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Definition of thermal Turbomachinery Ty

Graz University of Technolog]

Thermal turbomachinery work with compressible fluids
<= hydraulic machinery, ventilators

Only rotating motion of the rotor and continuous flow and
work process <« combustion engines

Energy conversion is based on fluid flow:
Stationary and rotating blades are used to transfer potential
into kinetic energy

Due to high rotational speed contact-free sealings are used
< piston ring in combustion engines

Thus working range: large volume flows, not too high
pressures

Steam process Y|

Graz University of Technolog]

Steam

Shaft to

Generator

Source: Heitmeir, LN TU Graz Thermische Turbomaschinen




Steam process Y|

Graz University of Technolox

L
Temperature — entropy — diagram w'gu

Idealized process without losses
Reheat cycles
T T T

a b c
Peak pressure: 170 (— 300 bar, supercritical)
Condensation pressure: 0.02 — 0.1 bar (condensation)
Peak temperature: 525 — 650°C
Power: 5 —-1000 MW
Efficiency: 40 % (aiming at 50 % till 2020)

Source:Traupel Thermische Turbomaschinen




Steam turbine design Ty
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20/25 MW Extraction-Condensation turbine, live steam 70 bar, 525°C, extraction pressure 2,6 bar,
Condensation pressure 0,032 bar
Source: Dietzel Dampfturbinen STM 7, S. 45

Steam turbine design Ty
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Source: Dietzel Dampfturbinen STM 7, S. 45




Steam turbine design

aTy
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Radial pump for
bearing lubrication

Linear guiding

expansion

to allow for heat

=
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Fast response bolt
closes steam supply
at over-speed

Axial bearing
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Source: Dietzel Dampfturbinen STM 7, S. 45
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Steam turbine design

aTy
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Pipe for leakage flow
from labyrinth seals

Thermo-elastic
support of stator
casing

Control valves
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Live steam supply I| |
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Source: Dietzel Dampfturbinen STM 7, S. 45
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Siemens N-class steam turbine Ty
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Siemens N-type turbines are
used for normal to medium live
steam conditions (100 bars,
500 °C). This type of turhine
has a reaction-type design that
has proven itself many times
over. N-type turbines can be
either condensing or
backpressure machines. The
standard configuration allows
up to two controlled extractions
and/or several uncontrolled
extraction points.

Source: Siemens

Steam turbine design Ty
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Figure 6. Nonreheat, single-casing, axial exhaust steam turbine

Source: GE Steam turbines for STAG Combined Cycle PPIt GER3582e.pdf




High pressure turbine and two-flow condensation turbine
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Source: GE Steam turbines for STAG Combined Cycle PPIt GER3582e.pdf

1200 MW turbo set with 6-flow condensation turbine

S I : A e e ) T, MBS D
Bild 8.18  1200-MW-Dampfturbosaiz eines Kernkraftwerkes (nach Fa. Siemens AG)

Source: Siemens




Source: Siemens




Basic Principle of a Gas Turbine
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Air

50 — 70 % of turbine power

Compressor

Pressure ratio: usually about 15, but up to 40 and more
Turbine inlet temperature (TIT): 900° - 1700°C
Turbine exit temperature (TET): 400° - 600°C

Power: 100 kW — 300 MW

Source: Heitmeir LN TU Graz

Turbine

Power shaft

to generator

Stationary Gas Turbine
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Source: Siemens

(8) Burner

(7) Silo-Combustor
Exit Casing
Bearing

(2) Turbine

(4) Middle Casing
(9) Transition Duct
(6) Stator Blade Carrier|
(1) Compressor
(10) Bearing

(3) Inlet Casing

(11) Coupling
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Stationary Gas Turbine Y|

Kawasaki STIG M7A-91ST Gas Turbine  WPETY]

Graz University of Technolox

Super PLUS steam injection

PLUS steam injection
MOx reduction —
steam injection

Source: Kawasaki
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Radial Compressor -
Graz Unm ofTed\mlc“

