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Loss coefficient for

Minor loss
« Kvs. K,

EPFL - :

Exercise :

; Pump water with 0.014 m?%/s the required NPSH is 4.5 m specified pump manufacturer. The water temperature f

SyStem equatlon is B0 °C) 101.3 kPa. The loss occurs mainly due to the Tilter at inlet with K, = 20. Friction loss is neglected. o

Pipe is with diameter of 10 cm. Determine the max height z the pump can be located without the cavitation. §
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5 An arb|trary o (1? m Physical Properties of Water (SI Units)

g C O n Sta nt | == —?—Z—Z—':Z—Z— Specific Dynamic Kinematic Surface Vapor

o) - - Density, Weight". Viscosity, Viscosity, Tension®, Pressure,
m Temperature P ¥ I v o P

o Q (°C) (kg/m*)  (kN/m?) (N+s/m?%) (m?/s) (N/m) [N/m’(abs)]
)

(o 0 999.9 9.806 1787 E—3 1787 E—6 756 E—2 6105 E+2
(@) 5 1000.0 9.807 1519 E—3 1519 E—-6 749 E—-2 8722 E+2
= 10 999.7 9.804 1307 E-3 1307 E—-6 742 E-2 1228 E+3
% 20 998.2 9.789 1002 E-3 1004 E—6 728 E-2 E

= - 0 995.7 765 7975 E=4 8009 E-7 E-2

= 30 ——

O 40 9922 9.731 6529 E—4 6580 E-7 E
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=PFL | ast week - Axial pump

H INTRODIICTION TO TIIRROMACHINERY

Since the stator is fixed, ideally the absolute velocity V, is

il parallel to the trailing edge of the blade
I |
Flow H H T N Vi1 =V =V, = % = const
AN A A
t | Wich. = U
Rotor {}m,n The ideal head expressed stator angle a, and rotor angle 3,
\ N\ X N\
Stator

Rotor inlet
[\‘l :3' (Ug(ug‘v;,ﬁ‘eﬁ-—) - UEV1,| CM\)
= -é [ Ugt— U, \/x,('ot @z -U, ¥ Cotd, ]

tBa = -B (u'-— AVy (Qo"‘-ﬁ,_-t' C06°(|)J

Strictly speaking, this applies only to a single streamtube of
radius r, but it is a good approximation for very short blades
if r denotes the average radius.

w
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=F7L  Recall - Chapter 5

Vv,
u u u 22
=PL  Basic Energy Considerations i
1 E
» Velocity diagram (fan) ~ { L ;
| |
i) 3
Exit surface —=——Blade motion ‘
Tangenti?l -Blade cros
isecti-:-n~ Inlet
Axial ' surface

a

Vector: magnitude and angle
In this example, let's assume
Assumptions we know the magnitude of W

» Fluid is perfectly guided by the blade (relative velocity is parallel to the leading
and trailing edge)* et
» Flow leaves at r = i, = Tout /——{»-q

*sometimes leading edge (inlet) V is prescribed

INTRODUCTION TO TURBOMACHINERY
B INTRGDUCTION TO TURBOMACHINERY
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=F*L " Incidence and deviation angles

Assumptions
* Fluid is perfectly guided by the blade (relative velocity is parallel to the leading and trailing edge)
 Flowleaves at 7 = Tin = Tout

ROTOR BLADE SECTION
Both £ and 0 are used..

MEAN CAMBER LINE

INTRODUCTION TO TURBOMACHINERY

These considerations are important at design and
S Y off-design operating condition

()]

Chap.8 | E.Yim



=P7L  Incidence and deviation angles

B INTRODUCTION TO TURBOMACHINERY

The incidence is the difference between the inlet
flow angle (a) and the blade inlet angle (a’):

. !
1 =1 —

Yv y

The deviation is the difference between the exit
flow angle and the blade exit angle:

/
0 = g —

The change in angle of the flow is called deflection:

E=0Q1 — Q9

The change in angle of the blade is called camber

angle:

! /

8 | E.Yim

V1= Inlet flow velocity vector
Vo= Outlet flow velocity vector
(averaged across the pitcl



