

» Jetratiom: S where D is the runner diameter , d is the jet diameter ie 14 to 16
> NoofBucketsZ =2 je Z ==
2 2d

Hydraulic Efficiency ( Theoritical)

Blade efficiency or Diagram efficiency or Utilization factor is given by is difined as the ratio
of power developed by the runner to the water power available in the turbine

Power developed by the runner

= water power

_ mAV, U, _ pQAV, U AV U
Np = ) Np =————— Np = ——
wQH pgQH gH

Water power =wQH where w is specific weight of the fluid (Since here fluid is water w is
9810 N/m3, Q is the rate of flow of water in m3/s and H is the net head available at the inlet
of turbine

Above equation is holds good for all the hydraulic turbine

. £
For Impulse turbine (Pelton wheel) water power also equal to m71

_ (Rt 2)) v m(a T U _2av,u
Ny = mvZ Ny = mvZ ; Ny = V2
2 2

Above equation is holds good only for impulse turbine

II) Volumetric Efficiency: It is the ratio of quantity of water actually striking the runner to
the quantity of water supplied to the runner
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-A . o .
Ny = QQ—“ = 2 2 ¢ where AQ is the amount of water that slips directly to the tail race
th

without striking or it is known as leakage or loss

Actual Hydraulic efficiency is the product of theoretical hydraulic efficiency and Volumetric
efficiency

Nh=MNpMy

iii) Mechanical Efficiency: is the ratio of shaft power output by the turbine to the power developed
by the runner

Shaft Power out put

fhm. = Power developed by the runnerwater power
Py
NMm =72y 17
pQAV, U

iv) Overall efficiency: is defined as ratio of shaft output power by the turbine to the water power
available at inlet of the turbine

__ Shaft Power out put, _ P
- water power ' No = ©QH

Mo

No = Mhact * M Mo = MNntheorticalXNv XNm

Generator Efficiency : is the ratio of Generator output to Power at the shaft

o

Y
No =p
N

It converts large portion of velocity energy rejected from the runner into useful pressure
energy
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Work done by the Pelton wheel

5=§ﬁﬁ:+ﬁ;ﬁn

m

m =Vi; V., =V, —U; Blade friction coefficient K = %
rl

Vo = KV3y; Vip =KV, —U)

From outlet velocity triangle; m = V,,cosB, — U; m =KW; —U)cosB, — U
m = pQ;

E 1 «
— = E(V1 + (K(Vy — U)cosB, — U))U

E_ gi[V1 — U+ KV, — U)cosB,]U; % = gi (V;y = U)(1 + Kcosp,)U
p%:gl(vl—U)(1+Kcosﬁz)U; E =gi (V7 —U)(A + KcosB,)U
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Blade efficiency/Hydraulic efficiency

% g—lc (V1 =U)(1+KcosBz)U
‘r]b = E’ r’b = V_% '
29¢ 29c
Ny = (V1—U)(1:2KC‘)5[32)U; p = @*VE*(]_ + Kcosp,)
Vi 1 1
2
. U
Speed ratio @ = —
Vi

Ny = 2(1 — ®)P(1 + KcospB,)

For Maximum efficiency

any _ q. d(2(1-P)D(1+KcosBz)) _ . d(1-o)d)
2o = 0 o =0; 2(1+ Kcospy) ——— =
a@-®)e _ d(e-92) B s _ 1

d‘b - 0' dd) - 0 7 1 ZCI) —_— O‘ q) = 2,

v, 2 2

Hence blade speed = 50% of jet velocity for maximum efficiency

0

Max Efficiency Npmax = 2 (1 - %) % (14 KcosB2); MNpmax = 2 * % * % (1+ Kcospy)

__ (1+KcospB3)
Nbmax = 2
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FRANCIS TURBINE
Main Components of Francis Turbine

Water from Penstock

Guide Vanes ‘

Spiral Casing

Runner Blades Runner

©2018mechaniclbooster.com

Reaction Turbine

STAY VANES

The major components of Francis turbine are

1. Spiral Casing
Spiral casing is the inlet medium of water to the turbine. The water flowing from the
reservoir or dam is made to pass through this pipe with high pressure.

To maintain the same pressure the diameter of the casing is gradually reduced, so as to

maintain the pressure uniform, thus uniform momentum or velocity striking the runner
blades.
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2. Stay Vanes

Stay vanes and guide vanes guides the water to the runner blades. Stay vanes remain
stationary at their position and reduces the swirling of water due to radial flow, as it enters
the runner blades. Thus making turbine more efficient.

3. Guide Vanes

Guide vanes change their angle as per the requirement to control the angle of striking of
water to turbine blades to increase the efficiency. They also regulate the flow rate of water
into the runner blades thus controlling the power output of a turbine according to the load
on the turbine.

4. Runner Blades

The performance and efficiency of the turbine is dependent on the design of the runner
blades. In a Francis turbine, runner blades are divided into 2 parts. The lower half is made in
the shape of small bucket so that it uses the impulse action of water to rotate the turbine.

The upper part of the blades use the reaction force of water flowing through it. These two
forces together makes the runner to rotate.

5. Draft Tube

The pressure at the exit of the runner of Reaction Turbine is generally less than atmospheric
pressure. The water at exit cannot be directly discharged to the tail race. A tube or pipe of
gradually increasing area is used for discharging water from the exit of turbine to the tail
race.

This tube of increasing area is called Draft Tube. One end of the tube is connected to the
outlet of runner while the other end is sub-merged below the level of water in the tail-race.

Working Principle

Francis Turbines are generally installed with their axis vertical. Water with high head
(pressure) enters the turbine through the spiral casing surrounding the guide vanes. The
water looses a part of its pressure in the volute (spiral casing) to maintain its speed. Then
water passes through guide vanes where it is directed to strike the blades on the runner at
optimum angles. As the water flows through the runner its pressure and angular
momentum reduces. This reduction imparts reaction on the runner and power is transferred
to the turbine shaft.

If the turbine is operating at the design conditions the water leaves the runner in axial
direction. Water exits the turbine through the draft tube, which acts as a diffuser and
reduces the exit velocity of the flow to recover maximum energy from the flowing water

In Francis turbine the pressure and velocity of the fluid decreases as it flows through the
moving blades. Hence it converts both the kinetic energy and pressure energy is converted
into work

Dr Abdul Sharief, PACE Page 10


http://www.brighthub.com/guides/energy.aspx

The water coming out of runner blades would lack both the kinetic energy and pressure
energy, so we use the draft tube to recover the pressure as it advances towards tail race,
but still we cannot recover the pressure to that extent that we can stop air to enter into the
runner housing thus causing cavitation.

Velocity triangle

V2
Vi2

vV V1

VF1

Bl al
Ut

Vu1

Applications of Francis Turbine

Francis turbine is the most widely used turbine in hydro-power plants to generate
electricity.

Mixed flow turbine is also used in irrigation water pumping sets to pump water from ground
for irrigation.

It is efficient over a wide range of water head and flow rate.

It is most efficient hydro-turbine we have till date.
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Analysis of Francis Turbine:

—

5 =V,U, asV,,=0 where m =pQ

Q=(1—%of Blockage) mD1B1Vrn = (1—%of Blockage) mD2B2Vr

Inlet Velocity Triangle

v VEl
Vrl
al B1
Ul
\Vul
If Uy>Vy,
V1 Vrl
VTl
ol (1
Vul
Ul
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Outlet Velocity Triangle

Vr2
V2

a2 B2
u2

Vu2=0

Hydraulic Efficiency:

Blade efficiency or Diagram efficiency or Utilization factor is given by is difined as the ratio
of power developed by the runner to the water power available in the turbine

Power developed by the runner

M = water power
(ViU Tia0;) pOTuv) o .
Nh(th) = 1w;H“ ; nh(th)ngTlHl Vie=0;,m=pQ;,w=pg
VU
Nhin) = gH

Il) Volumetric Efficiency: It is the ratio of quantity of water actually striking the runner to
the quantity of water supplied to the runner
Qa _ Q-0

M = Qth Q
without striking or it is known as leakage or loss

where AQ is the amount of water that slips directly to the tail race

Actual Hydraulic efficiency is the product of theoretical hydraulic efficiency and Volumetric
efficiency

Nh=NpMy

iii) Mechanical Efficiency: is the ratio of shaft power output by the turbine to the power developed
by the runner

Shaft Power out put

fhm. = Power developed by the runnerwater power
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P

= eV, U

iv) Overall efficiency: is defined as ratio of shaft output power by the turbine to the water power
available at inlet of the turbine

__ Shaft Power out put, _ Ps
o~ water power ' Mo = wQH
No = Nhact * " Mo = TMNntheorticalXNv XMm

Generator Efficiency : is the ratio of Generator output to Power at the shaft

o

Y
No =5

N

Working Proportions of Frnancis turbine

U

V2gH

Speed ratio: ¢ =

Flow ratio =\/%

Area of flow=(1-Blockage fraction) tD1B1

Generally Radial flow velocity is constant Vi;= Vi, and V,, is greater than V.,
Overall efficiency and Mechanical efficiency is same as Pelton wheel
Important points

U1#U; (U4is not equal to U, ie U;=rD; N /60 and U,=nD,N /60

ais 90° and V,=0

Area of flow=(1-Blockage fraction) DB,

Kaplan Turbine

Schematic Diagram of Kaplan Turbine and working principle:

Scroll casing: The water from the penstock enters the scroll casing. The main function of
spiral casing is to provide an uniform distribution of water around the runner and hence to
provide constant flow velocity

Guide vanes: Water from the Scroll casing into guide vanes. Main function is i) to regulate
the quantity of water entering the runner and ii) to direct the water on to the runner

Runner: This houses the moving vanes or runner blades usually 4 to 6. From the guide vane
directed to the moving vanes. As the water flows through the moving vanes both pressure
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and velocity decreases. Here both pressure energy and kinetic energy converted into power
which is is responsible for the rotation of the shaft.

Draft Tube: The water from the runner flows to the tail race through the draft tube. The
shape of draft tube is in diverging in nature.

The main function of draft tube is i) It permits a negative or suction head established at the
runner exit

It converts large portion of velocity energy rejected from the runner into useful pressure
energy

Working Principle

Velocity triangle

V2
V{2

V u2 =0

Vi Vo1
VF1

Vul
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The water from the pen-stock enters into the scroll casing. The water moves into the scroll
casing and the guide vanes directs the water from the casing to the blades of the runner.
The vanes are adjustable and can adjust itself according to the requirement of flow rate. As
the water moves over the blades it starts rotating due to reaction force of the water. The
blades in the Kaplan turbine is also adjustable. From the runner blades, the water enters
into the draft tube where its pressure energy and kinetic energy decreases. Actually here
the K.E. is gets converted into pressure energy results in increased pressure of the water.
Finally the water discharged to the trail race. The rotation of the turbine is used to rotate
the shaft of generator for electricity production and for some other mechanical work.

Advantages

It can work more efficiently at low water head and high flow rates as compared with
other types of turbines.

It is smaller in size.

It is easy to construct and space requirement is less.

The Efficiency of Kaplan turbine is very high as compares with other hydraulic turbine.
Disadvantages

Cavitation is the major problem in this turbine. Use of draft tube and proper material
generally stainless steel for the runner blades may reduce the cavitation problem to a
greater extent.

Application
This turbine is used in power generation (mostly electricity) where water is available at low
head and at higher flow rates.

This is the all about Kaplan Turbine. If you find anything missing or incorrect than lets us
notify through your valuable comments. And if this article has enhanced some knowledge in
you than don’t forget to like and share it on Facebook , Google+, Twitter and on other social
medial networks.

It is an axial flow reaction turbine Here U;=U,=U
U is based on Outer rim Diameter ie D, U=D,N /60

Q - n(Dg_D’?L)Vf]_

4
Speed ratio: ¢ =
peed ratio: erT]
. _Vn
Flow ratio = Toon
V= Vp
Draft tubes
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In power turbines like reaction turbines, Kaplan turbines, or Francis turbines, a diffuser tube
is installed at the exit of the turbine, known as draft tube.ll!

This draft tube at the end of the turbine increases the pressure of the exiting fluid at the
expense of its velocity. This means that the turbine can reduce pressure to a higher extent
without fear of back flow from the tail race.

By placing a draft tube (also called a diffuser tube or pipe) at the exit of the turbine, the
turbine pressure head is increased by decreasing the exit velocity, and both the overall
efficiency and the output of the turbine can be improved. The draft tube works by
converting some of the kinetic energy at the exit of the turbine runner into the useful
pressure energy

Types of Draft tubes

— _g_\u;
[ &\ 2
' ' Wh=2t035d

\ Y |\ LN )
- v

i
| \ TN
[MAN NS, TS
) ' ; .. ( \ § B _‘;[,J
/ . ) o= R, Rl . | 1
/ | \, \\__\ 3B 2 v
I -

(b) Simple elbow type (c) Elbow type with
varying cross-section

[

N

(a) Straight type

1. Conical diffuser or straight divergent tube-This type of draft tube consists of a conical
diffuser with half angle generally less than equal to 10° to prevent flow separation. It is
usually employed for low specific speed,vertical shaft francis turbine. Efficiency of this type
of draft tube is 90%

2. Simple elbow type draft Tube-It consists of an extended elbow type tube. Generally, used
when turbine has to be placed close to the tail-race. It helps to cut down the cost of
excavation and the exit diameter should be as large as possible to recover kinetic energy at
the outlet of runner. Efficiency of this kind of draft tube is less almost 60%

3. Elbow with varying cross section-It is similar to the Bent Draft tube except the bent part
is of varying cross section with rectangular outlet.the horizontal portion of draft tube is
generally inclined upwards to prevent entry of air from the exit end
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Draft tube analysis

WATER FRPM TURBINE

P2 + @ +7Z, = Ps + E + Z3 + hydraulic losses in Draft tube h;,
w 29 w 29

Actual regain of pressure Head
Velocity head at entrance to draft tube

Draft tube efficiency ngy=

Important Note:

If Draft tube is fitted at the exit of Francis and Kaplan turbine

Then theoretical Efficiency is
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nh(theoritical) = H
Numerical Problems :

Pelton wheel

1. A pelton wheel turbine is required to develop 10MW of power when working under a head
of 200m. The runner is having a speed of 650rpm. Assuming overall efficiency of 88%.
Determine i) quantity of water required ii) Diameter of the wheel. Take C,=0.98 and value of
$=0.48

2. A pelton wheel produces 15500 kW under a head of 350m at 500rpm. If overall efficiency
of the wheel is 84% Find: i) Required number of jets and diameter of each jet ii) number of
buckets iii) Tangential force exerted

3. Ina power station single jet Pelton wheel produces 23110kW under a head of 1770m while
running at 750rpm. Estimate i) jet diameter ii) Mean diameter of the runner iii) Number of
buckets Assume C, = 0.97; ¢ = 0.46; n, = 0.85 (6b, 06,June/July18)

P, = 23110kW; H = 1770m; N = 750rpm; i) d =?ii) D =?iii)n =?

i) Diameter of jet

Overall efficiency is not given Hence Assume overall efficiency = 88%

o = oo 0.85 = % 0 = 1.566m3/s
v, = C, J2gH; V, = 0.97vZ 981 % 1770 V, = 180.76m/s
Q0r =n"w; 1.566 = 1+ °% « 180.76; d = 0.105m

ii) Mean diameter of runner

Assume ¢ = 0.46

U U

¢ =T 0.46 = ———— U = 85.72m/s
U = 2N, 85.72 = ZD*750 D =218m
60 60
iii) Number of buckets
m m D
Z=2+15; Z=2+15; Z=2+15;
2.18
7= 415 7 =2538 : 7 =126
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4. Ina power station single jet Pelton wheel produces 23110kW under a head of 1770m while
running at 750rpm. Estimate i) jet diameter ii) Mean diameter of the runner iii) Number of
buckets Assume the necessary data suitably. (6b, 06,Dec14/Jan15)

P, = 23110kW; H = 1770m; N = 750rpm; i) d =? ii) D =?iii) n =?iv)Diameter of jet=?
Overall efficiency is not given Hence Assume overall efficiency = 88%
P 23110%10°

088 = — 2% . . =1512m3/s

Mo = Sorw’ 9810%Qr*1770 ’
Assume C,=1 as it has not been given in the data

V, = C, /2gH; V, =2 *9.81 %1770 V, = 186.35m/s
2 2
Qr =n"-Vy; 1512 = 1+ 7+ 186.35; d = 0.1016m
iv) Mean diameter of runner

Assume ¢ = 0.46

U U

(l) = \/29—H; 0.46 = W U= 8572m/s
U =N, 85.72 = ZD750 D =218m
60 60
V) Number of buckets
m m D
Z=2+15; Z=2+15; Z =2 +15;
=218 15, 7 =2572 7 =26
2%0.1016

5. A pelton wheel is required to develop 12000kW with a head of 400m. The wheel speed is
720rpm. Assuming ¢=0.45, C,=0.98,n,=86% and approximate jet ratio =8, Design the
machine and specify a) bucket circle diameter b) number of buckets and 3) Number of jet