Source: Pfleiderer, Stromungsmaschinen, S 310
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Description of Fluid
Gmun’m‘ ofTed\mlc“

Ideal gas:

Real gas:

R-T

p-v




Cascade aTy
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Transfer of 3D geometry to 2D linear cascade (mid section)

Source: Niehuis LN Stromungsmaschinen

Turbomachinery Stage — Meridional View Do
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Turbine vs. Compressor Flow Ty

Verdichterlaufrad T ax Turbinenlaufrad
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Zur Vorzeichenvereinbarung bei Verdichtern und Turbinen

Compressor Turbine
- decelerating flow - accelerating flow
(diffuser) (nozzle)

Source: Flugzeugtriebwerke, Willy J.G. Bréaunling,

Radial Machine aTy

2

Linear cascade of a radial machine

Source: Niehuis LN Stromungsmaschinen




From Thermodynamic Layout to a Turbine Cascade Ty
GmUn’w‘ ofTed\mlo“
Steam cycle with back-pressure turbine (simplified):
6.11 | 3362.5 6.11 | 3362.5
70 480 70 480
#C7
Power 3.13 MW
Efficiency 16.83 %
T @ T Turbine Dh_is 669.68 kd/kg
6.11 626.64 6.11 614.6
82 147.58 4.499 145.9
masslkg/s] | h[kJ/kg]
plbar] [§e]
Velocity Triangles of a Turbine Stage Y|
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Impulse stage

Source: Jericha LN TU Graz

Reaction stage




Velocity Triangle Y|
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! Cy7 ﬁ"—z. (negativ)

u

C=wW+U

Source: Traupel

Impulse Stage vs. Reaction Stage Y|

Graz University of Technolog]

Impulse Stage Reaction Stage
- Higher turning, thus lower efficiency - Better stator and rotor efficiency
- Higher enthalpy drop - Lower enthalpy drop
- Rotor pressure difference small - only full admission
so partial admission possible
- Smaller leakage loss - Higher leakage loss

(sealing at smaller radius)

- Smaller axial thrust - Higher axial thrust, thus
thrust balancing necessary

Source: Jericha LN TU Graz




h-s-Diagram of a Turbine Stage
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/Total enthalpy

g he=h

t0 11

Source: Jericha LN TU Graz
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Stator Layout

aTy

Source: Jericha LN TU Graz
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for the isentropic expansion:*

2 2
h,+%:h0+—?-
By - by = AR
oy &
T =+ 4
2 2

S _pp . L
7 = Ahs o

with a stator efficiency n*

the absolute velocity c, at stator exit can be obtained

Using the continuity at stator exit the axial velocity
component and thus the stator exit angle are obtained




Rotor Layout Y|
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for the isentropic expansion:'

2 2 2 2
Ws - apr LMt - U
T A3
with arotor efficiency n* |
2 I
W, s o MR =l 3

the relative velocity w, at rotor exit can be obtained

Using the continuity at rotor exit the axial velocity
component and thus the flow angle are obtained

Source: Jericha LN TU Graz

Specific Stage Work (Euler Equation) Y|

fhz\*%f}-ffb +%—2~}:—L“

hy = hy = A" + 4h" = 4h
.2_c2 2 -2
I.uzdh +L2—Z :dh'&dﬁ"-ﬁg—-—z =h

2 fo-h

t2

i s R
wNGUR G e
2
w? = %+ uf - 2u6c0sq,

2 o 2 2
Wi TG0 Ut - 2upc,cosa,

Ly = UpG LOSQY = UpCp.L0STy = Uy Cyp = Up Gpp

Axial flow at constant radius: L, = u Ac,

High circumferential speed (large diameter, high rotational
speed) leads to high specific work!!!

