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Some highlights

The transformation is gaining momentum!
— Renewables
— Nuclear

Notable things
— 30 new engines during last 6 years
— OVT
Emerging technologies
— AM-components (incremental)
— New cycles (leapfrogging)
Fuels
— Hydrogen
— Ammonia
— Liquid bio-fuels
9 large hydrogen transition projects
Production costs

Steam turbine life extension

Lund University / LTH / Energy Sciences / TPE / Magnus Genrup / 2021-09-29

Page 2




1ea oo Pt tachkooo s Owa Pokos Moo 8, Q

The California Duck Curve —

Germany May -21

/16 GW/3h

140 GW 800g/kWh

Installed wind and PV-capacity
d 40 GW ‘ ‘ V k
o dP/dt, " ' rve!
Solar ® Wind Onshore @ wind Offshore

— Electricity Consumption

— CO2 Emission Factor of power mix

1 8760
P - ratio = Eyg ~2.4..3.9 | Py, dt
O VIRV () J Per
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State-of-the-art combined cycle — GTCC

~1.4...1.5 kg/MWs ~ 600°C (+) steam admissiozrz)(y
~ o

SCR I

Combustor ~ 625...680°C
100%

Compressor

COT ~1,500...1,650°C
PR ~19...25
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FCR-x FRR

A Max. Extended Load
Operation

Improve Load
Change Rate

Min. Load
Operation

Start Time Shut-down
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Wind - hydrogen transformation &

« Sweden has to 6,835 MW installed nuclear capacity

— True base-production (no FCR but inertia, voltage control, FRT,...)
— Frequently argued that we can run without...

« Assume 5,000 MW installed hydrogen gas turbine capacity beyond
the nuclear era

— l.e. ~3.6 times the capacity of today
— Do the numbers:

MW ]
Electrolyzer energy :‘%’;%:52.55 kWh =189.18| — =
0.75 kg (kg/s),
Fred heat ~1..189.18-104.16 ~ 19706.25[ MW |
P 41 k kg |
Gas turbine hydrogen flow = ?.Wer/..??f” _ 500004 kg ~104.16| 4
CLHV > 120 S S |

— This will call for some 4,900 4 MW wind turbines*! b =
~ For “back of an envelope” type of calculation use: ~ P-rafio =% ==

GT r’TH

— A gas turbine with 40 percent efficiency will yield a P-ratio of 3.9, whilst a
combined cycle with 64 percent will have 2.4!

) 1 8760
P - ratio = Eppy = 2.4..3. P;, dt
ratio LHVIAEVT (%) Wind 3.9 '([ =T

Water per mass hydrogen = 9:1, hence 3,375 ton/h demineralized water
*Back-to-back
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How do we fix this?

« Still no true omnivorous gas turbine

« Hydrogen is reactive, very...
— Issues related to combustion and the fuel system

Can we do it today?
— Yes, we can!
— Wet diffusion in aero-derivatives
— DLE is the challenge above 40...60 percent
— Do we have enough hydrogen?

Other fuels?
— Ammonia is still based on hydrogen
— E-Methanol
— Liquid biofuels such as HVO,...
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Notable things...

« 30 new engines during since -17
— 5...593 MW

« OVT sold
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New gas turbines

New GT models 2016-2021
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GE LM2500XPRESS

LM2500XPRESS LM2500XPRESS

+G4 +G5
Power, MW 33.9/96.2 36.3/103.3
Efficiency, % 38.5/55.0 38.1/55.1
Start-up, min 5/30
Nox, ppm 25 25
CO, ppm 25 25
Reliability, % 99.5
Availability, % 98.7
Start reliability, % 98.3
MO/Hot section 50/25 50/25

95 percent factory assembly

10 modules with 25 electrical interconnections

14 days installation with 20 people

Courtesy of General Electric
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Siemens SGT-800 vs. GE 6F.01 &
2,56705952%3 000 rom 2@}3:761%%?@3000 rpm g 000 m, (30”00]
PR 1.23

15 stages 250% H, 12 stages
SGT-800 B-ratings C

Power kW 47.5 50.5 954.0 57.0 62.5

Efficiency % 37.7 38.3 39.1 40.1 411

PR 20.1 21.0 21.4 22.0 21.1

Flow kg/s 132.8 134.2 135.5 136.6 135.5

Specific P.  kWs/kg 357 376 398 417 461

EGT °C 541 553 563 565 596

NOx (gas)  ppmvd <15 <15 <15-17 <20 15...20

NOx (oil)  ppmvd <42...74
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Siemens SGT-800 vs. GE 6F0.1 =
SCC-800 B-ratings C 6F.01