=PrL Actung! Pump VS. tlll‘bil'le Blade motion

Exit surface —r—— Blade motion
A
I I
I I
. I I
Tangential
& ~Blade cross : I
‘ -section Inlet | I
I I
E Axial < surface (1) | 2)
Z I I
® | |
< I
=
: 2
= \ &
5 :
- VT.‘Z.. Wsha.ft
= ) Wshaft = =UaVpa — U1 Vp
% U2 \2) ,C d t ,OQ 2Ve2 1Vel1
2
Q W, - The direction argument is valid only when inlet V4, = 0
o
= - For nonzero Vg, # 0, compare the magnitudes of U;Vy, and U,Vg,

- For U;=U,, compare only V,

Chap.8 | E.Yim
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EPFL Pump or turbine? - when inletV,, is non-zero

E. Yim

<
|

\

‘. / ﬁz s Rotor ‘. J

~ / ﬁ V,

Vv, U
Takie W,

Stator

%’ai Trbine

7
Nozzle row
ve- Bz é U éf
=23 Ca
U

T |‘\_ s_'|\\ Rotor blade row

1 ) ew”

Commonly as
used notations ) / B
H —
Relative | W |w N - w
3

(]

Outlet

INTRODUCTION TO TURBOMACHINERY

Rotation | U | u 9

Absolute | VV | c
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=Pl Turbines

B INTRODUCTION TO TURBOMACHINERY

Impulse or reaction : No matter the working fluid, turbines can be broadly
classified into two types based on the mechanism of the fluid interaction

Impulse turbine: the force on the blades is produced solely by turning the fluid, without
appreciable pressure drop in the blade passage, with all of the pressure drop occurring in a fixed
nozzle.

Reaction turbine: some of the fluid-vane force is from fluid turning and some of the force is a
reaction to acceleration of the fluid relative to the vane. In reaction blading, a pressure drop
occurs in both a fixed nozzle and the moving vane.

Turbine blading is characterized by the degree of reaction (R) (or simply reaction), which is
the ratio of the drop in static pressure (or enthalpy) across the moving blade to the overall drop in
static pressure (or enthalpy) across the fixed nozzle plus the moving blade. Impulse turbines
have R = 0 while reaction turbines typically have 0.1 <R < 0.7.

=Y
o
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=PFL  Degree of reaction or Reaction (R)

Change in static enthalpy across the rotor divided by the static enthalpy
change across the entire stage

(static) Enthalpy: internal energy and flow work r
. . D 0
h=t+= [k © 1 L,

Internal energy Lpa. md/ke = J/ke Stator )) |
Stagnation enthalpy: sum of enthalpy, kinetic @ //
. A
energy and potential energy U=wr, T,
Rotor Stator Rotor
2 \ J

. .V

Axis of rotation

Achtung! h is enthalpy, not head h or hq

B INTRODUCTION TO TURBOMACHINERY

[=Y
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=PFL Degree of reaction or Reaction (R) N <—l
This concept is much used in axial flow machines as a measure of the relative ’
proportions of energy transfer obtained by static and dynamic pressure change Stator

®
(static) Enthalpy: internal energy and flow work

U=wr,
h=u-+ L [J/kg] ROW&&

P ®

energy change due to, or resulting from,

B static pressure change in the rotor R static enthalpy change in rotor
total energy change for a stage static enthalpy change in stage

By — s

hi — hs

P2 — P3
P1 — P3

If no internal energy is changed, incompressible, [{ ~

B INTRODUCTION TO TURBOMACHINERY



EPFL Degree of reaction or Reactlon (R)

Y
®

INTRODUCTION TO TURBOMACHINERY

U=wr,
Rotorkk_

?u

~ o) _

P73

EPFL

Recall -chapter 4

PRL 3 Energyequaﬂon

- cs: control surface
- cv: control volume

first law of thermodynamics

[ epd¥- = I[
b

_‘.. 4-9/3/
\f:. -e-?; P, Vlb.k.?/{z '(-@
v

EPFL  Recall- chap 5 Basic goveming equations for turbomachine

* Shaft torque Tapare = —riv1 (r1Vor) + 1iva (r2Ve2)
b L « Shaft power

-—P v V Wanate = Tonae = 1 {Virda + 14 Voot

t '3 % I 4 U)_c A
- - .