Source: Jericha LN TU Graz




Layout for a compressor stage Y|

Axial compressor
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Source : Jericha LN TU Graz
Layout for a compressor stage ﬁ'ﬂu
Graz Unw ofTed\mchl

Source: : Jericha LN TU Graz
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Radial compressor




Efficiency Definition

aTy

Circumferential efficiency without exit loss:

L
Wz ————_ 7
=g

Circumferential efficiency with exit loss:

x _ L
-nu"‘_"_"‘??
Ahs+—21

Isentropic circumferential efficiency:

Circumferential Efficiency, valid at mid section:

_4h
TISU - Ahs
Source: Jericha LN TU Graz
Inner Efficiency Y|
Graz Universit Y OfTed\mleI
Innerwork: L =L, -Z4L =L, - AL, - ALy - 4lg - ALy,
with

AlLs,  Stator leakage loss
Als;;' Rotor leakage loss
[“'-R Wheel friction

Source: Jericha LN TU Graz

ALV Ventilation loss
Inner efficiency without exit loss: o= S —
. i = S )
Ahs + ."-12_5.2.
Inner efficiency with exit loss: = L -
4 C
Adhs + —23-
Isentropic inner efficiency: s 32 ah; = Ah -SAL
S




Total Efficiency w'gu
n=n;-1m,Mny

1= Total efficiency

n = Inner efficiency considering all stage losses
n = Volumetric efficiency considering leakage losses of shaft
" = Mechanical efficiency considering bearing friction, ...
Source: Bohl, Stromungsmaschinen 1, Seite 23
Dimensionless Stage Parameters Y|
Graz Univets‘ﬂ ofTed\mk:“
Flow Coefficient is a dimensionless volume flow:
i) _VZ._
Gb-A
m vy 5
= = ~£=3in
P Ay U B

Load Coefficient is a dimensionless enthalpy drop:

Source: Jericha LN TU Graz

- _4hs InUSA: (= -.Z_Ahs
B w72 U
¢ = 2 (UG, =BGyl L I?
Tsul>
Sl = -1 |24a
By Ry = qJ-Tlsu u




Degree of Reaction Y|
GmUn'w’ ofTed\mlc“
Definition: - -
. Isentropic enthalpy drop in rotor .
Isentropic stage enthalpy drop P E \h"
2 i 3‘1 L
Ak | 7 | S
=== o | |
r Ahs S 2L T - } hy
| SN 3|
o2 2 2 | S T
Way© 1 W Uy ‘ ] S
(=2) = - (=) + () -1 -
rs= 2.3 vz U; R !
b
Kinematic degree of reaction: %
Caxt1 = Caxz . U;=U,
11‘ = .“Jl :?
Mg o M2 Ly, G2
= _{ u u =1 u u Wy
kin 2 i 7 = U
Source: Jericha LN TU Graz
Dimensionless Parameters and the Velocity Triangle ﬂ-ﬂ:‘
GmUn'w’ ofTed\mlc“

Abb. 251

Moy = 1

Source: Jericha LN TU Graz

Abb, 2.5.2




Degree of Reaction = 0 Y|

Graz University of Technolog]

Figure 2.20. Impulse turbine (a) Schematic diagram (b) Mollier diagram.

Source: Intro. Turb. Fig 2.20

i = T
Degree of Reaction = 0.5 # - Ty
Graz Unw ofTed\mlo“
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Figure 2.21. Reaction turbine (a) Schematic diagram (b) Mollier diagram.
Source: Intro. Turb. Fig 2.21




Turbines of different degree of reaction WIS TY]
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Source: Traupel 1 STM 140

Compressor Cascade ﬁTU

Ledtrad

Abb. 12,2 Arbeitsweise ciner Axialverdichterstufe,

Source: Traupel 1 STM 140




Compressors of different degree of reactioMTsk-!.
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From Thermodynamic Layout to a Turbine Cascadeﬁ LY

Graz University of Technolog]

What is needed to design a stage?
» Stage enthalpy drop

* Rotational speed

* Mean diameter

» Degree of reaction

» Stator and Rotor efficiency

Power 3.13 MW
Efficiency 16.83 %
Turbine Dh_is 669.68 kJ/kg

massfkg/s] | h[kd/kg]

plbar]

| tc]

6.11 | 3362.5 6.11 | 33625
70 480 70 480
vl
o
y z
N
% 6.11 | 2813.3
45 | 178.97
Lot
A
A T
6.11 | 626.64 6.11 614.6
82 | 147.58 4499 1459




Layout of a Stage Group Ty

u=0R =Dnn/60

vV =Y _ sinot Ot 0 (axial outflow) —_ = .tana
cosal an ?