+ Power MW 66.6 714 75.9 80.7 88.0 84.0
é Efficiency % 53.8 55.1 56.0 58.0 59.0 57.1
8 Heat Rate kJ/kWh 6,693 6,530 6,427 6,207 6,100 6,309
8 Cycle 2PNRH 2PNRH 2PNRH 3PNRH 3PNRH 3PNRH
+ Power MW 1354 143.6 153.7 163.1 180.0 170.0
% Efficiency % 54.7 554 56.7 58.6 60.0 57.5
8 Heat Rate kJ/kWh 6,583 6,494 6,349 6,143 6,100 6,259
8 Cycle 2PNRH 2PNRH 2PNRH 3PNRH 3PNRH 3PNRH

1+1: STF-A100 (geared), 120 bar,, 566°C

C‘ “"""- _® 2+1: STF-A200, 120 bar,, 566°C

L1 Pr 1. _{0.17 SGT-800
| Mg, 0.21 GE 6F.01
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[ Hllli*

~—

* Only power generation (torque » Both power and driver
Issues) | ,  Part-load (pro’s and con’s)

* Part-load (pro’s and con’s) — oL tart
effective way of controlling engine ower starter power
flow for high/constant exhaust - “Free” power turbine speed (lower
temperature outlet velocity level)

* Exhaust size limitations (lower - Typically less efficient exhaust
speed or high outlet velocity) (lower recovery levels)

- Efficient exhaust « Three-shaft aero-derivatives

» 50/60 Hz direct drive for large units « Low inertial

« Beam rotor with two bearings . PT over-speed risk at load rej
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AT NAT
@ISO DP

____ VONNT
"""""" @ ISO DP

m*
Physical speed set by grid and gear ratio
(<100 MW)
Locus of operation at different ambient
temp’s with nominal firing could be seen
as a “running line”
No rotor inertia lag (frequency response)
Typically reduced surge margin ay high
ambient temperatures (COT/T,)
Grid code requirement of 6% under-
speed at +50°C — may be problematic!

m*
Typical speed range 60...105 %
Compressor speed is decoupled
from load
The running line is, more or less,
a function of firing — not ambient
temp — for a certain engine
No real grid code issues exce
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Single-shaft EGT control — schematic

Max EGT Nom COT
COT <nom EGT <max

=] PEAK
°\ 100 Nom COT

: )
5 corr” | ;
— 80 / ----------- QE,
2 PR | ..ot £
S eol e ©
(@)
c EGT Max EGT )<"‘EGT %
=] FLOW =
(/)] '%
> 920 >
o LOAD av

0 20 40 60 80 100 110
Load, % ', lifing gain!" Extra firing!
IGV (or vsvs):[%—q.mo [%] = ri=45..100[%]
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E.ON Oresundsverket — 2008...2018 =~

Damper + bypass stack?

Cold condenser
290 MW 150 MW

A

Black-start capability « GT inertia moment: 59,078 kg-m?
Island-operation capability e Tau ~ 21 seconds

Synchronous condensation
Could have been upgraded to 62... percent efficiency
12...15 min start and loading for the GT

Todays standard is 28 minutes start-up for the entire plant
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290 MW
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* Most folks are having a hard time grasping the PI-

equivalents and the need for this!

 |In addition it, it only takes a rotor 20 ms to complete

a turn, whereas most grid protection response time

is ~150 ms...

* FRT capacity?
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Technology
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LMS100

o Jcl
[&) -Class
| L o
Infancy Expansion Maturity . | Infancy Expansion Maturity | Infancy Expansion Maturity
Time

New technology curve with
turbomachinery!
» Hydrogen/e-fuels
v Fuel cell (w. GT)
v" Gas turbine
e mmEw * Allam-Fetvedt
* Pressure-gain combustion
« Fission-/fusion energy?
» Low-temp geothermal
» Solar + storage
» Super-efficient bio

\/ \ « Massive wind + storage

Existing technology New technology  The breakthrough!
curve introduction

Existing technology
advancement

Diminishing returns!

Suitable figure of meri

Based on Gillen in Goswami "Energy Conversion”, 2" ed.
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Fuel cell hybrids — optimum performance -~

Technology Cycle PR, - COT, °C Effi'y, % Sp. output
SOFC+GT 30.0 1,300 65.0 588
SOFC+REC 3.5 1,300 68.7 620
SOFC+ICR 4.0 1,300 67.8 614
MCFC 3.5 1,300 63.5 464
GTCC 23.0 1,600 64.0 650...700

SOFC flexibility issues?