—— - — Wanate = (—1in) (Us Vi) + 1tz (UaVea] W] = [kg-m2s?)

f 2 2’ « Shaft work per unit mass (shaft power per unit mass flow rate), ri;; = 7y

[m?/s7]

- Basic governing equations for pumps or turbines whether the machines are ra
axial-flow devices and for compressible and incompressible flows

£ - Note it is only the function of tangential component of velocity, no V., Vi

dial-, mixed-, or

= Vg _V

EPFL  Recall- chap 5 Basic govemning equations for turbomachine

AL

" VI Iyt ngle: V absolute velocity, _— M
8 relative velocity, U blade velocity -

W= (\fg u.) u

=y gu utu H’s

w = zu'uu.fLH-\.'—\"
W™ +—U. +VU"

—V§) — 4 (V8 — V3 + U3 -

- V)

— Wsghaft

b | = | D=

Uy — (W3 = W5))
)

(V& =V32) -5 (Vg -V3+ U35 - W—(W2 W3) VZ -V +UF - U — (Wi —W3)

Wghaft = 9

R

Us

2 2 2
_ U3 + W3 _ W2 + If U,=U, (axial machine), W;=W, - R=0

V2 V2 + U2

_ U?? + W?? — W22 - IfV;=V,>R=1




=PFL - Types of hydraulic turbines

Impulse turbines: Pelton turbines, R~0

Reaction turbines: R~[0.1, 0.7]

Francis turbines (radial and axial), Kaplan turbines (axial)
Propeller turbines (similar to Kaplan turbines with fixed pitch)

Pelton Francis Kaplan & Bulb Fixed pitch propeller

B INTRODUCTION TO TURBOMACHINERY

=
=Y
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=PFL - Types of hydraulic tulbines

B INTRODUCTION TO TURBOMACHINERY

Effective head (m)

2000 ——————= -
1000 £\
500 [
100 |
o0 Standard !/
|Francis  ,\ =
turbine /7 _ —
[ !
/- «
/
10 | / Standard N\ -
[ / Kaplan turblne N
5- |

1 10

100 1000
Flow rate (m%/s)

=Y
(4}

Chap.8 | E.Yim



=PFL  Power specific speed

B INTRODUCTION TO TURBOMACHINERY

For hydraulic turbines, the rotor diameter D is eliminated between the flow coefficient and the power coefficient

to obtain the power-specific speed
Power specific speed (Hydraulic turbines)

N’ B C‘-)\/I/Vshadft /P'
S (gha)5/4

Commonly used, but not dimensionless, definition of power specific speed N., =

Specific speed
wyQ
N, =
(g ha)3 /4 |
epm) W (W)
[ ()]

In hydraulic machine, the actual head (in pump) h, is commonly called ‘effective or net head’.
The elevation head (physical difference between upper reservoir’s surface and the one of the lower one) is

called ‘gross head’, hg.

ha = hg — hy

Power gained by/extracted from the fluids, Pr = 7Qha

Efficiency pump n=— Py
Wshaft

Wshaft

Wsha.ft = Pf/'r] — ’YQha/’r]

Efficiency turbine 7~ ~p;

Wsha.ft — nPf = n’YQha

=Y
(=2}

Chap.8 | E.Yim



=FL Turbines

Impulse turbines Reaction turbines

Radial-flow Mixed-flow Axial-flow

H

.

I I I |1 |

38 76 153 229 305 381
Nrsd
100}= Kaplan
N [Francis I
Impulse
90} I P
52
(;:- —_
80
70 I I I I ||

38 /6 1563 229 305 381
N’Sd

Type NI | n%
Pelton wheel
Single jet 0.02-0.18 | 88-90
Twin jet 0.09-0.26 | 89-92
Three jet 0.10-0.30 § 89-92
Four jet 0.12-0.36 86
Francis
Low-speed 0.39-0.65 | 90-92
Medium-speed  0.65-1.2 93
High-speed 1.2-19 93 -96
Extreme-speed 19-23 89 -91
Kaplan turbine 1.55-5.17 | 87-94
Bulb turbine 3-8

Chap.8 | E.Yim



=PrL

INTRODUCTION TO TURBOMACHINERY

Turbines

Classification of turbine types as a function of the head and unit specific speed