6. A pelton wheel produces 15500kW under a head of 350m at 500rpm. IF the overall
efficiency of the wheel is 84% . Find i) Required number of jets and diameter of each jet ii)
Number of buckets iii) Tangential force exerted Assume : jet ratio = 9.5;Q = 160°; ¢ =
0.46 (6b,10, Dec18/Jan19)

P, = 15500kW; H = 350m; N = 500rpm; 1, = 0.84; i) n=?;d =?ii) Z =?iii) F, =?

jetratiom = 9.5 ie g = 9.5; Q = 160° ie The angle of deflection of the jet is 160°;

¢ =0.46
i) Required number of jets and diameter of each jet
B, = 180 — Defelction angle; B, =180—160 B, = 20°

Assume C, =1

V, = C,J2gH; V, = 1¥2 % 9.81 350 V, = 82.86m/s

Dr Abdul Sharief, PACE Page 20



¢ = et
DN
U= 60 ’

Dia meter of jet

D
o= 9.5;

Dia meter of jet d = 0.154m

P
wQrH’

No =
2

Qr =nx %*Vﬁ

n =4 jets

Number of jetsn = 4

ii) Number of bucket

m
Z—;+15,

iii) Tangential force exerted

m=V1:
Vrl :V1_U;

Since blade coefficient K is not given consideritis 1ie V,, = V,4;

V,ncosB, = 44.74c0s20;

V,ncosB, > U;

U
0.46 = V2%9.81%350
T+ D*x500
38.12 = 0
1.46
T = 95,
15500103
0.85 = 9810%Q7*350 ’
531 = n « 2215% 487 g6
9.5
7 = -+ 15;

—

V1 = 82.86m/s

V,, = 82.86 — 38.12

V,ocosf, = 42.04m/s

U=38.12m/s

D =146m

d = 0.154m

Qr = 5.311m3/s

n = 3.44 jets

Z =19.75 ; Z =20

Ve =44.74m/s

Vyp = 44.74m/s
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Vr2
Vm V2
a2 B2
u
VuZ
U Vri
v1 =Vul

Vi = VypcosBy, — U; V2 = 42.04 — 38.12; V2 =3.92m/s
m = pQ,; m = 1000 = 5.31 5311kg/m3
Fo = m(Vyy + Vi) F, = 5311(82.86 + 3.92) F, = 460.889 * 103N

7. Two jet strike at buckets of a Pelton wheel , which is having shaft power as 14715kW. The
diameter of each jet is given as 150mm. If the net head on the turbine is 500m, find the
overall efficiency , take C,, = 1.0 and speed ratio = 0.46. If the blade angle at outlet is 15°
and reduction in relative velocity over the bucket is 5% , find the hydraulic efficiency (6b,
10,Dec 13/14)

n=2; P,=14715kW; d=150mm;d = 0.15m; H =500m; n, =? C, = 1.0
speed ratio = 0.46 ie ¢ = 0.46; [, = 159;

reduction in relative velocity over the bucketis 5% ie K = 1 — 0.05 ie % = 0.95; n, =?
Tl

i) overall efficiency

vV, =C,+/29H; Vi =1v2%9.81 % 500 Vi =99.04m/s
2 " 2
Qr=n"rV Qr = 2+ T52%99,04; Qr = 3.5m3/s
P __ 14715%10% _

No = wQrH’ 0 7 9810%3.5%500 mo = 0.8256

i) Hydraulic Efficiency

=; 046 = ——n U = 45.56

¢ = J2gH'’ " T \2%9.81%500 = 45.56m/s

Dr Abdul Sharief, PACE Page 22



Vs = Vi3 Vo1 = 99.04m/s

Vo=V, = U; V1 = 99.04 — 45.56 V1 = 53.48m/s
Vi2 Vi2

-2 = (0.95; —-=0.95 V., = 50.81m/s

Vi1 53.48

V,ocosB, = 50.81cos15; V,ocosB, = 49.07m/s

VyocosB, > U;

v1 =Vul
Vi = Viycosfy, — U; V.p = 49.07 — 45.56; Vuz = 3.51m/s
n, = (Vs + Vuz)U; Ny = (99.04+ 3.51)45.56 1, = 0.9526

1 2 1
Vi 7+99.042

8. Athree jet Pelton wheel is required to generate 10000kW under a head of 400m. The blade
angle at outlet is 15° and reduction in relative velocity over the buckets is 5%. If overall
efficiency is 80%, C,=0.98 and speed ratio =0.46 Find i) Diameter of jet ii) Total flow in m?/s
iii) Force exerted by a jet on the buckets

9. The penstock supplies water from a reservoir to the Pelton wheel with a gross head of 500m.
One third is lost in friction in the penstock. The rate of flow of water through the nozzle
fitted at the end of penstock is 2m®/s. The angle of deflection of the jet is 165°. Determine
the power given by the water to the runner and also hydraulic efficiency of the Pelton
wheel. Take speed ratio 0.45 and C, =1.0 (6b, 10, Dec16/Jan17)
gross head of 500m. le Hy = 500m;

One third is lost in friction in the penstock ie Hf = ;Hg ie Hf = %* 500; Hf = 166.66m

Q =2m3/s; The angle of deflection of the jet is 165°
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speed ratio 0.45 ie¢ =0.45; and(C, =1.0

Power given by the water to the runner

Net Head available ie H = Hy—Hf ; H= 500 —-166.67 H = 333.33m

B, = 180 — Defelction angle; B, =180—165 p, =15°

V, = C, /2gH;

V; = 1/2 % 9.81 * 333.33

U U
¢ = J2gH’ 0.45 = \2+9.81%333.33
Vir = Vi; V1 = 80.87m/s

V=V, —U; V,, = 80.87 — 36.39

Since blade coefficient K is not given consideritis 1ie V,, = V,4;

V,ncosf, = 44.48co0s15;

VyncosB, > U;

Vipcosf, = 42.96m/s

V; =80.87m/s

U=36.39m/s

V1 =44.48m/s

Voo = 44.48m/s

v1 =Vul

—

Viz = Vypcosf, — U; V., = 42.96 — 36.39;

E _ (Mu+V)U, _ iV +Via)U,

. Vi E —I

m dc dc
1000%2%(80.87+6.57)%*36.39

E = ( . 13639, p _ 6363 105W

E = 1000*2*(80.87+6.57)36.39.

1 7’

—

V2 = 6.57m/s

g = P or(Vu+Via)u
9e
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i) Hydraulic efficiency of the Pelton wheel

_ (Vua+ Vi)U, _ (80.87+6.57)36.39

v Mo = Tg0872 np = 0.973
2 2

Np

10. A double jet pelton wheel develops 1200MHP with an overall efficiency of 82% and head is
60m. The speed ratio =12 and nozzle coefficient =0.97. Find the diameter of jet, wheel
diameter, and wheel speed in rpm

11. A double over hung pelton wheel unit is to produce 30000kW at the generator under an
effective head of 300m at base of the nozzle. Find the size of the jet, mean diameter of the
runner, speed and specific speed of each pelton turbine. Assume generator efficiency
= 93%, Pelton wheel efficiency = 85%), speed ratio = 0.46, jet velocity coefficient = 0.97,
and jet ratio 12 (6b, 8,June/July18 15 scheme)

Double over hung wheel
P, =30000kW; H =300m; d =?; D =?; N =? Ny =714 = 93%; 1o = 85%; ¢ = 0.46;
C,=097;m=2=12

- =
i) Size of jet

PS. — PS . —
ng = X 0.93 = 30000 P, = 27900kW

Since there are two pelton wheel connected
27900

Power at the shaft of each Pelton wheel = Ps_oacn = 13950kW

Ps_ 13950%103
Mo = :)Qe:;]h; 0.85= 9810*QT-eacn*300 QT—eaCh - 558m3/s
Vi =0C,+/29H; Vi =0.97v2 % 9.81 x 300 Vi, =7442m/s

2 w2
Qr—each =NV 5.58 = 1+ *74.42; d = 0.309m
ii) Mean Diameter
U U

¢ = \/Zg—H,' 0.46 = m U= 3529m/s
m=2=12 2_—12 D = 3.708m

d 0.309
v =" 35.29 = 2% N = 181.76rpm
iii)  Specific speed

NP 181.76v13950
Ns = m,‘ NS = 300—5/4 NS =17.19

12. A pelton wheel is designed to develop 12000kW of power at an overall efficiency of 86%.
The speed is 0.46 times the jet velocity. Assuming a nozzle coefficient of 0.975 and an
approximate jet ratio of 10, calculate the wheel diameter, number of jets diameter of each
jet and number of buckets

Dr Abdul Sharief, PACE Page 25



13. In a power station . a pelton wheel produces 15000kW under a head of 350m while running

at 500rpm. Assume a turbine efficiency of 0.84, coefficient of velocity for nozzle as 0.98,

speed ratio 0.46 and bucket velocity coefficient 0.86, Calculate i) number of jet ii) Diameter
of each jet iii) Tangential force on the buckets if the bucket deflect the jet through 165°

(7b, 8,Dec18/Jan19, 15 scheme)
P, = 15000kW; H = 350m; N = 500rpm; n, = 0.84; C, = 0.98; ¢ = 0.46; K = 0.86;

i) n =?ii) d =?iii) F; =? bucket deflect the jet through 165° ie 8, = 180 — 165; 5, = 15°

i) number of jet

_ P __ 15000%10° _ 3
Mo = oo’ 0.84 = 9810+Q7+350 Qr = 5.20m*/s
V, = C, J2gH; V, = 0.98v2 * 9.81 * 350 Vv, = 81.21m/s

U U
¢ = \/Zg—H' 0.46 = m U= 3812m/s
v="2 38.12 = T2 D = 1.46m
Assuming jet ratio 12 (not given)
m=2=12; =2=12 d =0.1213m
2 . 2

Qr=n""V 5.20 =+ 2248121 ; n=>554 say6

Diameter of each jetied = 0.1213m

iii) Tangential force on the buckets if the bucket deflect the jet through 165°

Vi = Vi3 V. =8121m/s

V=V — U V,, = 81.21 —38.12 V,, = 43.09m/s
K =0.86; Z—j = 0.86 22— (.86 V., = 37.06m/s

Viocosf, = 37.06 cos15; Vipcosf; = 35.79m/s

Viocosf, < U;

Dr Abdul Sharief, PACE

Page 26



V2
Vr2

Vm
o2 >

VuZ U

VrZ L os B2

U Vi

Via =

—_ —_—

U — V,,cosBy; Vi = 38.12 — 35.79; Via = 2.33m/s

M= pQ,; 1 = 1000 * 5.20 1 = 5200kg /m®

Fo=m(Vyy — Vi) ; F, = 5200(81.21 — 2.33) F, = 410.176 * 103N

14. A double jet Pelton wheel is supplied with water through a pipeline 1600m long from

15.

16.

17.

reservoir in which the level of the water is 350m above that of the Pelton wheel. The turbine
runs at 500rpm and develops an output of 6800kW. If the pipe losses are 10% of the gross
head and friction coefficient f=0.005. Determine i) the diameter of the pipe ii) The cross
section of each jet iii) Mean diameter of the bucket circle. Assume that C; of jet is equal to
0.98, bucket speed is equal to 0.45 times the jet velocity and turbine efficiency is 0.86

The supply to a single jet Pelton wheel is from a reservoir 310m above the nozzle center
through a pipe 67.5cm diameter, 5.6km long. The friction coefficient for pipe is 0.008. The
jet has a diameter of 9cm and its velocity coefficient 0.97, The blade speed ratio is 0.47 and
the buckets deflect the water through 170°. The relative velocity is of water is reduced by
15% in passing over the buckets. Determine the hydraulic and overall efficiency of system if
mechanical efficiency is 88%

A pelton wheel turbine has 2 wheels and 2 jets ( one jet for one wheel ) producing 42.5MW
per wheel under a head of 730m. Estimate the speed of the wheel if runner diameter is 4m.
Draw the inlet and outlet velocity triangles and calculate the hydraulic efficiency. If the
volumetric efficiency is 98%, find the discharge through the nozzle and jet diameter. Take

C,=0.98; = = 0.47; B,=15°
41

A Francis turbine works under a head of 260m and develops 16.2MW at a speed of
600r/min. The volume flow rate through the machine is 7m3/s . If outside wheel diameter is
1.5m and axial wheel width at inlet is 135mm, find overall efficiency , hydraulic efficiency,
and inlet angles of guide blades and rotor angles. Assume a volumetric efficiency of 0.98 and
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velocity at draft tube exit to be 17.7m/s. The whirl velocity component at the wheel exit is
zero

18. The internal and external diameters of an inward flow reaction turbine are 1.2m and 0.6m
respectively. The head on the turbine is 22m and velocity of flow through the runner is
constant and is equal to 2.5m/s. The guide blade angle is 10° and runner vanes are radial at
inlet. If the discharge at outlet is radial. Find i) speed of turbine ii) Vane angle at outlet iii)
Hydraulic efficiency iv) Draw velocity triangles (5b,10, June/July2013)

Dy =12m; D, =0.6m; H=22m ; V;; =V, = 2.5m/s; The guide blade angle is 10° ie
al = 100

runner vanes are radial at inlet ie §; = 90° If the discharge at outlet is radial a, = 90°;i) N =?;
ii) B, =7 iiijny =7

Speed of the turbine

Vi
‘ vm1 =V ri
OLIF Bl =90°
U1
tana, = I;—fi; tanl0 = 5:51 ; m = 14.18m/s;

From Inlet velocity triangle U; = m; U, = 14.18m/s

DN
U, =

* 1.2%N
w0 14.18 = %o

N = 225.65rpm

Vane angle at outlet

VZ2 = Vm2

Uz
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nD,N 7x 0.6%225.65
Up == Up = === U, = 7.09m/s

: . v 2.5
From outlet velocity traingle tanfl, = f; tanf, = P, fp = 19.42°
2 .

Hydraulic efficiency

Vis Us _14.18+14.18

Nh = gH ' Nh = 551222 np = 0.9317

19. The following data is given for a Francis turbine: net head =70m, speed=600rpm, shaft
power=367.5 kW, Overall efficiency =85%, Hydraulic efficiency =95%, flow ratio=0.25, width
ratio =0.1, outer to inner diameter ratio = 2.0, the thickness of vanes occupies 10% of the
circumferential area of the runner, Velocity of flow is constant at inlet and outlet, and
discharge is radial at outlet. Determine 1) Guide blade angle ii) Runner vane angles at inlet
and outlet and iii) Diameter of runner at inlet and outlet and iv) Width of the wheel at inlet

(6c,10,Dec12)

H=70m; N =600rpm; P, =367.5kW ; no=85%; n, =95%,

flow ratio=0.25 ie ¢ = % = 0.25; breadth ratio= 0.1 ie 5—1 =0.1

outer diameter of runner = 2 times inner diameter of runner ,ie D; = 2D,

velocity of flow is constant at inlet and outlet ie Vyy =V,

the thickness of vanes occupies 10% of the circumferential area of the runner € =1-0.1 = 0.9
discharge is radial at outlet a, = 90%; i) a; =?

ii) Runner vane angles at inlet and outlet ie §; =?; f, =?

iii) D; =?; D, =?

Width of the wheel at inlet ie B;=?

Diameter of runner at inlet and outlet

9= J‘;%H = 0.25; Vp1 = 0.25v2x9.81x70 Vey = 9.26m/s
P. 367.5%10°
No = wQSH; 0.85 = W Q= 063m3/s
Q = CnD1B1Vfq; 0.63 = 0.9nD, * 0.12D; * 9.26 D; = 0.448m
Diameter at inlet D; = 0.448m
D; = 2D,; 0.448 = 2D,; D, = 0.224m Diameter at outlet = 0.224m
Diameter at outlet D,=0.2225m
Guide blade angle
DN 7x0.448x600
U1 = ﬁ; U1 = T Ul = 1407m/s
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Vi Ug _ Vy1x14.07 =
Mh ==y 0.95 = YT V1 = 46.36m/s
14 9.26
tana; = L; tana, = ——; a; = 11.29°
Vu1 46.36
Guide blade angle=11.29°
Runner vane angles at inlet and outlet ie §; =?; §, =?
Uy < Vi
Vi
\Y/ le
rl
al 8]
U
4%
Vul
_ Y — 9.26 — o
tanp, = Vyi-U;’ tanp, = 46.36—14.07 p =16
Runner blade angle at inlet=18.14°
Vr2
vm?2 A
B2
V2 a2 =90
u2
_ mD,N, _ mx0.224x600 _ _
U, = o U, = — U, =7.037m/s
sz = Vfl; sz = 926m/5
From outlet velocity triangle
_ Vs, _9.26 _ o
tanf, = e tanf, = ~o37 B, =52.76

Runner blade angle at outlet =52.76°

Width of the wheel at inlet

20. The following data is given for a Francis turbine: net head =70m, speed=600rpm, shaft
power=368kW,n,=86%, ny=95%, flow ratio=0.25, breadth to diameter ratio =0.12, outer
diameter of runner = 2 times inner diameter of runner , velocity of flow is constant at inlet
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and outlet, the thickness of vanes occupies 10% of the circumferential area of the runner
and discharge is radial at outlet. Determine 1) Guide blade angle ii) Runner vane angles at
inlet and outlet and iii) Diameter of runner at inlet and outlet and iv) Width of the wheel at
inlet

H=70m; N=600rpm; shaft power=368kW ie P,=368kW; n,=86%, ny=95%,

v
flow ratio=0.25 ie ¢ = \/qu_lH =0.25; breadth ratio =0.12 ie %:0.12
1

outer diameter of runner = 2 times inner diameter of runner ,ie D,=2D,

velocity of flow is constant at inlet and outlet ie V{,=Vs,

the thickness of vanes occupies 10% of the circumferential area of the runner C=1—0.1 = 0.9
discharge is radial at outlet a,=90°

oy="?;

Runner vane angles at inlet and outlet ie B1=?; B,=?