Source: Bhargava, R.K., et al., J. Eng. Gas Turbines Power, 132, #022001, 2010.
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Temperature

Temperature influence on efficiency F

Ideal cycle No firing — work feed-in! Real cycle
w, ~T.
A Figures based on Razak 3 p2 p2 A T g 35 p2
o AT, .
>
wd
©
| &8
8 P4
5
et
1 1
Cp(T4_T1) CP(T3_T4):Cp(T2_T1)
> o -
Entropy Entropy Entropy
- Combustor section temperature rise (AT,.) is the best gauge of the | =6, dT -vdp
cycle’s ability to deliver power. When this is low, excess power is ...ﬂ _ I
low and the losses due to component inefficiencies dominates, ds|, ¢,

hence reducing both thermal efficiency and specific power.

« High thermal efficiency requires low exhaust temperature to
minimize energy wastage. Maximum efficiency occurs at the
minimum value of AT, /T, (combustor temp rise/exhaust temp).
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State-of-the-art-GT (Single-shaft)

« 3D Aero airfoils * DLE - Dual Fuel
. Multistage VSV + >1,600°C
+ Welded rotor - “Super Finish” « Can-Annular
* Bolted rotor « Field-replaceable blades * Axial fuel staging
* Hirth-coupling  Fuel flexibility
* Hydraulic ACC » Fuel saturation
— . se00°C
» Hydrogen cooled — + 1,000 kg/s
- 99 % Efficiency 3 1B + <25 ppm NOXx
+ 600 MW —— + >10 ppm CO
» No toxic emissions
_h-_-""‘"--..
» Four-stage turbine
Future enablers (short term) « Single-crystal Ni-based super-alloys
« 1,700 °C - TBC
« Ceramic matrix components * 3D Aero vanes and blades

« ACC
« Advanced film cooling
* Micro-channel cooling

Additive manufacturing (AM)
Data analytics

Controls and optimization

No vane #1 Unlikely!!!
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AM - vane 1

RIT,, .

« Offers a way of bringing SOT closer to COT  cor sori
v More efficient — less cooling air
v No film-cooling in the future?

Figure courtesy of Siemens, GT2021-59523
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Externally fired gas turbine cycle

seb jsneyxg

M\

@

850...900°C

400...500°C

Compressor

160...200°C

PR=3..4

700...800°C
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il
High-TRL metal combustion demonstrator =

- Novel =---mmmmmmmmccmceeeee + Metal combustion in a small scale GT
v Worlds first demonstrator!!!
v Offers a fast track do demonstration
v" Low-cost
. Bubbllng or circulating bed type
Inertial separator(s)
\/ PFBC-competence for leverage
v' Heavier oxides are separated at the
bottom and as “fly-ash”
v" No need for separate fan
v Turbine exit velocity ~ 140 m/s offers
significant head for fluidization
* Heat exchanger
v" No real oxide problems
v" Radial turbines cannot be operated with
hard particles (a.k.a. the Ping-Pong effect)
« Literally any type of fuel can be used
v" Hydrogen
v Ammonia
v' e-Methanol

Cyclone
separator

Jle 1sneyxy
850...900°C

160...200°C

700...800°C

PR=3..4
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Heat
cCs
— .
Compressor Cco, Turbine
N| ? .
2 207G [gec
1 AW » ;
80 bar AWML 3 4 5
65°C V| 1 pump ; 725°C
Water separator . 750°C 7

20°C WW\ 8 « n M" H,0+CO,
[ W I Recuperator

%Cooler

Efficiency ~ 55...60 percent

Based on Gllen, Gas Turbines for Electric Power Generation, Fig 22.3
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Fault cleared
Circuit fault [16:52:33.564]
‘f:':rjnnoi:::- f Hornsea loss of 737MW Frequency is
__.—-”'— 16:52-33.835 restored to S0Hz
[16:52:33.420] [ ] [16:57-15]
—_—
imEE | Little Barford 5T wrip )
244MW [16:52:34] /_
-
Increase in transformer loadings / \ EastAngla
(Loss OF Mains) ~500MW [ 1l P g \\ v
| [16:52:34] L dreat Yarmout MI /‘
1
I. Frequency response Little Barford GT1a //
\ recovers frequency trip 210MW /""'
| | tod9.2Hz [16:53:31] F,
|| [16:53:18] ;," s
\ - - /
Circuit closed A \'a Little E-a_rfcl rd /’
on DAR H‘m g "x\ GT1b trip To Nemenards
[16:52:53] s 1E7MW : i L
Y [16:53:58] )
o \ 7 J
e
Frequency fall \. f / ,‘.‘ﬁ‘“\\\ f‘/N/ £
arrested at 43.1Hz i F : " Cungemars
[16:52:58] \ /! - ESO Natienal Control instruct i oy
Wil 1,240 MW of actions to restore ) A Tomeee:
x"'{ i frequency to operational limits and Rarplon
Frequency breaches 48.8Hz triggering LFDD E restore frequency response and
[16:53:45.358] ' reserve services.
Self regulating
N
+/_ r N\
= a
AP—1-S .p (f —f
df 100 ™ M 1
dt P 2. fr
. .
nom /
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GE LM6000 Hybrid EGT