Generally: @ = f.fanal  with  f =%+(1_1—]

Limit for short blades: @ =%, 0/ = 10
Limit for long blades: & =35, O/ = 3

60V (D/1)

nn f tana
s s | P opf1--L
b = D0+ 571 0 =041 - g
D ... mean diameter n ... rotational speed [rpm] u ... circumferential velocity
V ... volume flow a ... nozzle angle | ... blade length

D;, ... inner/outer diameter

Number of Stages FEU
u?
Isentropic stage enthalpy drop: hSt = 1//7
Stage number z: Z.M = Ah
g : 2 = SlTefiturbine

By varying the parameters r, y, o, D/l and n for the first and last
stage of a stage group feasible dimensions and stage number
can be found!
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Layout of reaction stages Ty

Control stage:
20 % of turbine
enthalpy drop

13 reaction stages:
Ah_is =536 kd/kg
V, =0.426 m%/s

V, =275 m%s

> Excel

Assumption of stator and rotor efficiency then allows the layout
of the velocity triangles!

Source: Jericha LN TU Graz

Blade Number sty

Zweifel method:

Zweifel investigated the ratio of the tangential force F; to an idealised
tangential force F;,; and found a common value of y;=0.8

Source: Jericha LN TU Graz




Blade Number RTy|

Zweifel method:

With y;=0.8 an optimum ratio between spacing t and blade width b can be found!

b 2w, -Aw
[Lj _08 __ sinp 08 1
b opt 2 Sinﬂz 'Sin(ﬂ1_ﬂ2) 2 sin® ﬂz(COtﬁz _CO[ﬁl)

For compressible flows:

with Ap=p,-p,

The blade width b can be chosen or is given by strength considerations!

Source: Jericha LN TU Graz

Blade Number RTY|

Alternatively following diagram by Traupel can be used to find the optimum spacing
depending on the blade turning:

26,

. 1
|
!
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¥ &, B0,
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= T 1 T T Rg- N \\\
FMW!Y%'A \\

8
T17
T
N
- 1
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T 1
=T 1

W w wr g M ¥ W
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Source: Traupel |, 405




Next Step: Blade Geometry Ty

« Based on the velocity triangle the blade geometry is designed
« The flow channel should allow a continuous acceleration (or deceleration)
« The narrowest area (throat) is usually at the blade trailing edge!

B2
suction
surface

pressure
surface

Turbinenlaufrad

S
ui

throat

14

Figure 6.5. Turbine stage: principal
objectives.

Source: Bild 6.1 STM 152 Japikse Introduction into Turbomachinery

Examples for Blade Design based on Zweifel method ﬁIU

»

22 ) == )
LD W ==

Abb.329

Source: Jericha LN TU Graz




Does the flow follow the geometry? Y|
GmUn’w‘ ofTed\mlo“
Method of Traupel: x
&
=3
@ D,
=F g c
A a;;/’ [z]
Abb.3.2.11
Continuity: t.c,.sine, = a.c,
Impulse in circumferential direction:
Je = MmCg.C0Sa, Jy = m.c,.cosa,
€,.C0SQ; = (.C0Saq,
Source: Jericha LN TU Graz

Method of Traupel Y|

Graz University of Technolog]

a c, _a cosa,
t c, t cosa,

»

sina, =

Thus the blade exit flow angle depends on the throat area and the
throat flow angle

a
tana, = T

cosa,
Considering the thickness of the blade trailing edge, following
formulais obtained:

1 a

tga, = .
9%, cosa, t-t

The blade geometry has to be adapted so that a, corresponds to the
velocity triangle.