Kaplan Bulb

2000
1000
500

200
100

Net head [m)
N n
o O

—
)

]

0
0 20 40 60 80 100 150 200 250 300 350 400 450

Specific speed n, [rom]

B Pelton turbines
[ Francis turbines

I Kaplan turbines &
Bulb turbines

.5
)
q HU.?S

Speed n [rpm]
Turbine discharge Q [m?/s)
Net head H [m]

E. Yim

Chap. 8



=PFL - Impulse turbines - Pelton turbine

- Impulse-type Turbines

« Among several types of impulse turbines, the so-called Pelton turbine is the most used
« Patented by L. A. Pelton in 1889
« The rotor is made of several buckets and the motion is obtained by high-speed jet(s)

(o Kacel)

L. A. PELTON
WATER WHEEL.

Ko. 409,8665. Patented Aug. 27, 1889,

Lester Allan Pelton

(Sept. 5, 1829 — Mar. 14, 1908)
Pelton made his living as a carpenter
and a millwright. He created the most
efficient form of impulse water turbine.

B INTRODUCTION TO TURBOMACHINERY

Chap.8 | E.Yim



P71 Pelton turbines

- Pelton wheel is not typical turbomachines (no axial flow, no radial flow), tangential flow
- Pelton turbines are the most used turbines in Switzerland in hydropower generation

i /—Dam
Head Race f e (A

— —— —

Reservoir — { * °

Surge Tank Runner

Tunnel

Buckets
(Vanes)

Net head
(H)

. — e - —

Shaft

.........
......
-------

Pen stock
Nozzle i/

—_— - - —_ - - - - . - — —

Jet of Water

——— — — —— — ——

B INTRODUCTION TO TURBOMACHINERY
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=PrL

INTRODUCTION TO TURBOMACHINERY

Pelton turbines

The water enters and leaves the control volume surrounding the wheel as free jets (at atmospheric
pressure)
A person riding on the bucket would note that the speed of the water does not change as it slides
across the buckets (assuming viscous effects are negligible)

—> the magnitude of the relative velocity does not change, but its direction does.

The change in direction of the velocity of the fluid jet causes a torque on the rotor, resulting in a
power output from the turbine

Chap.8 | E.Yim



=PrL

INTRODUCTION TO TURBOMACHINERY

H [m]

Pelton turbines

- Suitable for high heads (100’s meter range):

2000 |
. Bieudron ¢
1800 .
. -
1600 4
1400 hd .
. .
e L
1200 5 * *
Ch & o . *
L]
1000 -E-.-—.—tm—-o—‘——*
N
0 50 100 150 200 250 300 350 400 450
P [MW]

Source: Andritz Hydro

Chap.8 | E.Yim



wA 3 | g-deyd

Pelton turbines

Types of Pelton Turbines:

=PrL

Vertical shaft: 1 to 6 Jets

Horizontal shaft: 1, 2 or 3 Jets

AHINIHOVINOFGAHNL OL NOILONAOHINI W



=Pl Pelton turbines

- The nozzle:

« Equipped with a needle for flowrate control (e.g. valve)
« Actioned by a servomotor, which may be internal or external

« Equipped with a deflector for emergency stops

Full load Part load
&
2 (a)
I
O]
<
- -
& N\
[ — —
Z - + - - —
9 = — —
°c ) | g
O
2
§ O
'_
£ Deflector in normal position Fully deflected posiition
|

(b)

Chap.8 | E.Yim



=Pl Pelton turbines

- The nozzle: What happens when the

nozzle closes suddenly?
Key element of the design: must produce a jet of a “high quality”

— Straight jet

— Minimum atomization (formation of small droplets)

L7
,&\ P~ ==
V27277772 &S 3

. ,4,7;;;.:;';:”‘;'
—— ==ni N
l;//lﬂl N

///W/ 72> &

7 A

¢

, &% Nozzle with External servomotor

£3
A

INTRODUCTION TO TURBOMACHINERY

Nozzle with Internal servomotor



=P*L Pressure surges

» Spear valve must move slowly: sudden reduction in flow rate may result in serious damage from pressure surges
(called water hammer)

» If the spear valve closes quickly: all the kinetic energy of the water in the penstock would be absorbed by the elasticity
of the supply pipeline (penstock) and the water, creating very large stresses, which would reach their greatest intensity
at the turbine inlet where the pipeline is already heavily stressed.