Width of the wheel at inlet ie B;=?

Vi
\Y le
rl
al Qg
Bl
U
—
Vul
V r2
vVm?2 ‘
B2
V2 a2 =90
u?2
Flow ratio=j% =0.25; Vp; =0.25V2x9.81x70 =9.26m/s
3
r]0:86%, No= L, 0.86 = 368x10
wQH 9810xQx70
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Q =0.623m%/s;

Diameter at inlet D;=0.445m

Q = €D By Vfy;

D,=2D;; 0.445=2D, ;
nwD{N 1x0.445x600
U1 =1 ; U1 =
60 60
_ Vyi Uy, _ Vy1x13.98
N, =——; 0.86 = 2=——;
gH 9.81x70
Vy
tana; = —
Vs
926
tana; = —— iea; = 12.36°
4224
Guide blade angle=12.36°
Vel 9.26
tanf, = ! 5 tanf, = ————;
Vyr—Uq 42.24-13.98
Runner blade angle at inlet=18.14°
D1 N
Ui _ oo . Uy _ Dy, 13.98
U, TD2N’ U, D, U,
2 60 2 2 2
tanf, = —==; tanfl, = —;
P u,’ B2 6.99’

Runner blade angle at outlet =52.95°

Width of the blade at inlet = 0.12D,=0.12x0.445=0.534m

2
1

7

0.623=0.9xmtxD;x0.12D,x9.26

Diameter at outlet D,=0.2225m

21. The following data is given for a Francis turbine: net head =70m, speed=600rpm, shaft
power=368kW,n,=86%, ny=95%, flow ratio=0.25, breadth to diameter ratio =0.12, outer
diameter of runner = 2 times inner diameter of runner , velocity of flow is constant at inlet
and outlet, the thickness of vanes occupies 10% of the circumferential area of the runner
and discharge is radial at outlet. Determine 1) Guide blade angle ii) Runner vane angles at
inlet and outlet and iii) Diameter of runner at inlet and outlet and iv) Width of the wheel at

inlet

22. In a Francis turbine , the discharge is radial, the blade speed at inlet is 25m/s. At the inlet
tangential component of velocity is 18m/s. The radial velocity of flow is constant and equal
to 2.5m/s. Water flows at the rate of 0.8m>/s. The utilization factor is 0.82, Find i) Eulers
head ii) Power developed iii) Inlet blade angle iv) Degree of reaction. Draw the velocity
triangles (6¢,08, June/July16)

U, =13.98m/s

e—

V,1=42.24m/s

f, =18.14°
U, = 6.99m/s
B, = 52.95°

the discharge is radial ie @, = 90°; , the blade speed at inletis 25m/s U; = 25m/s

At the inlet tangential component of velocity is 18m/s. Vu_l) = 18m/s

The radial velocity of flow is constant and equal to 2.5m/s. Vy, = Vg = 2.5m/s

Water flows at the rate of 0.8m>/s Q= 0.8m3/s

The utilization factor is 0.82, ¢ = 0.82

. Vi U
i) Eulers head=? 2 =?
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i) Eulers head

_ Vaa Us, _18%25, _
H, ==, H, = IR H, = 45.87m
ii) Power developed
Eotub poplubh, pojpotul po1000+08-22 E =360000W
m Ic dc dc 1
i) Inlet blade angle
U > m
Vrl
V1
Vin1
Ul
\Y
ul
_ Vfl . _ 25 _ fo)
tanf, = T tanf, = To1s B = 19.65
iv)Degree of reaction
E —
_ m_ . E_ W u E _ 18+25 E _ ) _ _
= —E+ﬁ' m= e mT 1 —= 450/ /kg; V, =V, =2.5m/s
m 29gc
R=—22, ; R=0993
450+

2%1

15. Aninward flow reaction turbine with radial discharge having overall efficiency 80% when
power developed is 147kW.The head is 8m. The peripheral velocity of the fluid is

0.96,/2gH.The flow velocity of the fluid is 0.36,/2gH.The speed of the rotor is 1500rpm and
hydraulic losses is 22% of available energy. Determine the following : i) Inlet guide vane and
blade angles ii) Diameter of the rotor iii) width of the rotor (6¢, 08, Dec15/Jan 16)

No = 80%; P, = 147kW H = 8m;
The peripheral velocity of the fluid is 0.96,/2gH ie U; = 0.96,/2gH ;

The flow velocity of the fluid is 0.36,/2gH ie V¢, = 0.36,/2gH; N = 1500rpm

Hydrulic losses 22% available energy H;ysses = 0.22H

_ H-Hiosses, _ H-022H
Nh = H ’ Nh = H ’

i) Inlet guide vane and blade angles a, =?; B =? B, =?

ii) Diameter of the rotor D, =?
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iii) width of the rotor B; =7?;

Inlet guide vane and blade angles

U, = 0.96,/2gH;

Viy = 0.36,/2gH;

EUL

nh_ gH ’

U; =096v2+9.81%8

0.78 =

Vi1 = 0.36V2+9.81 8

Vy1* 12.03
9.81+8

U, > m Hence, Inlet triangle as given below

Vrl
Vi1
Vim1
B1
Q. ] -:
Ul
Vv
ul
=n = 451,
tana, = o tana, = S0’
=Y — 451
tanp, = Uy -V tanp, = 12.03-5.09
Diameter of the rotor
U1 _ TL'DlN; 12.03 = xD1x1500
60 60
width of the rotor
_ Pg 08 = 147x103
Mo = Som "2 7 9810+0Q+8

Q = CnD1B1 V4

234 =1+%m*0.1531 B, *4.51;

Take C=1 since blockage is not given

U, =12.03m/s

V1 =4.51m/s

m = 5.09m/s

@, = 41.54°
B, = 33.02°
Q = 2.34m3/s

23. An Inward flow reaction turbine works under a head of 110m. The inlet and outlet diameters

of the runner are 1.5m and 1.0m respectively. The width of the runner is constant
throughout as 150mm. The blade angle at outlet is 15°. The hydraulic efficiency is 0.9.
Calculate i) The speed of the turbine ii) The blade angles iii) The power developed when the
discharge velocity is 6m/s(6c, 10,Dec14/Jan15)
H =110m; D, =1.5m; D, =1.0m; B, =B, =150mm B; = B, = 0.15m; 8, = 15°

Nn = 0.9;i) N =?

i) The speed of the turbine

V, =6m/s
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Vi, =V, = 6m/s; Vi, = 6m/s

Vr2
vVm?2 ‘
B2
V2 a2 =90
u2

tanf, = VU—’;Z; tanl5 = Uiz; U, =22.39m/s
U, = 22 22.39 = ZLON, N = 427.62rpm

60 60

DN x1,5x427.62
U, = ”6; ; U, = ”T U, = 33.59m/s

_ Vi Uy, _ Vy1%33.59 =
Mh ="y 0.9 = EYTRETS V1 =2891m/s
U, > m Hence, Inlet triangle as given below
Vrl
V1
Vim1
al — B1
Ul
——
Vv
ul

Assuming Vg = Vg, = 6m/s

__ Y — 6 — 0
tanf; = T tanf; = 33592691 B =52.04
tana, = g; tana; = —; a, =11.72°

Vu1 28.91

The power developed

Q = CnDyB,Vy;  Take C=1since blockage is not given

Q=1*m*15%x0.15%6; Q = 4.24m3/s

E_ VU, F = mYurls, E:me’Ul
m gc ' Ic ’ Yc

E = 1000 *4.24*%’*33'59; E=411+10W
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24.

25.

26.

27.

28.

29.

30.

31.

Design an inward flow Francis turbine whose power output is 330kW under a head of 70m
running at 750rpm., n,=94%,n,=85%. The flow ratio at inlet is 0.15, the breadth ratio is 0.1.
The outer diameter of the runner is twice the inner diameter of runner. The thickness of the
vanes occupy 6% the circumferential area of the runner. Flow velocity is constant and
discharge is radial at outlet

Two inwards flow reaction turbine have the same runner diameter of 0.6m and the same
hydraulic efficiency. They work under the same head and have the same velocity of flow of
6m/s. One runner A revolves at 520rpm and has an inlet vane angle of 65°. If the other
runner B has an inlet vane angle of 110°, at what speed should it run?. Assume for both the
turbine, the discharge is radial at outlet

A Francis turbine works a head of 180m while running at 750rpm. The outer and inner
diameter of the runner is 1.4m and 0.85m. The water enters the runner with a velocity of
30m/s. The outlet angle of the guide blade is 10°. Estimate the runner blade angles at inlet
and outlet if the discharge is radial and velocity of flow is constant through the runner. Also,
calculate the hydraulic efficiency

A medium Francis turbine has diameter 75cm and width 10cm. Water leaves the guide vanes
at a velocity of 16m/s inclined at 25° with the runner periphery. The net head is 20m. The
overall and hydraulic efficiencies are 80% and 90% respectively. Assuming that 8% of the
flow area is lost due to the runner vanes thickness, calculate the runner vane angle at inlet
and outlet, Power output by the runner,speed and specific speed of machine and
mechanical efficiency

A Francis turbine required to develop a power of 330kW under a head of 30m while running
at 350rpm, if 1o=85%,1,=88%,®=0.75,=0.25 and diameter ratio of outer to inner diameter
=2, calculate the stator and rotor angles and the dimensions of the runner.

A Francis turbine has to be designed to give an output of 500MHP under a head of 80m. The
rotational speed is 700rpm. Determine the main dimensions of the runner and the guide
vane and runner blade angles assuming the following data: Hydraulic losses 10%; flow ratio
=0.15; ratio of inner to outer diameters=0.5; ratio of width to diameter at inlet =0.1; overall
efficiency=82%; Area blocked by thickness of runner vane=15%

A Francis turbine is working under a head of 100m and the discharge 5m>/s. The velocity of
flow is assumed constant through the runner is 16m/s. The runner blade angle at inlet is 90°.
The width of the blades at inlet is 0.15 times at the inlet diameter, the outer diameter is 0.6
times the inlet diameter. Find the hydraulic efficiency when the wheel is rotating at 500rpm
and discharge is axial. Assume that 10% of the flow area is blocked by the thickness of the
blades

Francis turbine has a cylindrical draft tube 2.5m in diameter. The velocity of water at inlet to
the draft tube is 5m/s. Calculate the percentage gain in power output if the outlet diameter
is changed to 3.5m. The draft tube efficiency is 75%. Assume the available head at inlet is 5m
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KAPLAN TURBINE
32. A Kaplan turbine develops 10MW under an effective head of 8m. The overall efficiency is
0.86, the speed ratio is 2.0 and the flow ratio is 0.6. The hub diameter is 0.35 times the
outside diameter of the wheel. Find the diameter and speed of the turbine(6c,
08,Dec17/Jan18)

P, = 10MW = 10000kW; ;H = 8; ny = 0.86 ; speed ratio ¢ = 2.0 ; Flowratio ¢ = 0.6
The hub diameter is 0.35 times the outside diameter of the wheel ie D, = 0.35D,; D, =? N =?

speed ratio ¢ = 2.0; le;—y =2.0; ﬁ =20 ; U = 25.05m/s
Vit _ g Vin . _

—==06; e = 06; Vi, = 12.52m/s
Diameter of the turbine

_ P _10%10° . 3
Mo = oo 0.86 = o roos Q = 148.16m3/s
Dy, = 0.35D,; Dy, = 0.35D,
2_n2 2_ 2n2 2(4_ 2
Q= —”(D°4 2h) s v, 148.16 = TP0=035°0%) N D6) 1252, 14816 = —”D°(14°'35 ),
12.52
D¢ =17.17m? D, =4.14m
Speed of the turbine
U =2l 25.05 = =414, N = 115.56rpm
60 60

33. A Kaplan turbine produces 30000kW under a head of 9.6m, while running at 65.2rpm. The
discharge through the turbine is 350m3/s. The diameter of the runner is 7.4m . The hub
diameter is 0.432 times the tip diameter. Calculate i) Turbine efficiency ii) Specific speed of
the turbine iii) Speed ratio (based on tip diameter) iv) Flow ratio (8b,08,June/July18,15
scheme)

P, = 30000kW; ;H =9.6m; N = 80rpm Q = 350m3/s; D, = 7.4m; D, = 0.432D,
ng =? ii)N; =7; iii)¢p =?
i) Turbine efficiency

_ Ps . 30000%10% _

No = wQH’ 9810%350%9.6’ no =0.91
Specific speed of the turbine

N,/Pg 8030000 _
NS:W' 1\/5—9.6—5/4 NS—820
Speed ratio (based on tip diameter)

D,N *7.4%x80
U = 2N, U== U=31m/s

60 60
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U 31
0= 2g9H’ 0= \2%9.81+9.6 @ =225
Flow ratio
Dy = 0.432D,; D, =0.432+7.4 Dy =3.2m/s
2_n2 2_a92
Q:MV}; BSOZMV}: szlom/s
=Y. - 10 —
¢ = J2gH’ P = FFosioe ¢ =073

34. A Kaplan turbine has an outer dia of 8m and inner diameter 3m and develops 30000kW at
80rpm under a head of 12m. The discharge through the runner is 300m3/s. If the hydraulic
efficiency is 95% , determine i) Inlet and outlet blade angels ii) Mechanical efficiency iii)
Overall efficiency (6b,10, June/July14)

D, = 8m; D, = 3m; P, = 30000kW; N =80rpm;H = 12m; Q = 300m3/s;n, = 0.95

D) Br =75 B2 =7 iD)Nmecn =7; 1i)No =7

Inlet and outlet blade angels
DN |

__ m*8x80

U= ; U U =33.51m/s
60 60
U=U,=U
_ Vi U, _ V1x33.51 —
M == 0.95 = EYITE Vyr = 3.337m/s

U, > m Hence, Inlet triangle as given below

Vrl
V1
Vi1
al — B1
Ul
——
vV
ul
_ m(D§-D3) ., . _ m(8%-37) _
Q= va' 300 = va Ve =6.94m/s
_ ) _ 694 _ o
tanf; = T tanf; = 51333, 1 = 12.96
1% .
tana, = =L; tana, = ﬂ; a; = 64.32°
Var 3.337
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Vo
u?2
_ Vs _ 6.94 _ o
tanfs = tanB, = S By =117
Overall efficiency
Ps __30000%10% _
No = wQH’ 0 7 9810%300%12’ Mo = 0.849
No = NnMmech 0.849 = 0.95 * Nmech Nmecn = 0.8936

35. A Kaplan turbine generates 45MW under a head of 22m. The overall efficiency is 90% and
ratio of outlet to hub diameters is 2.85. Calculate the speed, specific speed and diameters
of the runner. Assume ¢=2.2 ; {=0.8

36. A Kaplan turbine develops 9000kW under a head of 10m. Overall efficiency of the turbine is
85%. The speed ratio based on outer diameter is 2.2 and flow ratio is 0.66. Diameter of the
boss is 0.4 times the outer diameter of the runner. Determine the diameter of the runner,
boss diameter and specific speed of the runner

37. A Kaplan turbine develops 2 MW at a head of 30m. The flow and speed ratio are 0.5 and
2.0m respectively. The hub diameter is 0.3 times the outer diameter of the runner. Calculate
the runner diameter and speed of the turbine when the overall efficiency is 85%

38. A Kaplan turbine working under a head of 15m develops 7350kW. The outer diameter of the
runner is 4m and hub diameter=2m. The guide blade angle at the extreme edge of the
runner is 30°. The hydraulic and the overall efficiency of the turbine are 90% and 85%
respectively. If the velocity of whirl is zero at outlet determine i) runner vane angle at inlet
and outlet at the extreme edge of the runner ii) speed of the turbine

39. A Kaplan turbine working under a head of 20m develops 11772kW of shaft power. The outer
diameter of runner is 3.5m and hub diameter is 1.75m. The guide blade angle at the extreme
edge of the runner is 35°. The hydraulic and overall efficiencies of the turbines are 88% and
84% respectively. If the velocity of whirl is zero at outlet, determine i) Runner vane angle at
the inlet and outlet at the extreme edge of the runner ii) speed of the turbine(8b, 08,Dec18)

H=20m; P, =11772kW; D, =3.5m ; D, =175m; n, =0.88; ny=0.84 ;
The guide blade angle at the extreme edge of the runner is 35° a; = 35%;

If the velocity of whirl is zero at outlet ie VE =0; i) pL=? f=Iii)N=?