Source: Jericha LN TU Graz




Turbomachinery Flow Y|

Graz University of Technolog]

Flow in turbomachinery is very complex:

* three-dimensional

e laminar, transitiénal or turbulent

« unsteady with stator-rotor interaction

 transonic with shock — boundary layer interaction
 high pressure gradients lead to vortices

subsonisch

o
I

Konturmachzahl Ma,

0% axiale 100% transsonisch

Schaufelbreite b,

Mach number distribution along suction and pressure side of a turbine at
subsonic and transonic conditions

Instantaneous pressure distribution in a transonic turbine ﬂ-g,';;'

Graz University of Technolog]




Three-dimensional Blade Design Ty

Graz University of Technolog]

Until now the blade geometry was determined only for a
representative mid section.

But there are differences along the blade height:
« The circumferential velocities vary along the blade height.

» The radial balance between centrifugal and pressure forces
leads to aradial pressure distribution.

This leads to different velocity triangles along the blade height
and thus a twist of the 3D blade is necessary (except for very
small D/l ratios)

Three-dimensional Force Balance aTy

Graz University of Technolog]

Stream line in a meridional channel without blades:

Force Balance in x-direction:

9 z

. PPN - (O I -
r Tk P Ox
a b c

Force Balance in y-direction:

2

& dc,

- _us’ne -+ Cy-—-—z‘. &2 -
[2 dy

dp

208
P oy

a d e

a ... centrifugal force by circumferential velocity
b ... centrifugal force by streamline curvature

C ... pressure force

d ... convective force

Source: Jericha LN TU Graz
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Three-dimensional Force Balance -
Srg2 Urkersy i Techuoig|

Some transformations and the assumption of isentropic flow lead to:

h c 2 B, -
B L‘u.% - cj,.a—)i =% 4+ Y cose - ¢, =L SINE
or or pr F g or

Assumption of no curvature and parallel-to-axis flow lead to:

f,=zeoa, €=0 — § =G
o _ .0 _ 8 _cf
ar ¢ Y dr r

Assumption of the same enthalpy drop along the radius:

o _
ar =
Oy i  &F

it o =
“or =ar r

Source: Jericha LN TU Graz

aTy

Constant Nozzle Angle Design
Graz Univets‘ﬂ ofTed\mk:“
Postulation of a constant nozzle exit angle:
Qa = const. ey fanq
CU
o 0
“ar T *or P
dc, Tz
-5 (T« tan’a) = 4 o (Fi)cosfa
1+ tarfd = ?2 2
cos?a G, = ¢, () COS°@
ar _ _dg 1
P Tty (D52 2
u a fz-“-‘t‘zm(-'”ﬂ)msa
r

1
(ﬂ.l" = —mﬂ.(ncui-h’
Effective in the axial gap

between stator and rotor

Source: Jericha LN TU Graz



Constant Nozzle Angle Design

aTy

Starting point is the velocity triangle at mid section:

3. The constant specific
work at all radii gives the
relative outlet velocities!

4. u gives the absolute
outlet velocities!

Only rotor blade is
twisted!

I~The same exit angle and
thus the same blade
geometry for all

velocity u gives the =
relative inlet velocities!

P

a
E
o
£ Z o
= sections!
R
2. Circumferential / P ~.5 1. The cosa law gives the

absolute velocity c for all
radial sections!