» The surge chamber has the function of absorbing and dissipating some of the pressure and energy fluctuations created
by too rapid a closure of the needle valve.

Surge tank

=PFL . Water hammer (Hydraulic shock)

Penstock

Pelton wheel

hRE

Nozzle Zy

INTRODUCTION TO TURBOMACHINERY

v Datum level \vi

Chap.8 | E.Yim



=PrL

Pelton turbines

The buckets:

» Must deviate “smoothly” the flow and allow for its evacuation with a minimum interference
with each other

uoibai |ejuoly

B INTRODUCTION TO TURBOMACHINERY

Chap.8 | E.Yim



=PrL

Pelton turbines

Nozzle

Bucket

B INTRODUCTION TO TURBOMACHINERY

Courtesy of Voith Hydro, York, PA.

Tangential

U

L.

N
0

Chap.8 | E.Yim



=Pl Pelton

B INTRODUCTION TO TURBOMACHINERY

turbines

Tangential

U b

\\ '/Blade cross section

> %j,
W1:V1—U
J/ |

——langential

y O

W2:W1:V1—U

/
1 Axial

T

Assumptions
* no radial component of flow

N
©

« W, =W, (otherwise W, = C,W, with C, <1 velocity £
coefficient) - exercise 2 -
Tihate = —11 (11 Ve1) + 12 (r2 Vo) g
m1:ﬁ12:m,T1:T2=7‘m,U1:U2:U
Tsnm = mim ("eq,-\/e()
Vor=Vi=W1+U Voo = Wacos B+ U
¢ W cosp
> > We=w
Ul W, 2 |
—— =V,-Uu
Vi

U,
Voz=Vn = (V,-U) cosp +U- |,
= (VW) (- CoSF)

Tm = m‘/\ rm (( u’Vl )(("'CO-‘A) )
Wsha,ft = Aghaft W = my (U — Vl) (1 — COS /8)

r .
If V1 > U (jet impacting bucket), Wshate < 0 the turbine extracts

power from the fluid



P71 Pelton turbines

B INTRODUCTION TO TURBOMACHINERY

Wenate = mU (U — V1) (1 — cos B)

« Effect of B : maximum when 3 = 180° (cos m=-1)
Wehate = 2r(U? — UV7)

with respect to U

Maximum power d:’sllr}{' = 2';1\ (2 u -Vl) =0

Umax power — 7

A bucket speed one-half the speed of the fluid coming
from the nozzle gives maximum power.

Tenhate = mr, (U — V1) (1 — cos 5)

« Shaft torque = 0 when U =V,

_Wshaft

Tspattl . = mry,V1(1-cosg)

30

Wehad = 0.25im V7 (1- cosp)

max power —

\\| oo
| | | | PN

_Tshaft

0 0.2 0.4 0.6 0.8

blade speed to jet-speed ratio A =

1.0

Vi
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=P7L  Pelton turbines - Nozzle speed

Pat, _pey(m V12
Zé‘FZO— ERiy +2+ Y hp

Chap.8 | E.Yim

_ v
Zo-2 —=Zh. = —

| 2
Gross head ) \j h = V,z
a -_—

gt Net head 2‘3
“‘“(‘Q)':ﬂi‘a'{ _B_ggi il ol e (effective he
@;ER'_—Q?E:: 4! hg (friction Loss) Vl: I Zﬂh“ % Vm;zz.u_
B oo
B | Or ¢nV1i = Vhozzle Nozzle coefficient, ¢, <1
P s Buckets - -~
2 :::::::::: (Vanes)
== o Tygun’s empirical formula for the number of
a c
buckets (Z) in the wheel
Jet of Water D
15 ) 7 — wheel +15
2Dnozzle



=PrL  Pelton turbines in Switzerlan
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INTRODUCTION TO TURBOMACHINERY