P 11772%103

Mo = o 0.84 = oo o0 Q =7142m°/s
D2_p?2 3.52-1.752

0= n( 04 i) 7% 71.42 = ¥ * Vg Ve = 9.89m/s
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tana; = g; tan35 = 9'—E?; V; = 14.12m/s
Vi1 Va1
_ Vg U, 1412+ U B
Mh==gr 0.88 = Se1.70 U=1223m/s
m > U, hence velocity triangle as given below
Vi
\YJ le
rl
-=0L1 B1
u
—%
Vu1

Ve 989 . o

tanf; = o tanf; = Ti12-1273 1 =79.16
vm?2
Vo
u2

U2:U1:U; VfZZVf:L:Vf

_ vy 989 _ o
tanf, = T tanfl, = PPYTy B2 =38.96
speed of the turbine
U = 228, 12.23 = ZL7>N, N = 133.47rpm

60 60

40. A Kaplan turbine produces 10MW at head of 25m. The runner and hub diameters are 3m
and 1.2m respectively. The inlet and outlet are right angled triangles. Calculate the speed,
and outlet angles of the guide and runner blades if the hydraulic and overall efficiencies are
96 and 85 percent respectively.

41. Determine the efficiency of a Kaplan turbine developing 2940kW under a head of 5m. It is
provided with a draft tube with its inlet diameter 3m set at 1.6m above the tailrace level. A
vacuum pressure gauge is connected to draft tube inlet indicates a reading of 5m of water.
Assume that draft tube efficiency is 78%

42. A Kaplan turbine model built to a reduced scale of 1:10 develops 25MHP when run at
400rpm under the head of 6m. If its overall efficiency is 85%. What flow rate should be
supplied to the model? If the prototype machine works under a head of 40m, compute the
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speed, power output and discharge of the machine. Assume same overall efficiency for the

model and prototype

29 A propeller turbine has outer diameter of 4.5m and inner diameter 2m. It develops
20,605kW under a head of 20m at 137rpm, the hydraulic efficiency is 0.94, overall efficiency

is 0.88 Find i) the Runner blade angles ii) Discharge through the runner (6¢, 10,June/July

17)

D, =45m; D,=2m; P, =20605kW; H=20m; N =137rpm; 7, = 0.94; 5, = 0.88

D B =? B, =7ii)Q=?

ii) Discharge through the runner

P 20605103
No = ——; 0.88 = —
wQH 9810%Q*20
i) the Runner blade angles
mTDgN m*4.5%137
U=-—"2-; U=————
60 60
Vi U Vir* 32.28
=— 94 =
M gH ' 0.9 9.81+20 ’

U, > m Hence, Inlet triangle as given below

Vrl
V1
V1
Ul
\V4
ul
_ n(p¢-Df) ., . _ m(4.52-22)
Q= va' 119.34 = va
Ve _ 935
tanp, = U-Vy,! tanp, = 32.28-5.71
14 9.35
tana, = V:f; tana, = m;
ul .
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Q =119.34m3/s

U=32.28m/s

—_—

V1 =5.71m/s

Vr,=9.35m/s
By = 19.38°

a, = 58580
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V r2

vm?2 ‘
B2
V2 a2 —90
u2
U2:U1:U, VfZ_Vfl_Vf
tanf, = %; tanf, = 39;258; B2 =16.15°
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10.

11.

12.
13.

14.

15.

MODULE 5

Centrifugal Pumps
Define a Centrifugal pump. With usual notations, derive theortical head —capacity relationship
for a centrifugal pump (7a,8,Dec15/Jan16)
Define the following with respect to centrifugal pumps: i) Manometric head ii) Manometric
efficiency iii) Overall efficiency (7b, 6,Dec16/Jan 17)
What is priming ? How priming will be done in centrifugal pumps ? (7b, 04, Dec12)
Explain the following with reference to centrifugal pump ; i) Manometric efficiency with
expression ii) Cavitation in pumps iii) Need for priming iv) Pumps in series ( 6a, 10,June July
13)(7a, 10,June/July 18)
Define the following :i) Suction head ii) Delivery Head iii) Manometric Head iv) Net positive
suction head (93, 8, Dec18/Jan19,15 scheme)
With reference to the centrifugal pump explain what do you mean by i) Net positive section
Head (NPSH) (7a, 6,Dec13/Jan 14)
Explain the phenomenon of cavitation in centrifugal pump (7b, 4,June/July16) (7c, 4,Dec13/Jan
14)
What is Cavitation? What are the causes for cavitation? Explain the steps to be taken to avoid
cavitiation (7a, 6, Dec18/19)
What is Cavitation? What are its effects (7b,4,Dec15/Jan16)
Explain the following , with reference to the centrifugal pump: i) Slip and it effects ii) Cavitaiton,
its effect and remedies to it iii) Difference between manometric head and NPSH (73,
10,Dec17/Jan18)
What are the applications of multi-stage centrifugal pump? With a sketch, explain centrifugal
pumps in series and parallel (7a, 8,June/July16)(7a,08,Dec12)
Explain with a neat sketch , multistage centrifugal compressor (7a, 5June July 17)
Explain with neat sketch , different casings of pump and label the parts (7b, 5June July 17) (7b,
6, Dec18/19)
What is minimum starting speed of a centrifugal pump? Derive an expression for minimum
starting speed of a centrifugal pump (7a, 6,Dec16/Jan 17) (7a,6,Dec14/Jan15)
(7a,12,June/luly14)
Show that the pressure rise in the impeller of a centrifugal pump when the frictional and other
losses in the impeller are neglected is given

1
% (VA + UZ = Viycosec®,)

Where Vi, and Vy, are the flow velocities at inlet and outlet of the impeller, U, =Tangential speed
of the impeller at the exit,B,=Exit blade angle (7c,8,Dec15/Jan16) (9a, 8,June/July18 15 sheme)



Centrifugal pump is defined as a power absorbing machine in which the dynamic
pressure generated by the forced vertex motion of the blades lifts the water from a low
level to high level at the expense of mechanical energy. In other words it is defined as a
turbomachine in which mechanical energy is converted into pressure energy. It is radial
inward power absorbing machine

Classification of centrifugal pump
1. According to shape of impeller and casing
a) Volute or spiral casing type b) Vortex (whirlpool) casing c) Diffuser type
2. According to type of impeller
a) Closed or shrouded impeller b) Semi- open impeller c) open impeller
3. According to working head
a) Low head centrifugal pump b) Medium head centrifugal pump iii) High Head
centrifugal pump

Definitions with respect to centrifugal pump

1. Suction Head (hy) : It is the vertical distance between the centre line of the pump and the water
surface in the sump

2. Delivery Head(hy) : It is the vertical distance between the centre line of the pump and the water
surface at the delivery tank

3. Static Head (h) : It is the vertical distance between the liquid level in the sump and the delivery
tankie h = hy + hy

4. Total Head: The net work done by the pump on the water should be enough to overcome the

static head and also total loss in the system due to friction, turbulence, foot valves and bends,
2
while providing the kinetic energy of water at the delivery tank Z—‘;

V2
Thus h, = h +hs +i

hf = hfs + hfd
4fLgVE md? 2 16Q 4fLg  16Q? 64fLg Q2
—  —— = —_— . = — = M =
M= Taga, 0 0T T W S T T pga e T s T g
4fLg Vg nd3 2 16Q 4fLg  16Q2 64fLg Q>
h = —— = — *V . V — — = x M h =
fd 2g9dg Q a4 Td T ggay? T 294, m2ah fd 2gm2d5

vZ _16Q2X 1
2g m2d;" 2g

5. Manometric Head: It is pressure head against which pump has to work
2

_ Pa _Ps_ ve
Hp="0 —Po= hphy 43

V2
bs _Pa_' _p

w w 29

s hfs;



2 2 2
vi vé V2

=h+hf+—
29 29 2g

vZ v?

=H = — 4

29 2g

If diameter of suction and delivery pipe are same then V=V

Hence H,, =H.

Even otherwise also V and V4 are very small such that kinetic energy associated with them are
negligible.

Hence generally H,,=H. if manometric efficiency is not given

If losses are given

H., =H.—losses (ie loss of head in the impellor and casing)

A centrifugal pump lifts water under a static head of 36m of water of which 4m is suction lift.
Suction and delivery pipes have both 150mm in diameter. The head loss in suction pipe is 1.8m
and 7m in delivery pipes. The impeller is 380mm in diameter and 25mm wide at mouth and
revolves at 1200rpm . The exit blade angle is 35° . If the manometric efficiency of the pump is
82% , find the discharge and pressure at the suction and delivery branches of the pump. (7¢,08,
Decl12)

Discharge

h =36m; hg;=4m; hfs = 1.8m; hfd = 7m D, = 380mm = 0.38m;

B, = 25mm = 0.025m; N = 1200rpm; B, = 35% n, =82%; Q =?;ps =?;pq =7;

2
Hpy = h+hy +% H,, =36+ (1.8+7) H,, = 44.8m
DN %0.38%1200
U, = ”63 ; U, = ”T; U, = 23.88m/s
_ 9Hm | _ 9.81%44.8 7
M = 5=, 0.82 = RIEYT Vo = 22.44m/s
V; = Uy — Vrpcotfy; 22.44 = 23.88 — Vg, cot35 Vi, = 1m/s
Q = CnD,B,Vy, where C = 1 since there is no blockage , Hence Q = D, B, Vs,
Q=m+0.38%025%1; Q = 0.029845m3/s
Suction pressure:
2 * 2
Q="= 41 0.029845 = =015, i V, = 1.69m/s



1.692

Ps _Pa_ V& _ 4 _p . Ps _ _ _a4_ Ps _

© - w 25 s hss; =103 —-—-—-4-18 =435 0f water
delivery pressure

Pd =224 hy+heg Pd = 103+32+7 Pd = 49.3m of water

w w w w

A centrifugal pump impeller has radial vanes from inner radius of 8cm to outer radius 24cm. The
width of the impeller is constant and is 6cm between the shrouds. If the speed is 1500rpm and
the discharge is 25litres/s. Find i) Change in enthalpy ii) The outlet pressure if inlet pressure is
0.8kPa and flow is outward (7c, 8,June/July16)

radial vanes, 3, = 909; R, =8cm; D;=16cm =0.16m; R, =24cm;

D, = 48cm = 0.48m B, = B, = 6cm = 0.06m; N = 1500rpm; Q = 25litrs/s =0.025m3/s
DN %0.48+1500
U, = "63 ; U, = ”T; U, = 37.7m/s

Q = CnD,B,Vy, where C = 1 since there is no blockage , Hence Q = D, B, Vs,

0.025 =m % 0.48 x 0.06 * Vp; Vg, = 0.2763m/s
Change in enthalpy= E,;

m
radial vanes, 8, = 90°

Vo =U,-: E _ VU, E _UUp | E _ 37.7%377
uz2 — Y2 = = — =
m Yc m 9c m 1
E

Z = 1421.29]/kg

m
The outlet pressure if inlet pressure is 0.8kPa and flow is outward

Pd =Py H,
w w
Vi2U U,U 37.72
H, = %; H, = % H, = YL H, = 144.88 m of water
Pa _ 590 4 144.88; Pd _ 14496 m of water -2 = 144.96
w 9810 w 9810

pa = 144.96 x 9810;  py = 1422057.6N/m? p, = 1.422bar

A centrifugal pump is to discharge 0.118m?/s of water at a speed of 1450rpm against a head of
25m. The impeller diameter is 25cm and its width at the outlet is 5cm and manometric
efficiency is 75% Calculate the vane angle at outlet (7b,6,Dec14/Jan15)

Q= 0.118m3/s; N = 1450rpm; H,, = 25m; D, = 25cm = 0.25m; B, = 5c¢cm = 0.05m;
Nm = 75%; B, =7

vane angle at outlet 3,

Q = CnD,B,Vy, where C = 1since there is no blockage , Hence Q = 1D, B, Vs,

0.118 = 7 % 0.25 * 0.05 * Vf,; Vi, =3m/s



_ mDyN, 1%0.25%1450

Uz 60 ’ UZ = T ’ UZ = 1898 m/S
Hm 9.81%25 >

N = %Uz; 0.82 = ——- Vyz = 15.76m/s

Viz = Uy — Vyapcotfy; 15.76 = 18.98 — 3cotf,; cotB, = 1.074

tanp, = 0.93 B, = 42.98°

A centrifugal pump working in dock pumps 1565lit/s against ahead (mean lift ) of 6.1m when the
impeller rotates at 200rpm. The impeller diameter is 122cm and the area at outlet periphery is
6450cm”. If the vanes are set back at an angle of 26° at the outlet, find i) hydraulic efficiency ii)
Pump required to drive the pump. If the ratio of external to internal diameter is 2, find the
minimum speed to start pumping (9b, 8,Dec18/Jan19 15 scheme )

Q = 1565lit/s = 1565 * 1073m3/s; H,, = 6.1m; N = 200rpm; ; D, = 122cm = 1.22m;
Apy = 6450cm? = 6450 + 10072 S, = 26° 1, =;

Pump required to drive the pump E =?

. . . ... D
If the ratio of external to internal diameter is 2 ie D—Z =2 Npin =

1
hydraulic efficiency

Q = ApVey; 1565 * 1073 = 6450 * 10™* * Vp,; Vrp = 2.43m/s
U, = —"i;"’; U, = —”*1'2620*200; U, = 12.78m/s

— —_— —

Viz = Uy — VypcotBy; Vis = 12.78 — 2.43c0t26 ; Vip = 7.8m/s



_ gHpm | _ 9.81%6.1

m =55, m = 7 ga278 Mm = 0.6
minimum speed to start pumping

For minimum starting speed

D 1.22

2=2; — =2 Dy =0.61m
Dy Dy

Nag =(2) (22 ) N2, = () (Z2EL) Nz, = 3910665

T D2 -D? T 1.222-0.612

Npin = 197.75rpm

8. A centrifugal pump with 1.2 diameter runs at 200rpm and pumps 1.88m>/s, the average lift
being 6m. The angle which the vane makes at exit with the tangent to the impeller is 26° and
radial velocity of flow is 2.5m/s. Find manometric efficiency and the least speed to start
pumping if the inner diameter being 0.6m(7c,8,Dec14/Jan15)

9. A centrifugal pump has its impeller diameter 30cm and a constant area of flow 210cm®. The
pump runs at 1440rpm and delivers 90LPS against a head of 25m. If there is no whirl velocity at
entry, compute the rise in pressure head across the impeller and hydraulic efficiency of pump
(9b, 08,June/July18)

Rise in pressure head across the impeller

D, = 30cm = 0.3m; constant area of flow 210cm’. Ap1 = Apy = 210cm?;

App = App = 210 *107* m?; N = 1440rpm; Q = 90lit/s = 90 * 107°>m3/s; H,, = 25m

Q = Ay Vs; 90+ 1073 = 210 % 10™* = Vp; Vi, = 4.28m/s
U, = —”’;Z)N,- U, = —”*0'36*;1440; U, = 22.61m/s

Blade angle at outlet is missing Hence assume 8, = 30°

— —_—

Viz = Uy — Vyac0tpy; Vyz = 22.61 — 4.28c0t30; Vs = 15.19m/s
Vi =V +Vh; V7 =15.192 + 4.28%; V7 =249.05



Assuming flow velocity is constant Vgy = Vg,;  ie Vg = 4.28m/s; Vi = Vg =4.28m/s

Vo U 15.19% 22.61

H, = 222, H, = ———=>— H, = 35 m of water
g 9.81

VE 14 VZ | VU 1% Vo U 14 %%
[ +..;L.+.]{e — P2 +__2_; [ 4 L 4 u2-2 ::EZ.+._2_; P2 _P1_ Zu2lz (_2_ ___l_)
w 29 w 29 w 29 g w 29 w w g 29 29
P _P_ 35—(249'05— 4287 ) Pa_P1_ 93 24 mof water
0w 2%9.81  2%9.81/’ 0w )
hydraulic efficiency of pump

gHm 9.81%25
=== = = 0.7140

MNm VU’ Im = Ts1ox22.61 "m

10. A centrifugal designed to run at 1450rpm , with a maximum discharge of 1800litrres/min against
a total head of 20m. The suction and delivery pipes are designed such that they are equal in size
of 100mm. If the inner diameter and outer diameters of the impeller are 12cm and 24cm
respectively. Determine the blade angles $;and B,for radial entry. Neglect friction and other
losses (7¢,10,Dec13/Jan14)