\ Constant Nozzle Angle Design Y|
VELOCITY DECREASES
PRESSURE INCREASES
o et
[
] h \ | Pr?“lura‘ and
Velocily =mm— —— | | \ ! unaf:ﬂ
] ] on entering
Static | 3 | exhaust
pressure l ‘ | system
NOZZLE BLADE
Kinematic degree
201 of reaction
>
[} az
IS
>
RE
>
L
=
S 05
[}
o 10
%)
Mass flow
out mid in
20 w0 50 0 01 ”"ﬁ A
Stator enthalpy drop
Source: Jericha LN TU Graz




Free-Vortex Design Ty
Graz Universi xofTed\mlel

Postulation of a constant axial velocity between stator and
rOtOF KZ = COﬂSf

2
-, 0w & dc,_ _dr pT————
ar r cy T u = 3

3D layout of a fan stage:

Rotor and stator

blade are twisted! §REG
Source: Jericha LN TU Graz
Three-dimensional Blade Design Y|
Graz Univets‘& afTed\mk:“

The linear forced vortex law reduces the turning at the blade hub, the
quadratic forced vortex law also reduces the turning at the blade tip.

This results in a decrease of secondary losses!

L) T 1 I

Parabolic forced
B vortex ( n=2)

~
B
T
HIL
1
1
1
[

——————
———
e ——
————
—

Stator et gas angle (deg)

721 Linear forced
vortex(n=1)
70 I L ] |
0 0.2 0.4 0.6 0.8 1.0
Hub Annulus height Shroud

Variation of nozzle exit angle across the annulus for various vortex designs

Source: Fig 6.1 STM 152 Japikse Introduction into Turbomachinery




Secondary Flows
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Secondary flow with tip leakage vortex

Separating surface

Suction side

Passage vortex (casing) Tip leakage vortex

Inlet flow

Casing Wall

Hub wall |

Secondary flow in turbines

Suction side leg of the Passage vortex (hub)
horse-shoe vortex

nach Kawai, 1989

Trailing edge
vortex

Hp ... Pressure side leg of the Hs ... Suction side leg of the
horse-shoe vortex horse-shoe vortex

Modern 3D Blade geometry

aTy

Where do the highest secondary losses occur?

(@ (b) ()
ﬂ"
ql
1 ::

e
P~
=
e o -
.
~L

Figure 6.11. Section stacking: (a) radial stack (b) and (c) 3D stacks.
Stacking of two-dimensional sections along radius

Source: Fig. 6.1 STM 152 Japikse Introduction into Turbomachinery




Integrierte Deckplatten
(IR, o)

3D-optimierte Schaufelblitter
: o .

A
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Veorspannung

Optimierte Schaufelfile

=/ fu
i ’:-:-"-

Source: BWK 3/2005, Seite 58, Bild 3

Meridian stream lines

High mass
flow density
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Y
(]
;ﬁ
2
7
g2
&
]
55
i

1\

Low mass
! flow density

[AEILARANRNNANANNNNN

Bowed
stator blades I

Cylindrical
stator blades

Source: BWK 3/2005, Seite 60, Bild 4




GE-90 3D Fan Blade Design
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Loss Calculation by Traupel
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Inner efficiency:
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Tip leakage loss by Jericha Y|

2 s ... leakage height
~ | ... blade height
N S I ... blade chord length

005
a
0,90 - M ) m 0,0. \\

leakage efficiency

£ |

T
3

085t e —

-
0,005 0010 % — 0015

Source: Jericha LN TU Graz

Part Load Operation Y|
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Labyrinth seals Y|
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Steam turbine

| Labyrinth seals to prevent steam leakage |
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Different sealing designs Y|
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Flow through sealings is a repeated throttle flow
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Estimate of sealing mass flow Y|
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Estimation of sealing gap height:
)
S =k —— + 0,2
s = (% 700 )
with k =0.6 ... for compressor
k=0.85 ... for turbines with a ferritic runner

k=1.3 ... for turbines with an austenitic runner

Estimation of sealing mass flow (simplified): . |
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Abradable Coatings RTY|
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Abradable coatings allow a reduced clearance

Source: BWK 3/2005, Seite 61, Bild 7




Reduced Clearance

2-5tage Brush Segment

Brush sealings allow a further clearance reduction

Source: BWK 3/2005, Seite 62, Bild 8

Example of a steam turbine with control stage:
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Balance piston allows balancing of axial forces |
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