Pelton turbines in Switzerdand

SwfczerlandMob:htyﬂ

Vi,

® N
sonnaz\\ V 2 2673%

es Half;rgs ‘33’9‘){5/
! ; Pigné!de Ia
/ %3336 T g h = 5 N \ & M{\ \\\:/
Ny Lourtler La:RosabIan s gL \Z

3870 ;,3‘ M Collon :
Lafde

E. Yim
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https://schweizmobil.ch/en/map?bgLayer=pk&detours=no&layers=&photos=no&logos=no&season=summer&highlightPointCoordinates=2597006.5-1100570.875&shooting=yes&E=2602971&N=1109133&resolution=47.99
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GORNERGRAT 3090 m
MATTERHORN 4478 m
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0AM
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INTRODUCTION TO TURBOMACHINERY

BIEUDRON POWER PLANT

OVERVIEW

O O NN D WN -

ey
SRR I

PENSTOCK

DISTRIBUTOR

UNIT BRANCH (25 m%/s, PRESSURE 190 BAR)
VALVES CHAMBER

SPHERICAL VALVE (210 TONS PER UNIT)
MAIN CAVERN

423 MW PELTON TURBINE

465 MVA GENERATOR

CONTROL ROOM

250 TONS OVERHEAD CRANE

BUSBAR TUNNELS

21kV15'000 A BUSBARS

TRANSFORMER CELL

465 MVA THREE-PHASE TRANSFORMERS

230/410 kV ONE-PHASE CABLE OUTLET
TAILWATER BRANCH

MAINTENANCE AND STORAGE BUILDING
COOLING WATER RESERVOIR

16/0.4 kV AUXILIARY TRANSFORMERS
230/400 V SWITCHBOARDS
EMERGENCY TUNNEL

ASSEMBLY SITE

CONNECTING TUNNELS

ACCESS TUNNEL TO PLANT

ACCESS TUNNEL TO DISTRIBUTOR

TUNNEL FOR 410 kV CABLES AND ACCESS TO
TRANSFORMERS

VENTILATION TUNNEL

E. Yim
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=PrL  Exercise

=
A Pelton wheel operates with a gross head of 530 m and a flow rate of 9 m3/s. The penstock length is 880
m, its diameter is 1.2 m, and its RMS roughness is 0.12 mm. The minor loss can be ignored. The hydraulic  «
efficiency is n, = 0.84, and the shaft speed is 650 rpm. Water kinematic viscosity is 1.02x10® m?/s and §
density is 998 kg/m3.
Find (a) the e head and the deIivered by the turbine and (b) the specific speed and from it the
recommended number of jets and the number of buckets in the wheel. The nozzle coefficient is C = 0.97,
and the ratio of the blade speed to the discharge velocity is A = U/V, = 0.45.
@ V.- Q- 4Q = 7.9bmls ‘ .
P A D, ij | Wepag < q]'Q'f“‘ 4
. € . 6.2viy" 4
z —= 2220 =10 - (a#1x 990
- o =o0.P¢- 9 - el b - (9£1x99
é D'? [.7 Nex cj )
3 9b X . _ paze =
: AL I LES SR PV o4 33.1 MW
e Y, 1.02x10 ~
% J': 0.012 L
3 Mo +.9b
2 s §— ¢ VP:oow_ L =284 m
z L D 29 (2 2-44

Ra=Py-F = 530 -20.4= BOL.6 m
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gram - Chapter 3

Moodydia
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0.04

0.03

0.02
0.015

0.01
0.008

0.006
0.004

0.002

0.001
0.0008
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0.0004

0.0002
0.0001

0.00005
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density is 998 kg/m3.