FFR, FCRx, FRR ki 10 MW Li lon Battery
’ ’ SRR

Attributes without Fuel Burn
: - * Instant response, always ready technology
* 50 MW of operating reserve
* Primary frequency response
* 5 to -8 MVAR voltage support
» 134 MW-secs inertia with synchronous condensing

* Black start technology
* Demand charge savings

Attributes with Fuel Burn

* 50 MW peaking energy for local contingency

* 25 MW of high speed frequency regulation
250 ms * 10MW peaking power

* Self-managed BESS state of charge

5...10 min

Courtesy to General Electric
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SSS clutch — a fantastic enabler!

Largest size: ~300 MW@3000 rpm

Turbine end

Alternator end

Elements of basic

SSS Clutch

A Pawl

B Clutch Teeth E Input Shaft

C Sliding Component F Output Clutch Ring
D Helical Splines G Ratchet Teeth

=
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Synchronous condensation etc.

Single-shaft with SSS-clutch

(B /
| L] -
|

: 1n

i LIS

« Synchronous condensation without
firing
v' Spinning PT?
v' SSS-clutch
v Faster starts and less starter power
« Massive flywheel for increased
inertia?
v Inertia in a future grid with non-rotating
turbines (<4 m/s wind speed)?
« Power absorption

v Single shaft compressor issues?
v' Gearbox (forcing)

Twin-shaft with SSS-clutch

- [y
- |||1\‘

Twin-shaft with spinning PT

= [
|||$

. ~

» Spinning PT — fast start
» 600...900 kW windage, i.e. only non-geared

PT’s (heat ~ speed?)
« P&W FT8, P&W FT4000, GE LMS100,.,
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New fuels
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Power-to-Hydrogen and e-fuels

Cco,

Conversion technology Application

e-Methane + Largely carbon-neutral fuels

* Chemical feedstock

» Electricity \

e-Methanol

thesi
Synthesis e-Fischer-Tropsch
+ Direct use for mobility
> -H
33.3 KWhikg e-Hydrogen « Chemical febdstock

» Heat/domestic

Renewables
A

. Haber-Bosch
Electrolysis synthesis

Carbén-free!

* Chemical feedstock

e-Ammonia « Fertilizer
) . » H,-carrier
Electrolyzer energy = HHVY 5 63591)175 _ 52556063 {k)(/‘/h} (/
. nen . g
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NASA hydrogen combustor — LDI

Gaseous

« Normal “swirl-based” DLE-systems may run into e ~Toohattame
severe issues: |

‘/ FIaShbaCk Gaseous Qj

hydrogen

Injector assembly —.

v" Flame holding
 Lean Direct Injection — LDI
v" Rapid mixing
v Loads of small-scale mixers

v Bulk velocity leaving the mixer is higher than the
flame speed

v" Hole diameter less than the quench distance of
the flame — little risk for flame holding within the
tubes

* General Electric DLN2.6e

AIR

N
N

i l Wi

f
W
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Hydrogen — key fuel characteristics

H,-blend in pipeline natural gas

H,-blend (%-vol)

Laminar flame speed’ [cm/s]
Autoignition delay time? [ms]
Rel Wobbe index

Flame temperature? [°C]
Flammability (%-vol LEL)
H,-blend (%-vol)

124
124

2,319
4.88

5 10 20 30
127 130 139 150
112 107 104 103

0.987 0.974 0.947 0.919
2,321 2,324 2,329 2,337
4.83 4.79 4.71 4.63

S} 10 20 30

100
749
76 DLE!
0.855
2,488
4
100

Flash-back!

Internal recirculation zone (IRZ)

i
s Boundary layers o e
s .