N = 1450rpm; Q = 1800lit/min = 1800 * 10~3m3/min

1800

W10‘3m3/5; Q=30%10"3m3/s; H, =30m; d;,=d; = 100mm ds, =d,; = 0.1m

Q=
Dy =12cm = 0.12m; D, = 24cm = 0.24m

Neglect friction and other lossesie n,,, = 1

i) p1=? li) Bp=?

dz dj
Q = n-4_$Vf1, Also Q = %sz
2 %0.12
Q= ”ZS I~ 30103 =" 2'1 Viy Vi, = 3.82m/s
2 0.12
Q= ”Tddez; 30%103 =" 2'1 /5 Vi, = 3.82m/s
nD{N m*0.12%1450
U, = 6(1) . Up=—"—"; U; =9.11m/s
nD,N 1x0.24%1440
U, = 6(2) . Up=—"—; U, =18.22m/s
Ny = 2., 1= 28130, Vuz = 16.15m/s

T VU’ " V1822’



m = Uy — Vrpcotpy; 16.15 = 18.22 — 3.82cotf; ; cotf, = 0.54

tanﬁz = 1.85, ,82 = 61.54‘0
tanB, = VU—T; tanB, = %; By = 22.74°

11. A 3 stage centrifugal pump has impeller each of 38cm diameter and 1.9cm wide at outlet. The
vane are curved at anangle is 45° at the outlet and reduced the circumferential area by 10%. The
manometric efficiency is 90% and overall efficiency is 0.8%. Find the total head generated by the
pump when running at 1000 rpm delivering 50litres /s. Also calculate the power required to
drive the pump(7c, 10, June July 17)*

12. A centrifugal pump having outer diameter equal to two times the inner diameter and running at
1000rpm works against a total head of 40m. The velocity of flow through the impeller is
constant and equal to 2.5m/s. The vanes are set back at an angle of 40° at outlet. Of the outer
diameter of the impeller is 500mm and width at outlet is 50mm, determine i) vane angle at inlet
ii) Work done by impeller on water /s iii) manometric efficiency (7c, 8,Dec16/lan 17)

outer diameter equal to two times the inner diameter ie D, = 2Dy;

N = 1000rpm; Hy, = 40m; Vpy = Vy, = 2.5m/s; B, = 40% D, = 500mm = 0.5m;
B, = 50mm = 0.05m; i) f; =?ii) E =7 iii) n,, =7
vane angle at inlet

D, = 2D, ; 0.5m = 2D, D, = 0.25m

Uy =225, U, = TR, U, = 13.09m/s

tanf; = VU—T; tanf; = %{5}9; By = 10.81°

Work done by impeller on water /s

Q = CnD,B,Vy, where C = 1since there is no blockage , Hence Q = 1D, B, Vs,



Q =m*0.5+0.05 % 2.5;

m = pQ;
D, N
U, = 22,
2 60 ’
Viz = Uy — VppcotBy;
E _ VyoU, .
m gec '

Q = 0.1963 m3/s
1 = 1000 * 0.1963

m*0.5x1000
UZ - 60 )
—_—
V2 = 26.17 — 2.5c0t40 ;
E _ 23.19%26.17
196.3 1

m = 196.3kg/s
U, =26.17m/s

Vo = 23.19m/s

E =119134.16Watts

13. A centrifugal pump having outer diameter equal to two times the inner diameter and running at

1200rpm works against a total head of 75m. The velocity of flow through the impeller is
constant and equal to 3m/s. The vanes are set back at an angle of 30° at outlet. Of the outer
diameter of the impeller is 60cm and width at outlet is 5cm, determine i) vane angle at inlet ii)

Work done by impeller on water /s iii) manometric efficiency (7b,08,June/July14)

14. The outer diameter of a pump is 50cm and inner diameter is 25cm and runs at 1000rpm against

a head of 40m. Velocity of flow is constant and is equal to 2.5m/s. Vanes are set back an angle
40°at the outlet . Width at outlet is 5cm Find i) Vane angle at inlet ii) Work done by impeller iii)
Manometric efficiency ( 6b, 10,June July 13)

15. The outer diameter of the impeller of a centrifugal pump is 40cm and Width of the impeller at

outlet is 5cm The pump is running at 800 rpm and working against a total head of 1.5m.The

Vanes angle at outlet 40° and manometric efficiency is 75%. Determine i) velocity of flow at

outlet ii) velocity of water leaving the vane iii) Angle made by the absolute velocity at outlet
with the direction of motion at outlet iv) Discharge ( 7b, 08,Dec18/Jan19) (7b, 10,Dec17/Jan18)

D, =40cm = 0.4m; B, = 5cm = 0.05m; N = 800rpm; H,, = 15m; [, = 400, NMm = 75%

DVpp =2 i)V, =2 i) a =7ii) Q =?

i) velocity of flow at outlet
_ TD,N,
UZ - 60 '

_ 9Hm
T ViU’

0.75 =

_ mx0.4x800

U,=————;

60

9.81%15 .
Vy2*16.76°

U, =16.76m/s

—

Viz =11.71m/s



Viz = Uy — VyycotBy; 11.71 = 16.76 — V,cot40 ; Vi, = 4.23m/s

ii) velocity of water leaving the vane
Vi =V +Vh; Vi =11.71%2 + 4.23%; V} = 155.08
V, = 12.45m/s

iii)  Angle made by the absolute velocity at outlet with the direction of motion at outlet

Vi
tana, = -+

4.23
Iz, tana, = —— a, = 14.16°
U, 16.76

iv)  Discharge

Q = CnD,B,Vy, where C = 1since there is no blockage , Hence Q = mD,B, Vs,

Q =m*0.4+0.05%4.23; Q = 0.266m3/s

16.

17.

18.

19.

20.

A three stage centrifugal pump has impeller of 40cm diameter and 2.5cm wide at the outlet. The
vanes are curved back at outlet at 30° and reduce the circumferential area by 15%. The
manometric efficiency is 85% and overall efficiency is 75%. Determine the head generated by
the pump when running at 12000rpm, and discharging the water at 0.06m?/s. Find the shaft
power also

A 4 stage centrifugal pump has impellers each of 38cms diameter and 1.9cm wide at outlet. The

outlet vane angle is 49° and vanes occupy 8% of outlet area. The manometric efficiency is 84%
and overall efficiency is75%. Determine the head generated by the pump when running at
900rpm discharging 59litres per sec

A centrifugal pump is running at 1000rpm, the output vane angle of the impeller is 45° and the
velocity of flow at outlet is 2.5m/s. The discharge through the pump is 200lit/s, when the pump
is working against the total head of 20m. If the manometric efficiency of the pump is 80%,
determine : i) Diameter of the impeller ii) width of the impeller at outlet

The diameters of the impeller of a centrifugal pump are 30cm and 60cm respectively. The
velocity of flow at outlet is 2m/s and the vanes are set back at an angle of 45° at outlet.
Determine the minimum starting speed of the pump if its manometric efficiency is 70%

A centrifugal pump with impeller outer diameter 1.5m runs at 180rpm and pumps 1.9m>/s. The
average lift is 8.0m. The angle which the vane makes at exit with the tangent to the impeller is



24° and the radial velocity is 2.8m/s. Determine the manometric efficiency of the centrifugal

pump
21. A centrifugal pump delivers 50lit/s against a total head of 24m when running at 1500rpm. The

velocity of the flow is maintained constant at 2.4m/s. and blades are curved back at 30° to the
tangent at outlet. The inner diameter is half the outer diameter. If the manometric efficiency is
80%, determine i) Blade angle at inlet ii) Power required to drive the pump)(7b, 10,June/July
18)*

Q = 50lit/s; Hyp = 24m; N = 1500rpm; Vg = Vs, = 2.4m/s; B, = 30°;

The inner diameter is half the outer diameterie D; = %Dz i Mm = 80% i) f1 =7;0i) E =7

i) Blade angle at inlet

Viz = Uy — Vypcotfy; Vs = Uy, — 2.4c0t40 Vo =U,—286
_ gHm | 98124 _ _
M = 5= 0.8 = To280)0; 0.8(U, — 2.86)U, = 235.44
(U, — 2.86)U, = 294.3; UZ — 2.86U, = 294.3 U? —2.86U, — 2943 =0
—b+Vb2—4 +2.86+./2.862—(4%1%[—294.3])

U, = T“C; U, = i — : U, = 18.64m/s
U, = 22 18.64 = 12211500, D, = 0.237m

60 60
Dy =3 Dy; Dy =3 +0.237; D, = 0.119m

D;N %0.119%1500
U, = ”6(1) : U, = ”T; U, =9.32m/s

_ VY, _ 24, — 0
tanp, = e tanf; = 537 B = 13.43
Power required to drive the pump
V, = U, —2.86; V., = 18.64 — 2.86; V,, = 15.78m/s
Q = CnD,B,Vs, where C = 1 since there is no blockage , Hence Q = nD,B,V¢,

f f
Q =m*0.237 % 0.05 * 2.4; Q = 0.0893m/s
m = pQ; m = 1000 * 0.0893 m = 89.3kg/s

E_ YUy, _E _ 1578+2617 E = 36877.56Watts
m Je 89.3 1



22.

23.

24.

25.

26.

27.

28.

The outer diameter of the impeller of a centrifugal pump is 40cm and width of the impeller at
outlet is 5cm. The pump is running at 800rpm and is working against a total head of 15m. The
vane angle at outlet is 40° and manometric efficiency is 75%. Determine i) Velocity of flow at
outlet ii) Velocity of water leaving the vane iii) Angle made by the absolute velocity at outlet
with the direction of motion at outlet iv) Discharge

A backward swept centrifugal fan develops a pressure of 75mm W.G. It has an impeller diameter
of 89cm and runs at 720rpm. The blade angle at the tip is 39° and the width of the impeller
10cm. Assuming a constant radial velocity of 9.15m/s and density of 1.2kg/m?, determine the
fan efficiency, discharge , power required , stage reaction and pressure coefficient

A centrifugal pump discharges 0.15m?/s of water against a head of 12.5m, the speed of the
impeller being 600rpm. The outer and inner diameter of the impeller are 50cm and 20cm
respectively and the vanes are bent back at 35° to the tangential at the exit. If the area of flow
remains 0.07m*from inlet to outlet, calculate i) manometric efficiency of the pump ii) vane angle
at inlet iii) loss of head at inlet to the impeller when the discharge is reduced by 40% without
changing the speed

The following data refers to a Centrifugal pump: Pump being single stage radial bladed.
i)impeller diameter =120mm ii) Discharge gauge reading =1.5 bar iii) Suction gauge reading
=150mm of Hg below atmosphere iv) RPM =1440 v) Flow rate =240lit/min vi) Power required
=1kW vii) Impeller width at tip= 10mm. Find Overall efficiency and specific speed

A centrifugal pump has its impeller diameter 30cm and a constant area of flow 210cm”. The
pump runs at 1440 rpm and delivers 90Ips against a head of 25m. If there is no whirl velocity at
entry, compute the rise in pressure head across the impeller and hydraulic efficiency of pump.
The vanes at exit are bent back at 22° wrt tangential speed

A centrifugal pump with an impeller outer diameter of 1.05m runs at 1000RPM. The blades are
backward curved and they makes an angle of 20° with the wheel tangent at the blade tip. If the
radial velocity of flow at the tip is 8m/s and the slip coefficient is 0.86. Find i) The actual work
input /kg of water flow ii) the absolute velocity of fluid at the impeller tip and iii) hydraulic
efficiency.If the pump is fitted with diffusion chamber with an efficiency of 0.75, so that the exit
velocity is reduced to 5m/s. Find the new efficiency

A single stage centrifugal pump with a impeller of diameter of 30cm rotates at 2000rpm and lifts

3m?®/s water to a height of 40m with a manometric efficiency of 75%. Find the number of stages



and diameter of each impeller of a multistage pump to lift 5 m>/s of water to height of 200m
when rotating at 1500rpm

29. Explain the phenomenon of surging , stalling and choking in centrifugal compressor stage (7a,
S5June July 17)



10.

11.
12.

13.

14.

15.

16.

17.

Module 5 compressors

With neat schematic diagram, explain an axial flow compressor, Also sketch the general
velocity triangles for an axial flow compressor(8a, 10, Dec18/19)

With a neat sketch, explain the axial flow compressor (8b, 6, Dec16/Jan17)

What are the types of diffuser ? Explain any two (10b, 08 Dec18/Jan19CBCS)

What is a function of diffuser? Name the different types of diffusers and explain them with
neat sketch (8a,10,June/July 18)

Draw the velocity triangles at the entry and exit for the axial compressor stage
(8b,6,June/July14) (

Explain the working principle of axial flow compressor along with a neat sketch of
compressor (10a, 10,June/July18)

tanf,—tanf4
tanf tanfi,

For axial flow compressor show that £ = VU ( ) (10a,08 Dec18/Jan19CBCS)

Derive an expression for overall pressure ratio for a centrifugal compressor in terms of
impeller tip speed , slip . power input factor and isentropic efficiency of
compressor(8a,12,Dec 13/Jan14)

With the help of H-Q plot explain the phenomenon of surging in centrifugal compressor(8a,
10,June/July13)

Define the following terms of centrifugal compressor i) slip factor , ii) Power factor and iii)
Pressure coefficient (8a,6,June/July 16)

Explain slip and slip coefficient (8a,5,June/July17)and slip factor (8a, 06,Dec14/Jan15)

Define the following terms of centrifugal compressor:i) overall pressure ratio i) slip factor,
ii) Power factor and iii) Pressure coefficient (8a, 08,Dec12)

Explain surging and choking of compressor (8b,5June/Julyl7) (8b,4,June/July 16)(8b,
04,Dec14/Jan15) (8b, 08,Dec12)

Explain surging , stalling and Slip factor with reference a compressor (8a,
8,Dec15/Jan16)(8a,6,June/luly14)

Explain the phenomenon of surging and stalling in centrifugal compressor(8a, 6,
Decl6/Jan17)and Choking(8a,6,June/July14)

What is radial equilibrium in an axial flow compressor? Derive an expression for radial
equilibrium in terms of flow velocity and whirl velocity of fluid (8a,10, Dec17/Jan18)

What is a function of diffuser? Name the different types of diffusers and explain them with
neat sketch (8a,10,June/July 18)
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Axial flow compressor

An axial flow compressor is essentially an axial flow turbine driven the reverse direction. The turning
angle is very small preferably lower than 30° to avoid flow separation.

It consists of number of fixed blades which are attached to the casing and alternative rows of moving
blades on to the shaft which is mounted on bearings. Air progresses from one blade row to the next
blade rows guided through the fixed blades. Fixed blades serves the function of diffuser and hence
the pressure of air increases when it comes out of it. Air flows in the compressor parallel to the
shaft.

The usual type of compressor is of 50% degree of reaction in which static enthalpy change in rotor is
half the stage static enthalpy change (total head). In 50% Reaction compressor velocity triangle at
inlet and outlet are symmetrical as in the case of 50% reaction turbine. It is necessary to achieve
prewhirl at inlet so as to maintain the Mach number below 0.9 as it required for high efficiency.

Because of low turning angle the pressure rise per stage is very small. However, the large axial
velocity of flow at the exit can cause more losses and hence it leads to a low total to static efficiency.

For ideal condition diffuser inlet angle a; is same as the fluid angle at inlet of the rotor

If the fluid enters axially, no guide vane blades are required ie o ;=90°, the static pressure rise in the
rotor blades is much larger than in the stator blades. Because of the large relative velocities
compared to 50% reaction, the stage efficiency is lower than that of symmetrical stage.

If the fluid leaves axially a,=90° the static pressure rise occurs entirely in the rotor blades, the stator
blades causing only a small pressure rise. The degree of reaction is therefore greater than 100%. The
energy transfer per stage is low and hence stage efficiency also . But due to low exit velocity, the
overall efficiency is likely to be larger than the other types of compressors with R<0.5, R=0.5,R<1

With neat schematic diagram, explain an axial flow compressor, Also sketch the general velocity
triangles for an axial flow compressor(8a, 10, Dec18/19)

A single stage axial flow compressor consisting one row of inlet guide vanes, one row of rotor blades
(moving blades) and one row of diffusers (fixed blades) as shown in figure 4.1(a). The main function
of the inlet guide vane is to control the direction of fluid flow at the rotor inlet. The rotor blades
exert a torque on the fluid, its pressure and velocity increases. The diffuser blades increase the fluid
pressure further by decreasing fluid velocity. The pressure and velocity variations through an axial

flow compressor stage are shown in the figure
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Eotor blades Eotor

GV blades Diffusers

AN

3
A\
V744

Nt 17

Rotor shalt Pressure
—— E 1
v = Velocity
Fixed blades
(a) Axial flow compressor (b) Pressure and velocity variations

Fig. 4.1 The pressure and velocity variations through an axial flow compressor stage
The general velocity triangles for an axial flow compressor are shown in the figure
For axial flow compressors the mean tangential rotor velocity remains constant (U;=U,=U).