Exercise

recommended number of |

@) N W /P

by He tunbor of  buckehs v Meed

=
N

=
A Pelton wheel operates with a gross head of 530 m and a flow rate of 9 m3/s. The penstock length is 880
m, its diameter is 1.2 m, and its RMS roughness is 0.12 mm. The minor loss can be ignored. The hydraulic  «
efficiency is n, = 0.84, and the shaft speed is 650 rpm. Water kinematic viscosity is 1.02x10® m?/s and 5%
Find (a) the effective head and the power delivered by the turbine and (b) the specific speed and from it t
and the number of buckets in the wheel. The nozzle coefficient is Cy, = (.97
and the ratio of the blade speed to the discharge velocity is A = U/V, = 0.45.
oo rod/ae i M
= o . g-# . ?&gﬂlgg[et 0.02:0.18 88:90
Coh) ™ b (a8 L™~ L
. (] 0.12-0.36 86
‘FE‘&M' \S&\ﬁ IQCOMM'QA ' s Low-speed 0.39-0.65 | 90-92
Medium—speed 01.625_—11‘2 9—3
R R VA AW e
Kaplan tufbine 1.52:2.17 87-94
—- , - ® - w 'n} /s Pe( n Bulb turbine
B U-Jeh; ®J o L. ) speed fah A= Y.
V. = ha < 0-‘19\/ 2.44)- b = b3y = U= AU = w3 3mls
\ CN Zj A u-Q U= waep\:o.lﬁTM
- J _ p.F3m Ditnoed = 2€ = 1.2 M
=V " Opae > D c = 0. Whael = Z
fis = V. T toz24e V) T ) Z=Dael 3= @043 —(9)
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=F7L Water hammer (Hydraulic shock
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INTRODUCTION TO TURBOMACHINERY

==L 3-Energy equation

The first law of thermodynamics

- c¢s: control surface D

- ¢v: control volume Dt

a L]
epd¥- = a/ epd¥+j epV -
Sys cv CS

nd

Chap. 4 | E. Yim

Time rate . o
of increase time rate of increase

_ of the total stored
of the total

stored energy

" energy of the contents
of the control volume

of the system

Vﬂ

net rate of flow

of the total stored energy

+ out of the control

volume through the

control surface

where € = 1 + o + g2 total stored energy per unit mass

internal
energy

net in

0 _p  V?
_afwepd¥+/cﬁ(u+p+ 5 + gz

) pV -ndA

Work transfar
rate, powar

--:'*'
& Q4
= /
I L
E Q “Control Volume
3 L - " W W
5 Qe = +Qo-0Q5-0Q4 : .
o in (2 net + W shas
; in
=]
5 Heat
A transfer ratio
]
E
z
-

E. Yim

Chap. 8 |



=PFL  Recall- chap 5 Basic goveming equations for turbomachine

B INTRODUCTION TO TURBOMACHINERY

- Shaft torque Tehatt = —11 (11 V1) + mo (12 Vo)

« Shaft power

Wshaft — Tshaft W = _mrl VBlw + mr2%2w
U1 UQ

Wenate = (—1121) (U1 Va1) + mhg (UsVaa)  [W] = [kg-m?2/s?]

« Shaft work per unit mass (shaft power per unit mass flow rate), m, = ms

Wshatt = — (U1Ve1) + (U2 Va2) [m=/s?]

- Basic governing equations for pumps or turbines whether the machines are radial-, mixed-, or
axial-flow devices and for compressible and incompressible flows
- Note it is only the function of tangential component of velocity, no V., V;

-
(~2]

Chap.8 | E.Yim
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A

U \Vs"'u /
e

Velocity triangle: V absolute velocity,
W relative velocity, U blade velocity

Recall- chap 5 Basic goveming equations for turbomachine

From the big triangle (grey)
2 Z =
?.: Ve + \I,Q- oR, U:-:V —\'9
From the small triangle (dark grey)
W= (V= U + Uy
< 2 &
= Vg —2VeU t U +Vg
e f L z = \/ >
W =\ -2VsUht WU +V Vo
n 1 z
W + \J
V&u - A +

Wshatt = — (U1 V1) + (U Vo)

Ve -V + U3 —UF — (W3 - WY)
2

Wshaft —

Turbomachine work is related to changes in
absolute, relative, and blade velocities.

=
-~

Chap.8 | E.Yim
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B INTRODUCTION TO TURBOMACHINERY

The incidence is the difference between the inlet flow
angle and the blade inlet angle:

. !
=1 —

The change in angle of the flow is called deflection:

E—= Q1 — Q9

Howell (1945) defined a nominal fluid deflection as

e* = 0.8¢,

Head Loss coefficient @

0.07

0.06 |
0.05}
0.04 ;

0.03
0.02

0.01}

0 = 5 g '
20 15 10 5 O

o

Incidence i

Mean deflection ¢, degrees

=y
[+ -]

Chap.8 | E.Yim
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