If the flow is repeated in another stage of axial flow compressor, then V1=V3 and a;=as.

V3
Va

DIFFUSER BLADE

V2 vr2 OUTLET VELOCITYTRINGLE
o2 P2

ROTOR BLADE

Vi 4 INLET VELOCITY TRIANGLE

al B1

U

INLET GUIDEVANE

Velocity triangles for an axial flow compressor

Work Input_and Efficiencies in Compressor
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All are centrifugal turbo machines are radial flow power absorbing turbo machines

In axial flow power absorbing turbo machine U; = U, = U
In radial flow power absorbing turbo machine U; # U,

In power absorbing turbo machine
L= (VurU1 — VoUy)  isnegative ie VU, > V,1U;

m
Turning angle of fluid from inlet to outlet is small

Axial flow Compressor
General Inlet velocity triangle

Ve Vrl Vml
Bl
al —
Bilke Ul
Vul
General outlet velocity triangle
V r2
V2
Vim2
o2 32
—
u2
—_——
V

uz2

In axial flow power absorbing turbomachine, since U; = U, outlet and inlet velocity

triangles can be drawn with common base
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AVy
Y 1 y3
V1 " Y5\ Vr2
V2 Vrl Va
2
o2 — pl
- U
Vul
-—
Vu2

y are called air angles
v1 is called air angle at inlet, y, is called as air angle at outlet

. E_ 1,7 T
output per unit mass — = — ViU = VU
C

—

. E 1 Y7 .
output per unit mass — = g_(Vul - Vuz) U sinceU, =U,=U
C

— _—
This expression will have negative value in power absorbing machine since V,,, > V4

therefore, generally In power absorbing we express Input/per unit mass

Input/per unit mass ie —% = gi(Vuz - Vul) U
C

le negative of output =Input

When the kinetic energy is neglected

The actual work Input, W, =h, — hy; W, =Cp(T, — Ty)
The Ideal work, W, = hys — hy W, = Cp(Tys — Ty)
_ws _ Cp(Tps—Ty) . _ (Ts—T1)

Ts=s =w, ’ Ms=s = cptr-1p) ’ Ts=s =, )
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1y
Ns—s = .

=Ty
T o\ T r-1
But -2 = (—2) v 2 =(p) 7 where p, is the static pressure ratio
T P1 Ty
-1
_n(py 1),
Nstage s—s = T,—T,
Tas_
_ Ws, W. = Cp(Tps—Ty). W, = Cp Tl(Tl 1)
775 — T a = - =
Wq Ns—s Ns—s
y-1 y-1
b2\ v Y
T cpTy| (B2) Y - CpT -1
Cp T1(Tils—1) P 1((171) ) P 1<PT ) .
W, =——175 wW,=———%; W, = ————~ where p,. is the

Ns—s ’ Ns—s Ns
static pressure ratio

For more general case, when the kinetic energy is significant then, the actual work required is

_Ws, _ Wsi—t, w _Wsitt
Ns W, Nstage t—t Wit a stage t—t ot
y-1
Po2) v
To2s _ Cp T01< == —1)
w — Cp(To25s—To1), w — cr TOl(T01 1). W — (p01)
astage t—t Nems ’ astage t—t Mot ’ at—t Mot
y-1
" T01<pry _1> = w, w, -
Nt—tWat-t Net—tWat-t y-1
A v o MW (et 4 )
astage t—t Net ’ pr Cp Tox ’ Pro Cp Tos
Cp(Toa=Tor) , 171 (Toa=To) , 1\r=1
_ (Me=tCp(To2—To1 y-1, _ (Me=t(To2—To1 y-1,
pTO_( Co T, +1) ’ pTO_ T +1 ’
P To1 01

N¢—¢ and ns_g are not differ much for compressor and generally both are same. Hence, isentropic
efficiency of compressor is generally based on static values

Work Done factor:

Due to the growth of boundary layers on the hub and casing of the axial flow compressor, the
axial velocity along the blade height is not uniform. This effect is not so significant in the

first stage of a multi-stage machine but is quite significant in the subsequent stages.
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M Casing

Y
S
\'\ s |
Flow = \ Actual N,
] Annulus
— Mean ! Height
/ o g F
First stage Last stage =~ Hub

Compressor axis

Fig :Axial velocity profile along blade height in an axial flow compressor
Figure shows the axial velocity distribution in the first and last stages of a multi-stage axial flow
compressor. The degree of distortion in the axial velocity distribution will depend on the number of
the stages. On account of this, axial velocity in the hub and tip regions is much less than the mean

value, whereas in the central region its value is higher than the mean.

In cascade design, generally the value of a;, f;and U will be kept constant. It may be the
work absorption capacity decreases with an increase in the axial velocity and vice versa. Therefore,
the work absorbing capacity of the stage is reduced in the central region of the annulus and
increased in the hub and tip region. However, the expected increase in the work at the tip and hub is
not obtained in actual practice on account of higher losses. Therefore stage work is less than that
given by the Euler’s equation based on a constant value of the axial velocity along the blade height.
This reduction in the work absorbing capacity of the stage is taken into account by a “work done
factor”.

The work done factor (Q) is defined as the ratio of stage work to Euler’s work. It can also be defined
as the ratio of actual work absorbing capacity to ideal work absorbing capacity

Diffuser

Diffuser is a set of stationary vanes that surround the impeller. The purpose of diffuser is to increase
the efficiency by allowing a more gradual expansion and less turbulent area for the liquid and convert
the velocity energy at the exit of the the rotor to pressure energy,

Diffusers can be vaneless, vaned or an alternating combination. High efficiency vaned diffusers are
also designed over a wide range of solidities from less than 1 to over 4. Hybrid versions of vaned
diffusers include: wedge, channel, and pipe diffusers. Some turbochargers have no diffuser.

Bernoulli's fluid dynamic principle plays an important role in understanding diffuser perform

Vaneless diffusers have a wider flow range but lower pressure recovery and efficiency, whereas
vaned diffusers have higher pressure recovery and efficiency, but narrower flow range. ...
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The diffuser with the constant area diffuser has a slightly lower efficiency but the operation range
was larger.

Vancless diffuser
¢ _Vaned diffuser

N ™ Impelier
* Impeller

1. For axial flow compressor show that E = VU (M) (10a,08 Dec18/Jan19CBCS)

tanftanfl,
Yl Y
Vil v HEA Y%
V2 oy ) Va
a2 — Bl
m— U X
Vul —
4>— Y
Vu2
E 1 (77— E 1(7— 15—
2= (Vi = Vi2) U; —2 == (Vyt = Viz)U
&c
_Va, T . _ V2, o
tany, =% Vg =Vetany,  tanys =% Vi =Vitanys
a a
- = Vu2 - Vul)U
m g
E 1 E V
—— ==V tanys — V, tany,)U; ——=-=L(tany; — tany,)U
7 = 5 Vatanys — Vo tany,) W= g tanys Yo)
U=V, (tany, + tany,); also U = V,(tany, + tanys)

V,(tanyy, + tany;) =V, (tany, + tanys); tany, + tany, = tany, + tanys
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tanys; — tany, = tany, — tany,
E Vv,
Hence, —— = o~ (tany, — tany,)U
y1 = 180 — B;; tany, = tan(180 — B,); tany, = cotP;

Y, = 180 — B;; tany, = tan(180 — B,); tany, = cotf,

_E_Va — . _E _ Vg i1 ) . _E _Va tanB,—tanB,
m_gc(wtﬁl cotf2)U; R ( U —-5= U( )

m gc \tanf, tanf, gc tanp, tanp,

. X . Vq [tanB,—tanf
Power Input in axial flow compressor is — | —=—— | U
8c \ tanf tanp,

2. Define degree of reaction for an axial flow machine. Prove that degree of reaction for an

axial flow device (assuming constant velocity of flow ) is given by

_Vr (tanﬁ1+tanﬁz
T 2u tanfxtanfi,

10, Dec13/Jan 14)( 4a. 10, Dec18/Jan 19) (4a. 10 Dec17/Jan 2018)

) where ; and 3, are the angles made with tangent to the blades (4a.

Vl y3
Vi v Y5\, Vr2
V2 oy Va
2
| U X
Vul — —
- Y
Vu2
2 .2 2 2 2 .2 2 2
Ui-U; Vyi—Vio Ui-U;  Vyi-Vir2
R = 2 2 _ 2 2
= T2 2 2_ 12 7 2
Vi-Vz Ui-Uz ViV E
2 2 2 m
E 1 —_— —_—
Uy=U0,=1U; E=;(Vu1 _VuZ)U

2 2
_ Vrl_VrZ
2gc
R =

2 2
N = J . R = _(Vrl_VrZ)
gl_c(Vul -V U’

Hence, =1 ')
2(Vur —V2) U

Vr21 = Va2 + X% Vr21 = Va2 + (I, tany1)2
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Vh =VZ+Y% VA =VZ+ (Vtany,)?

— —

Vi 7 Vo e
tany, = - Vui =Vartany,;  tanys=-% V=V, tany,
R = —(( VE+(Vg tan)/1)2)—(V£+(Vatanyz)z)) _ R= V¢ (tan?y,—tan?y, )

2(Vgtanyy — Vgtanys) U 2V (tanyy — tanyz) U

Va(tan?y,—tan?y, )

since, tany; —tany, = tanyz — tan
2(tany, —tany) U ’ V1 V2 V3 Yo

Va(tany; + tany,)
2U

R =

y1 = 180 — B4; tany; = tan(180 — B,); tany; = cotf,

Y, = 180 — B;; tany, = tan(180 — B,); tany, = cotf,

Hence R = Va(COtﬂ;:‘]COtﬂz) :
1 1
R = Va(tanﬁl+tanﬁz) . . R = Va(tanp,+tanp,)
20 r 2 U(tanB,xtanpB,)

The effect of axial velocity:

U
E (Vuz - Vul)

From Inlet and outlet velocity triangle

Vyz = U —V,cotf, andV,; = U — V,cotp,

Hence, W= U((U — V,cotB,) — (U — V,cotpB;))

W= UV, cotB; — V,cotf,)

Adding and subtracting cota; to the above equation
W= U(V, (cotBy + cotay) — Vy(cotp, + cotay))
But U= cotf; + cotay

Hence, W = U(U -V, (cotf, + cotal))

From above equation fit is seen that if U, f,and a,are kept constant in axial flow compressor Work
absorbed by the compressor to raise the pressure depends only axial velocity

Variation of V, alters U
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As 1, increases U decreases Hence W decreases as U is +ve and 1, have —ve sign in Work absorbing
equation Hence Work absorption capacity decreases. Therefore, the work absorbing capacity of the
stage is reduced in the central region of the annulus and increased in the work at the hub and tip
region

Therefore stage work is less than that given by the Eulers equation based on a constant value of the
axial velocity along the blade height. This reduction in the work absorbing capacity of the stage is
taken into account by Work Done Factor

Work done factor is defined as the ratio of stage work input to Eulers work Input
Also degined as the ratio of actual absorbing capacity to Ideal work absorbing capacity
Radial Equilibrium Condition;

Assumptions:

. . dp.
1) The rate of radial pressure gradient d—f is assumed

2) There is no flow in radial direction ie flow in axial direction only
3) Stream lines do not experience any shift in radial direction and therefore lie on cylindrical
surface coaxially

In axial flow machines the stream lines in a flow do not experience any radial shift and therefore
flow is assumed along coaxial cylinders. Such a flow in an annulus is known as radial equilibrium.

Equation of motion for three dimensional flow in cylindrical co-ordinate is therefore given as

dv, dv, VZ 1d
rd a0

V -
gy ror p dr

There is no flow in radial direction V,,; = 0
- . dv,
Flow velocity is constant V, = constant ie e 0

Hence above equation becomes

V2 1d
0+0—L=—-2F

da p dr
Vi _1dp 1
r _p ar

Stagnation pressure pg = p + p%V2
ButV2 =V2 + V2 + ;% VZ2=V2Z+VZasV,; =0

Hence, po=p+ p%(Va2 + V3
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dpo _dp 1 d(VitVi)

dar ar 2 ar
1 dpg 1dp 1 av, 1 avg
S0 =Py Sy, =R 4oy, =8
p dr pdr+2 U dr 2772 dr
1dp 1 dpg avy, A%
—E Ryl _y Ze 2
p dr p ar ar ar

VZ 1d
From1 £==°F

r p dar
dp Vi
L — 3
ar P r
Substituting 3 in 2
1 VZ  1dpg dvy, dv,

p- T p dar U ar a ar

Vi _ 1dpy , dVy dv,

U ar a ar

r p dar

This is known as radial equilibrium equation for axisymmetric unsteady flow in turbomachine

The pressure coefficient ¢, is defined is the ratio of the actual stagnation enthalpy change

to kinetic energy of a fluid which has the same speed as the blades.

_ Ah, . _ AV U .
(pp - u2 (pp - Uz
2 2
Apo

If Fluid is incompressible Ah, =

2Ap,
pU?

Then for Incompressible fluid , ¢, =

_ 20U

(pp - U2

Pressure coefficient usually ranges between 0.4 and 0.7

The flow coefficient Y is defined as is the ratio of flow velocity to the blade speed

P = @
U
Numericals

1. An axial flow compressor of 50% reaction design has blades with inlet and outlet angles

with respect of axial directions of 45° and 10°repectively . The compressor is to produce a

pressure ratio of 6:1 with a overall isentropic efficiency of 0.85. When the inlet static

temperature of 37°C. The blade speed and axial velocity are constant throughout the

compressor. Assuming a value of 200m/s for blade speed. Find the number of stages
required if the work done factor is i) unity and ii) 0.87 for all stages (8c,10,

June/July17)(8b,08,Dec13/lan14)
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R = 50%;y, = 45% y; = 109;

The compressor is to produce a pressure ratio of 6:1 ie % =6; ny=0.85;T; =37°C
1

The blade speed and axial velocity are constant throughout the compressor.
ie Ul = U2 = U and Va]_ = Vaz = Vaz
U=200m/s; k=? wheni)Q =1ii)Q = 0.87

A Vy
Y 1 Y
Vel Y 3y S\ Vr2
V2 Vrl R Va
a2 — B1
————— U
Vul X —
— Y
Vu2

the number of stages for work done factor is unity
Vo(tan45+tan10)

Vo(tany, +tany,)

R = U f 0.5 = 22200 ; Va = 170m/5’
tany, = VL; Y =V ; tany, = % tan10 = %; V1 =29.97m/s
Vp=U-Y; V2 = 200 — 29.97 V= 170.03m/s

E _ Q(Vyy—Vyi)U . 1(170.03-29.97)200
——= (”Zg—”l); Increase in entalphy Ah,/stage = - '
c

Ah,/stage = 28012)/kg

Tosk+1_
_ Ahgs, _ Cp(Tosk+1—To1) _ CPTM( To1 1)
M0 = An,’ Mo Ahyg ’ Mo Ahy

r-1 y-1
e (2527 1) o (52) 7 )

Mo = I ) Ahy = - ;
VZ=V2 +V32 V2 =129.97% + 1707 V2 =29798.2
_ Vi _ 29798.2 _
To1 =Ty + 7ecy Tor =310+ 5 To1 = 324.82K
()7
CpTo1< p’;l-l L4 —1)
1005%324.82((6)0-286—1
Ahg = L By = AT S (Bhg)rota = 257070.82] /kg
{(Bho)iotal _ 25707082,

Number of stages, k, = s k =9.18 say 10 stages

Ah,/stage’ T 28012

the number of stages for work done factor is 0.87

E _ Q(Vuz-Via)U . 0.87(170.03-29.97)200
s O~V )V uzg 1) ; Increase in entalphy Ah, /stage = ¢ T )200,
c

Ah,/stage = 23810.2] /kg;

Dr Abdul Sharief PACE Mangalore Page 13



y-1 y-1
Pr+1) v _ Pr+1) v _
CPTM(( P1 ) 1) CpTOl(( 1 ) 1) 1005+324.82[(6)°286-1]

No = Ahg ) Ahg = T ; (Bho)otal = 0.85
(Ahg)total = 257070.82] /kg

(Aho)total . __ 257070.82

Number of stages, k, = =
8€s, K, Ah,/stage’ 23810.2 ’

k =10.79 say 11 stages

2. The axial flow compressor with 50% reaction is having a flow coefficient of 0.54. Air enters
the compressor at stagnation condition of 1 bar and 30°C. The total to total efficiency
across the rotor is 0.88. The total to pressure ratio across the rotor is 1.26. The pressure
coefficient is 0.45 and workdone factor is 0.88. The mass flow rate is 15kgs. Calculate i) The
mean rotor blade speed ii) Rotor blade angles at inlet and exit iii) Power input to the system
(8b,10,Dec 12)
R = 0.5; flow coefficienty = 0.54; py,; = 1 bar; Ty, = 30°C; n; = 0.88; p,., = 1.26;
Pressure coef ficient ¢, = 0.45; work done factor Q = 0.88; m = 15kg/s
i) U=? i) B, =7, B, =7, iii) Powerinput E =7

1!) :%: 054-’ (pp = 2 = 04‘5

2

i) The mean rotor blade speed

Tosk+1_
_ Ahgs, _ Cp(Tosk+1—To1) | _ CpTOl( To1 1)
Nee ahy Mo T an, Mo g

y-1
oo (5297 )

1005+303((1.26)0-286 1)
Mo = ) Ahy = ;
Ahy

0.88 ’

Ahy = 23645.37 ] /kg

_ 2Ahgy _
(pp - w2 -

ii) Rotor blade angles at inlet and exit

2*23_5:5-37; u? =105.090.52 U =324.17m/s

0.45; 0.45 =

_Va _ . Va _ . _
Y= v = 0.54; 7217 = 0.54; V, =175.05m/s
Yl Y
Vi Y 3 T\ Vr2
V2 i Va
2
a2 — B1
I §]
vul X —
—— Y
Vu2
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——= M; Ak = 27, 23645.37 = 228V T Ay — 82.89m/s

Y = m since R = 0.5 ie triangles are symmetrical

e—

U=AVy+ Vi +Y; U=AVy+2Vy,; 32417 = 82894 2Vy,; Vy; = 120.64

tana, = Ya . tana, = 17505, a,; = 55.42°;
Vs 120.64

ForR =10.5 ‘82 =y, ﬁz = 554‘20

AV, = Vyy — Vs 82,89 = V,, — 120.64 V2 = 203.53m/s

tana, = —&; tana, = 2. a, = 40.69°
Vuz 203.53

ForR =0.5 f1 = ay; f; = 40.69°

iii) Power input to the system

_E_00eVulV. _E_ pzpo. ZE_ 9364537 _F = 354680.55 W
m 9c m 15

3. An axial flow compressor has the following data entry condition 1 bar, 20°C,degree of
reaction 50% mean blade ring diameter 36cm. Rotational speed 18000rpm bade height at
entry 6cm. Blade angle at rotor and stator exit 65° axial velocity 180m/s mechanical
efficiency 0.967. Find i) Guide blade angle at outlet ii) Power required to drive the
compressor (8c, 8, Decl16/Jan17)

Po1 = 1 bar; Ty; = 20°C = 293K; R = 0.5; D = 36cm = 0.36m; N = 18000rpm;
bade height at entry 6cm h = 6cm = 0.06m;
Blade angle at rotor and stator exit 65° axial velocity 180m/s; a; = B, = 65°
Vo1 =V =V, =180m/s; Nypecn = 0.967
i) a, =7 ii)E =?

7%0.36+18000
U=—— U=—"—"—

; U = 339.3m/s
60 60
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A Vy
Yl Y
Vil 8 ST\ V2
V2 Vrl R Va
a2 — p1
B U X
Vul —
H— Y
Vu2
tana; = L‘L; tan6s = —— m = 83.93m/s
Vul Vul
Since, R = 0.5, Y=V, Y = 83.93m/s
Vp=U-Y; V2 = 339.3 — 83.94 V2 = 255.36m/s
— Va, — 180 — 0
tana, = T tana, = —; a, = 35.17
ii) Power required to drive the compressor
_E _ 0(Viz-Vu)U,
m Ic ’
. 1%105
= pAfVy; P =1 P = 357255 p = 1.18%g/m’
Ay = Dh; Af =1 x0.36+0.06 Ap = 0.068m?
m = pAsV,; m = 1.189 = 0.067 * 180 m = 14.34kg/s
_5 _ Q(Vuz—Vul)U; -E _ 1(255.36—83.93)339.3; _FE = 834103.3W
m de 14.34 1

Power input to the impeller = 834103.3W

Power Input to blades

Power Required to drive the shaft of Impeller =
Nmech

Power Required to drive the shaft of Impeller = % ie 862568W P = 862568W

4. The speed of an axial flow compressor is 15000rpm. The mean diameter is 0.6m. The axial
velocity is constant and is 225m/s. The velocity of whirl at inlet is 85m/s. The work done is
45 k] /kg of air. The inlet conditions are 1 bar and 300K. Assume a stage efficiency of
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0.89. Calculate i) Fluid deflection angle ii) Pressure ratio iii) Degree of reaction iv) Mass flow
rate of air . Power developed is 425kW(8c,10,June/July 16)
E

N = 15000rpm; D = 0.6m; V, = 225m/s; m = 85m/s; - = 45k]/kg ;

vy = 1 bar; T; = 300K; n, = 0.89

i) Fluid deflection angle ii) Pressure ratio Z—z =7?; iii)R =?iv)m =? E = 425kW
1

DN +0.6x15000

U =" U= U = 471.24m/s
60 60
Yl y3
Vi v Y5\, Vr2
V2 oy ) Va
+ U
Vul — X —
- Y
Vu2
E V-V )U 1(V,2-85)471.24
_E_ Veha)V u1) ; Assume 0 = 1 45000 = H(uz=85)47124 ;
m dc 1
V2 — 85 = 95.49; V2 = 180.49m/s;
v, 225
tana, = =%; tana; = ==; a, = 69.3°
Vs 85
5
tana, = -%; tana, = —2>; a, = 51.26°
Viz 180.49
Ve 225 _ o
tanf; = T tanf; = o1 s , = 30.22
Ve _ 225 _ o
tanf; = U~V tanf, = 471.21-180.49 B, =37.73
Pressure ratio -2
P1
T
_ Ahygs, _ Cp(Tozs=To1) | _ CPTOl(Toozls_l)
s = any’ Mo =" an, ' o = Ahy
y-1
|4
CpTo1<(ﬁ) L4 —1> g
e = . Ahg=—LZ =45kj/kg: ARy = 45000) /kg
Ahg m
. 1020286
0.89 — 1005 300((p01) 1)' 0133 — (@)0.286 L P _ 154
' 45000 ’ ' Po1 ! DPo1 '
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iii) Degree of reaction

E (V%—V%)
m \ 2gc 2_y2
R=""7") R=1-U2%),
m e
VE=V2 +V2 V2 =852 + 2252; V2 = 57850
VZ=V2%+ V2 V7 = 180.492 + 225%; V7 = 83201.64
E E
—— = 45kJ /kg; — = —45000/ /kg
2_y2 —
R=1-0"), R =1 57850-8320L60) b _ 4 _ 282 R =0.718
20cy;, 2x1x(—45000)
R = ﬁ(tanﬁlﬂfanﬁz); _ 225 (tan30.22+tan37.73); R = 0718
2U \tanB,xtanf, 2%471.24 \tan30.22xtan37.73

R = Lo (Lanburiansy

) —this formula can be used only when workdone factor is 1
2U \tanBqxtanf,

iv) Mass flow rate of air .

—E = 425kW

E _ ) -E _ ) 425kW
- = 45kj/kg; — = 45kj/kg; —— = 45k]/kg
m = 9.44kg/s

5. The mean diameter of rotor of an axial flow compressor is 0.5m, and it rotates at 15000 rpm.
The velocity of flow 220m/s, is constant and the velocity of whirl at the inlet is 80m/s. The
inlet pressure and temperature are 1 bar and 300K. The stage efficiency is 0.88. The pressure
ratio through the stage is 1.5. Calculate i) Fluid deflection angle ii) The degree of reaction if
work done factor is 0.8 (8c, 10,Dec14/Jan15)

D =05m; N =15000rpm; V, =220m/s; m =80m/s; py=1bar; T, =300K

ns = 0.88; z—z = 1.5; work done factoris 0.8 Q = 0.8

1
U = ﬂ U= 7x0.5x15000

; U = 392.69m/s
60 60
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A Vy

Vi v Y5\, Vr2
V2 yn ) Va
a2 _— Bl
B U X
Vul —— —
e v
Vu2
T
_ Ahygs, _ Cp(Toas—To1) | _ CpT01(T00215—1)
57 Angy’ s Ahg ’ s = Ahy
()7
CPTOl( zﬂ 4 _1> 0.286 _
ne = - 0.88 = 100 30‘2(;5 V. Ahg = 42125.83] /kg
—E -E
= = Ahy; — = 42125.83] /kg
_EZM; 42125.83 ZW; @: 214.09m/s
m dc 1
tana, = —&; tana, = 22 a; =70°
u1 80
tana, = =%; tana, = —2>; a, = 45.78°
w2 214.09
_ @ . _ 220 — 1)
tanp, = T tanf, = 392.69-80 B, =35.12
V, 220
tanf, = U—%;' tanfl, = 392.69-214.09 , = 50.92°
iii) Degree of reaction
L(M)
R = —m Ech 5 R=1 ——(Vlz_lgzz) ;
m Iem
VE=Vi +V2 VE =802 + 2207 VZ = 54800

Vi =V + V7

E

m

42125.83 ] /kg;

R =

)

| ),

9cy,

V7 = 214.092 + 220%;

E

— = —42125.83] /kg

(54800-94234.53)

R=1- 2x1%(—42125.83)

R=1-0.468

VZ =94234.53

R =0.531
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R = Lo (tontystantsy

= ; — this formula cannot be used since work done factor is not 1
2U \tanBqxtanf,
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Centrifugal Power absorbing machine
Power absorbing tubomachines are classified into
i) Fans, ii) Blowers and iii) compressors

Difference between fan , blower and compressor

A fan consists of single rotor with or without a stator which causes only small pressure rise as low as
few centimeters of water column ( 70cm of water). In analysis of fan fluid considered as
incompressible fluid as the density change is very small due to small pressure rise.

Blowers may consist of one or multistage of compression with rotor mounted on a common shaft.
The air is compressed in a series of successive stages and passed through a diffuser located near the
exit to recover the pressure energy from the large kinetic energy. The overall pressure rise may be in
the range of 1.5 bars to 2. Bars. Blowers are used in ventilation, power station, workshops etc

Compressors is used to produce large pressure rise ranging from 2.5 bars to 10bars or more. A single
stage compressor can generally produce a pressure rise upto 4 bar.

Important elements of centrifugal compressor

i) Nozzle ii) Impeller iii) diffuser iv) casing
Functions
i) Inlet casing with convergent nozzle: is to accelerate the entering fluid to the impeller
inlet which direct the flow in the desired direction at the inlet of the impeller from state
Oto1l
ii) Impeller converts the supplied mechanical energy into fluid energy wherein the fluid

kinetic energy converted into static pressure rise. Impeller consists of radial vane fitted
to shrouds and has two portion inducer and a large radial portion. The inducer receives
the flow between hub and tip diameter of the impeller eye and passes onto the radial
portion of the impeller blades. The impeller may be single sided or double sided. Double
sided impeller may be used where for the given size the compressor has to handle more
flow

iii) The diffuser receives the flow from the impeller through a vane less space and raises the
static pressure of the fluid further an account of conversion of exit high energy to
pressure energy

iv) Spiral casing: The flow at the outer periphery of the diffuser is collected by a spiral
casing known as volute, which discharges the flow into the delivery pipe.
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Volute

Duffuser

casing

\ Shroud

Impeller

Impeller Eye

Hub
N

< Driving Shaft

Inducer casing with nozzle

Variation of Pressure and Velocity.

As the fluid approaches the impeller, it is subjected to centrifugal effect thereby the kinetic energy
and pressures of the fluid both increases along the radial direction.

When the impeller discharges the fluid into the diffuser, the static pressure of the fluid rises due to
the deceleration of the flow results in reduction in velocity and increase in pressure further due to
conversion of kinetic energy into pressure energy.

Energy Transfer

Velocity triangle at Inlet

Vrl

al1=90 B1
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Velocity triangle at Outlet

Vr2
V2
Vin2
a2 B2
T—
u2 X
V
u2

E _ YaliVigly, E_ el gy g _E_ el
m gC m gC m gc

uz2Uz

Energy Input == +Vg where g, =1

c

Eulers Head

For maximum Efficiency vanes are assumed to be radial 8, = 90°
leVy, =U,

Outlet velocity triangle

2
Energy Input = %; vvEnergy Input = %
c

c

Slip and Slip coefficienct:

In Euler’s equation , it is assumed that the velocities in turbomachine is constant across the given
area. But in actual machine, velocities vary across the given area. This results in change of pressure
across the vane, with high pressure at the leading face and a low pressure at the trailing face. As a
result, the fluid leaves tangentially only at the high pressure face and nowhere else. The lower
pressure at the trailing face results in a lower speed of fluid flow compared with that of leading face
and the mean vane exit angle 3, is less than the vane exit angle f3;

Hence the actual tangential component of absolute velocity at the exit (V,,)will be less than the
tangential component of absolute velocity for the ideal condition (V,,) . Hence, Eulers head
developed in actual condition is less than the actual condition The difference between Eulers head
developed for actual case and ideal condition is called slip

Slip= H, — H,

The ratio of actual Eulers head developed (with pre-rotation) to the ideal Eulers head developed
(with out pre-rotation) is called as slip coefficient

Slip coefficient u = — ===
e
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V2 Uz

Actual Eulers head developed = ,uT

Slip = Vué -\Vu2

V2 .
Vr2
V2 VD Vm2
a2 B2
—
. u2 X

Vu?2
—
Vu2

With slip for radial curved vane
2

Energy Input = £z
dc

Power Input Factor or Work done factor

Power Input factor is defined as the ratio of actual power to be supplied to theoretical work
supplied

In real fluid, some part of the power supplied by the impeller on the air is used to overcome
the losses like windage, disc friction and losses. Therefore the power required is greater
than the actual power to be supplied on the air and hence the actual power to be supplied is
taken care by the term power Input factor

actual power to be supplied E
Q= =7

theortical work supplied uuy

Ic
UZ
E= (pll 2
Yc

The typical value of ¢ ranging from 1.035 to 1.04
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Overall pressure ratio (p,.,)

_ _ . U3
E =ho; —hoy =
dc

As there is no work transfer in the diffuser, by energy balance we can write,
hoz — hgz = hyy — hyq as in diffuser enthalpy remains constant ie hyz = hy,

_ CP(T(;3 —T01)_

"~ Cp(Toz—Toy)’ (Tos — To1) = Net(Toz — Tor)

Net

Dividing both sides by Ty,

y-1 X
Tos _ 1= Ntt(Tos—To1), (@) v 1= Net(Tos—To1) Po3 _ (1 + Utt(T03—T01))Y—1
To1 To1 ’ Do1 To1 ’ Po1 To1
Y 5 -
Cp(To3—To1)\y-1 Us\y-1
@:(14_77&;’ 03 01))/ ; @:(14_77&1/)# z)
Po1 CpTo1 Po1 CpTo1

Pressure coefficient /Loading Coefficient

Because of compressor losses as well as the kinetic energy, the actual pressure rise is less
than theoretical specified by the impeller speed. This is expressed by a quantity is called
pressure coefficient

It is defined as the ratio of isentropic work input across the impeller to the Eulers work input

isentropic work input across the impeller

P Max Eulers work input
gp = 20T = Celia o), Cp(Toz = Tor) = Cp(Tg; = To)
P u2 ; €= Cp(Tog—Tor) Nelpllp2 01 r\lp2 01
Hence, bp = UcCP(Tl"]oZz—Tm)
2
U2
E = hoz = hos EZI/JMQ_:
nus
Cp(Toz — To1) = ra
YuU3

¢P = U22

The loading factor in terms of exit blade angle

isentropic work input across the impeller

p =

Max Eulers work input
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Vuz U2
Uz

¢p =
VuZ = Uz - szCOtﬁz

(Uz - szCOtﬁz)Uz

d)P = U22
d) _ Uz - szCOtﬁz
|4
— f2
op=1 _U_2 COt,B2
Surging

Surge is a characteristic behavior of a centrifugal compressor that can occur when inlet flow is
reduced such that the head developed by the compressor is insufficient to overcome the pressure at
the discharge of the compressor. Once surge occurs, the output pressure of the compressor is
drastically reduced, resulting in flow reversal within the compressor.

RISING PORTION

FALLUNG PORTION
SURGE POINT

F

Pressure | ratio

PZ_ |
| sasie STABLE REGION E CHOKINGPOINT
REGION

Mass flow rafe

At very high flow rates in machines with high pressure ratios , it possible for the flow to be chocked .
In that case , the mass flow will be fixed no matter how low the delivery pressure. The charecterstic
becomes nearly vertical

Consider the machine with an actual characteristic D-C-F-B-A. A stable operation at a point such as A
implies that head developed by the machine H, at A equals the losses due to friction and other
causes in delivery pipe when the flow rate is Q4.At A, if due to an instantaneous disturbance is in the
operating conditions the frictional losses are slightly increased, the flow rate tends to decrease. The
operating point tends to move towards the left (ie, towards B) the delivery head developed by the
machine increases. The rising head tends to compensate for the increased frictional losses and
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increases the flow rate to push the operating point back to A . In a similar way, if instantaneously
the exit pipe loss decreased due to small disturbance, the flow rate tend increase and the head
developed by the machine tends increase and the head developed by the machine tends to drip as a
consequence, trying to reduce the flow and to bring operating point back to its location at A. The
machine thus tries to maintain a stable operating point. Thus machine maintain a stable operating
point with a constant flow rate at a constant head

If the machine is initially operating at a point such as C on the rising portion of the characteristic, any
slight disturbance in the operating conditions tending to increase the frictional losses leads to a
decrease in flow. However, since Cis on the rising portion of characteristic curve the head decreases
(opposite to operating condition at A) Decreased head results in still decrease in flow and continues.
The operating point tend move down still further along the curve CD in an unstable manner until the
point D is reached. At D fluid cease to flow and loss of head due to friction is tends to zero since
there is no flow. Then it starts to deliver suddenly. . Thus operating point moves up and down to
cause a recurrence of unstable equilibrium. The periodic on and off operation of the machine in an
unstable condition is referred to as surge.

Let Cis the point at which compressor is operating. At C if the flow is reduced by gradual closing of
control valve operating point will be shifted to B and become stable. Further gradual closing of
control valve at point B pressure ratio increases and it reaches maximum pressure ratio at A. If flow
decrease by gradual closing of control valve beyond the point A pressure ratio decreases. At this
condition, at downstream pressure is higher than the upstream of control valve which results in
momentary stop of flow of compressed air and even flow may be reversal. Due to momentary stop
or reverse flow pressure in the downstream decreases which causes delivery of compressed air to
the downstream of control valve. Again, the pressure at downstream increases, which causes again
stoppage of flow or reverse flow. Due to this again after a moment pressure at downstream
decreases causing flow from downstream to upstream. Likewise cycle gets repeated with high
frequency. This Phenomenon is called Surging or Pumping

Surge Mechanism

When a centrifugal compressor surges, there is an actual reversal of gas flow through the compressor impeller. The surge usually starts in
one stage of a multistage compressor and can occur very rapidly.
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Pressure

Flow

Now we will see how the surge starts in a compressor. The surge is starting with the instant flow reverses, shown in the above figure.
Consider the Point “A” is the actual flow developed by the compressor during normal operation. Due to the decrease in flow the operating
point shift from “A” to “B”. The compressed gas actually rushes backwards through the impeller from the discharge to the inlet. The release
of compressed gas from the discharge side results in the pressure drop from “B” to “C”. The reduction in pressure allows the flow to be re-
established in the positive direction “C” to “D” and increase the discharge pressure from “D” to “A”. If nothing in the system change, then
the surge cycle will continuous. The increase in duration of the surge cycle results in damage to the compressor.

How Surge takes place in Centrifugal Compressor

Now we will see the surge phenomena in centrifugal compressor with the example compressor performance curve

Suction throttling

Now consider the inlet flow decreases due to the suction valve throttling (they are many reasons will cause the compressor inlet flow rate
decreases). Consider the compressor operating at the following conditions

Flow rate = 5500 kg/hr
Discharge pressure = 20 bar.

Speed = 6000 rpm
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Due to suction valve throttling the inlet flow rate of the compressor is decreased from operating point (A) to the new operating point (B)
(Refer above figure). At the new operating point (B) the compressor flow is reduced on the other hand the discharge pressure will rise
further. Due to the rise of pressure and decrease flow will cause the Surge cycle.

Discharge valve throttling
Similarly, if the discharge side system resistance will increase due to discharge valve throttling. The pressure developed by the compressor

will increase and flow rate will start decreases. The same phenomena will happen, that is the operating point “A” shifted to the new
operating point of “B”. This will cause the surge in the centrifugal compressor.

Change in Speed

An increase in operating speed of the compressor also causes compressor surge. Now consider the operating speed of the compressor is
6000 rpm. If the speed increase to 7500 rpm. The Operating point of the compressor will shift from “A” to “B”. (Refer below figure)
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|
|

30 [~ — - — — 4
|
|
|
|

E 25 — — — — — 4
o |
8 [
& |
s |
a8 20— — —— —
|

| |

| |
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B - B By

2
| = |
| |
| |

10 : ' !

4000 5000 . 6000 7000 8000 9000 10,000
5500 Inlet Flow [kg/hr]

Dr Abdul Sharief PACE Mangalore Page 29



At new operating point “B”, the discharge pressure of the compressor will increase. Due to the increase in pressure. The point “B” fall in the
surge line. Due to this surge phenomena will occur in the compressor.

Other reasons will cause Surge in Centrifugal Compressor

Inlet Filter Chocking

Due to dirty particles present in inlet filter will decrease the flow rate and reduce the suction pressure. Due to the reduce flow rate, the
operating point will move toward the surge line. Once the operating point touches the surge line then Surge occur in the compressor.

Driver Input Speed

In the case of the compressor is driven by Turbine or Variable speed drives. Sometimes the increase in speed may cause operating will shift
to surge limit line and surge will occur.

Change in Compressed gas Property

The change in operating gas can cause compressor surge.

Surge result in centrifugal compressor

As we seen the surge is due to the flow reversal in the compressor. As a result of the surge in the compressor, it may lead to damage of
compressor or compressor system. The following are some of the resulting due to surging.

e  During the surge, a significant mass gas will flow in the reverse direction. As a result of a large dynamic force act on the impeller or
blading within the compressor. Due to this the components of the compressor (such as thrust bearings, bearing, casing) exposed to
large changes in axial force on the rotor. If the surge is not controlled it may result in fatigue damage to compressor or piping
components.

e During the surge, the reversal of flow within the compressor results in hot compressed gas returning to the compressor inlet. If the
surge is not controlled, as a result the temperature at compressor inlet will increase and leads to a potential rubbing of close clearance
components. Due to the differential thermal expansion of components within the compressor.

6. A centrifugal compressor delivers 20kg/s of air with a total head pressure ratio of 4: 1. The
speed of the compressor is 12,000rpm. Inlet total temperature is 15°C stagnation pressure
atinlet is 1.0 bar, slip factor is 0.9, and power input is 1.04. Efficiency is 80%. Calculate the
outer diameter of the impeller (8b,10,June/July 18)

m = 20kg/s; % =4; N =12000rpm; Ty; = 15° = 288K ; py, = 1 bar;
01

Slip factor ,u = 0.9; Power Input factor ¢ = 1.04;n,; = 0.8; D, =?

outer diameter of the impeller

Toz2
_ Ahgg, _ Cp(To2=To1) _ Czﬂbl(m 1)
nS Aho ’ T’S Aho ’ 775‘ Aho

y-1
cme((%) ¥ —1)

1005+288(4°286—1)

s = Ahy ; 0.80 = A ; Ahg = 176045.72] /kg
== Ahy; ZE = 176045.72] /k
m 0 m 72][kg
z 2
==t 176045.72 = 1.04 » 222, U2 = 188083.03
m 9. 1
UZ = m/S,
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Up = 225, 433.68 =

T*D5*12000

D, = 0.69m
60

7. A centrifugal compressor delivers 18.2kg/s of air with a total pressure ratio of 4:1. Speed is
15000rpm. Inlet total temperature is 15°C, slip coefficient is 0.9, power input factor is 1.04.
Efficiency is 0.8. calculate overall diameter of impeller(8b, 10,June/July13)

m = 18.2kg/s; % =4; N =15000rpm; Ty; = 15° = 288K ; po; = 1 bar;
01

Slip factor ,u = 0.9; Power Input factor ¢ = 1.04;n,; = 0.8; D, =?

outer diameter of the impeller

_ Ahgs, _ Cp(To2s—To1) . _ CPTM(%_l)
Ns = Ahy’ Ns = Ahg ’ Ns = Ahg
(o)
CpT01< Zﬂ 4 —1> i 0.286_
s = A(:O ; 0.80 = == 282,(:: &) Ahy = 176045.72] kg
ZE = Ahy; ~f = 176045.72] [k
m - 0 m - . .]/ g
_ 2 w2
=0l 176045.72 = 1.04 » 2222, UZ = 188083.03
U, =m/s;
Uy = T2 433.68 = %35000 D, = 0.55m

8. A centrifugal compressor runs at a speed of 15000rpm and delivers air at 20kg/s. Exit
radius is 0.35m, relative velocity and vane angles at exit are 100m/s and 75° respectively .
Assuming axial inlet stagnation temperature and stagnation pressure as 300K and 1 bar
respectively. Calculate: i) the torque ii) the power required to drive the compressor iii) ideal
head developed iv) the work done and v) the exit total pressure. Take C, of air=
1.005k] /kgK(8b,10, Dec17/Jan18)

N = 15000rpm; m = 20kg/s; R, =0.35m; V,, =100m/s; [, =75° Ty, =300K ;
p()l == 1 bClT‘

i) Torque=? i) E =? iii) Higeq: =? WV)E =? V) pop =? C, of air=1.005kJ/kgK = 1005/ /kgK

i) Torque=?
D,N £0.7¥15000
U, = "6(2)_; U, = =2 — U, = 549.77m/s
V,»cosB, = 100cos75; V,»cosB, = 25.88m/s
Vi = Uy — VypcosPBy; V,, = 549.77 — 25.88 V2 = 523.88m/s

Torque, T = 1(VyoRy — VyyRy); T =20(523.88%0.35—10); T =3667.16Nm
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ii) the power required to drive the compressor

—E _ (VuzUp =V Us). —E _ 523.88%549.77-0

’

—E =5760270.15W

’

m de 20 1
Power required to drive the compressor= 5.76 * 10°W = 5.76 MW

iii) ideal head developed

_ VuaUs, _ 523.88+549.77 B 5 _
Higear = g Higea1 = YT Higear = 29.359 * 10°m of air

iv) the work done

ZE = (MeleVunU), —E _ 52386549770 \vork Input per kg = 288.013 103/ /kg

m dc m 1

v) the exit total pressure

To2s_
_ Ahgs, _ Cp(To2s—To1) | _ CPT01(T01 1)
Net = Apy’ Nee Ahg ; Mee =~ ap,

y-1
Cl”bl((iﬁ) 4 _1> . 0 Po2 y]/;l
Nee = ahe ; Assuming 0, = 100%  Ahy = C,Toq (_) -1

Po1

ZE = Ahy; Ahy = 288.013 = 103] /kg

m

0.286 0.286
288.013 * 103 = 1005 * 300 ((”ﬂ) - 1); (”ﬂ) =1.955; 2021042
Po1 Po1 Po1

9. The impeller tip speed of a centrifugal compressor is 370m/s, slip factor is 0.9, and the radial
component at the exit is 35m/s. If the flow area at the exit is 0.18m? and compressor
efficiency is 88%. Determine the mass flow rate of air and the absolute Mach number at
impeller tip. Assume air density = 1.57kg/m3and inlet stagnation temperature 290K.
Neglect the work input factor. Also find the overall pressure ratio of the compressor (8b, 12,
Decl15/Jan16)

U, = 370m/s; slip factoriu = 0.9;

the radial component at the exit is 35m/s ie V.4, = 35m/s;

flow area at the exit is 0.18m? ie A, = 0.18m?; 1, = 0.88

i) =? i) absolute Mach number at impeller tip M, =?; Assume p = 1.57kg/m3; Ty, = 290K

Neglect work input factor ie @ = 1 iii) % =?
01

the mass flow rate of air

1 = pArVyaz; 1 = 1.57 * 0.18 x 35 1 = 9.891kg/s
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Absolute Mach number at impeller tip.

—

= %; m = u@) assuming radial vane at outlet ie m =U, ; m = uU,
Vo = 0.9 * 370; V. = 333m/s
VZ2=V2+V2,; VZ=3332+35%  VZ=112114 V, = 334.83
—E _ ViU, —E _ pUyUs —E _ 0.9%370% —-E _ )
e s g — =0 — = 123210/ /kg;
= = Ahy; Ahy = 123210] /kg
Ahy = Cp(Toy — Toy); 123210 = 1005(Ty, — 290) Top = 412.59K
_ vi _ 112114 _
Too =T, + 29.C, 41259 =T, + T 1005 T, = 356.81K
v _ 334.83 _
M, = JYRT, M, = V1.4+287+356.81 M, = 0.884
overall pressure ratio of the compressor
To2s
—_ AhOS, _ Cp(TDZS_TOI) . _ CpT01(T0021 _1)
Nee = Ap, Mee == pp, 7 Nee = an,
y-1
Poz\ v _
CpTo1 <(p01) 1)
Mee = Ahy
= = 123210/ /kg; Ahy = 123210] /kg
y-1
CoT. Po2) v _q 0.286
o 01((1701) ) 0.8 — 1005*290((%) —1) . (&)0.286 _ 137
Mee = Ahg ’ R 123210 ’ Do1 -
P2 _ 302
Po1
10. Backward swept centrifugal fan develops a pressure of 75mm WG. It has an impeller

diameter of 89cm and runs at 720rpm. The blade angle at the tip is 39°and the width of the
impeller is 10cm. Assuming a constant velocity of flow of 9.15m/s and density of 1.2kg/m3,
determine the fan efficiency , discharge, power required , stage reaction and pressure
coefficient (8b, 10, Dec18/19)

pressure of 75mm WG iez—; =75mm WG; D, = 89cm = 0.89m; N = 720rpm;

The

blade angle at the tip is 39° ie §, = 399; width of the impeller is 10cm H, = 0.1m
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constant velocity of flow of 9.15m/s ie Vs, =9.15m/s ; p = 1.2kg/m3
i) Nee =7; i) m =? iii) —E =7?; iv) R =? v) pressure coefficient ¢, =?

fan efficiency

_ mD,N. _ mx0.89%720

UZ - 60 ’ UZ - T UZ = 3355m/5
Veacotf, = 9.15c0t39; Vescotp, = 11.29m/s

Vaz = Uz = VpzcotPy; V,2 = 33.55 — 11.29 Vo = 22.26m/s
—E _ VipUy —E _ 22.26+3355 -E _

mo g w1 — =746.89] /kg
Ahy ==, Ahy = 746.89] /kg
— AhOS. _ Cp(TDZS_Tol) i _ CPT01(7;00215_1)
Nee = ‘Ahy’ Nee = T ang Ner = e
E
Ty | (B22) Y —1
Cp 01 <(P01) >

Nee = Ahg
Z—Z =75mm WG= 0.075m of water (guage);

pwﬂ (absolute) = guage pressure head + atm. Pressure head (generally 10.3m of water)
Po2(guage) __ . _ 2
—9181*10“(’)0 = 0.075m of water; Poz2(guage) = 735.75N/m
Po2(abs) = Po2(guage) + Datms Assume pgem = 1 bar = IOSN/mZ;

Po2(abs) = (735.75 + 10°)N/m?; Po2(abs) = 1.0074 bar
Assume po; = 1 bar ; Typ; = 300K

0.286
1005*300((%) —1)

Net = 746.89 ;N = 0.852

Discharge

Q = ApVpo; Q = (mDyHy)Vy,; Q=m*089%0.1%9.15; Q = 2.558m3/s
m = pQ; m=1.2%2.558kg/s m = 3.07kg/s

power required

—F = :n—Em, —F =746.89 « 3.07W Power required = 2292.97W

stage reaction
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m 29c
R =—%—"%

m

V=V + Vi
Vi = Vi + VA

=L = 746.89) /kg;

m
vi-vi
chg
- Ah
pressure coefficient ¢,, = U_ZO
2
_ Any
(pp - U22 )

V2_y2

R=1-U2%)
296%

V7 =22.26% 4 9.15%

VZ=0+9.15%

— = — 746.89]/kg

(83.72-579.23)
2+1%(—746.89)’

74689
Pp = 33552

VZ =579.23

VZ =83.72

R = 0.668

@, = 0.663

11. An axial compressor / blower supplies air to furnace at the rate of 3kg/s. The atmospheric

conditions being 100kPa and 310K , the blower efficiency is 80%. Mechanical efficiency is

85% The power supplied to 30kW. Estimate the overall efficiency and pressure developed in

mm WG(8¢,8,June/July14)

m = 3kg/s; po1 = 100kPa ;

overall efficiency

No = Ntt Nmechs

pressure developed in mm WG

—-E _ 3000

m 3’

_ Ahgg

y-1
Po2
C,,T(,l((m) ¥ —1)

Nee = Al ;
Poz — 1.009;

Po1

Po2(guage) = 100901.48 — 100000;

Doz _ 90148,
w 9810’

T01 = 310K

1, = 0.8 % 0.85
£ —1000) /kg:
= J/kg;

_ Cp (TOZS_TOI) .

tt Aho

1005*310((’ﬂ)0'286—1)

08 — Po1
1000
Pz —1.009
100%10

% = 0.0918m of water

Nee = 0.8 E =30kW = 3000W

1, = 0.68

== Ahy; 1000]/kg = Ahy

To2
B cpT01(T015—1)
Net — an,

(5—2)0'286 = 1.00257

Pos = 100901.48Pa

poz(guage) = 901.48Pa

% =91.8mm WG
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