Swirler

Fuel injection jets

4 r(v)
é Flame ‘1\9 (w)
-4 S . Vil
A
b

) Calculated for equivalence ratio 1.0 @ 316°C/1 atm
2) Calculated for equivalence ratio 0.4 @ 649°C/1 atm
3) Adiabatic stoichiometric for a typical gas turbine

2[USD
_Lko |

h MWh

120 40
kg

ol )

USD
kg

Benim & Syed: Flashback Mechanisms in
Lean Premixed Gas Turbine Combustion

HHV _ 39.41

Electrolyzer energy =

~0.65...0.75

=52.55...60.63 {k—

kWh

Hydrogen storage:
} * 39.2 kg/m3@700 bar/25°C

g

« 67.7/2.5 kg/m*@2bar/-250.2°C
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Hydrogen, Ammonia and Methane

Methane Hydrogen Ammonia

Molecule CH, H, NH,
Molecular weight g/mol 16 2 17
Boiling temperature °C -161.5 -252.9 -33.3
Lower/upper flammability limits % 4.4/17 4/75 15/28
Flame speed cm/s ~30...40 ~200...300 ~6...7
Burner exit velocity m/s 60...75 ? ?
Adiabatic flame temperature °C 1,963 2,204 1,799
Lower heating value MJ/Nm3 35.8 10.8 14 .1
Lower heating value MJ/kg 50.0 120.0 18.6
Lower heating value kWh/kg 13.9 33.3 5.2
NOx impact (relative to CH,) - 1 ~2%

Critical swirl number is 0.5...0.6
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Pecuniary dimensions
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Cost of Electricity — COE

COE = CAPEX + OPEX

co
P-H

Capital Fuel Maintenance

o _J-CAPEX f [OM
kWh

5 .OM,, money unit
P-H n

Operation

coE . B-CAPEX _ f +{OM,,X +ﬂ-OMvar}+Z(C,- m, )+ 58P+ S, -AE

Poi +Hey Nesr P-H i=1 ' P - Hey
Emissions Replacement capacity
Where:
_ i(1+i)" , _ _
ﬂ(I,N) = W 10 percent interest rate (i) and 25 years (N) gives 3 = 0.11
+i) —
-3 f -k
f= f-k -0.947817-10" - QQ = [USD/kWh]
USD/MMBtu [MMBtu/MJ] o) 293.071
>100 MW :2.339-10* . P70%% _2 145.10*
CAPEX

~(1.6...1.8...2.0)-{< 100 MW :1.08-10° - P°% + 49 [USD/KW]
GTCC:322+6.98-10%.P %

OM,, ~(3.0..3.5..5.0)-10° [USD/kWh]
OM =10...16  [USD/kW, o] +(3.5..5.0)-10°  [USD/kWh]

per annum

CAPEX

- T T

OI\/lfix

OM

var

Capital Expenditure
Annuity factor

Power

Annual operating hours
Fuel cost [USD/kWh]
Interest rate

Number of years

Fixed OM-spending [USD]

Variable OM-spending
[USD/kWh]

N.B. All OM costs are engine
dependent! One may (typically)
expect a service cost equivalent
to a new engine during 80,000
operating hours. The total service
market will exceed 41 BUSD

2025!
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Cost of Electricity — COE

CAPEX Capital Expenditure
COE = CAPEX + OPEX

B Annuity factor
cOE - B-CAPEX f +{OM,,X . ﬂ'OMvar} {money un/t} P Power
"zl_ll n P-H kWh H Annual operating hours
apita Fuel Maintenance
Operation f Fuel cost [USD/kWh]
: n . : [ Interest rate
COE - S -CAPEX N f +{OMﬁX +#'OMvar}+Z(Cf 'mp,-)+ S, AP+S,-AE
Py Hee N (P-H = ' P - Hog N Number of years
Where: Fmissons - Replacement capacy OM,,  Fixed OM-spending [USD]
OM,, ~3.0..3.5-10° [USD/kWh] OM Variable OM-spending

var  [USD/KWh]
OM =10..15 [USD/KW,.y]+(0.50...1.50)-10° [USD/kWh]

per annum

Cold starts Warm starts Hot starts H M
Downtime 272 <48 <2
Start time ~3 hours <2 hours <1 hour
Peaking 40 100 10 600 10x%
Cyclic load 5 45 225 4,800 2.5%
Base load o 10 2 7,500 Datum
Continuous 3 5 10 8,200 1.1%
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Engine performance testing
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Solve flows

Control volume

Solve COT

Lo (LHV 1366 + €, (T = Trer )~ Poro ) — Posaer — 2.Q Solve h,,

’ Z(l'hz)+(1_zl)'ho7o_h1oo

hro = F(Torgs oo Mp.n)  710e = F(COT)  COT = F(riyg, My, Tosgr 1o---)

Mgen (PGEN’PF’SRATED) = Kee *Tlraten

K, =1+0.0186. | e o[ Prasmeo
PF'SRATED PF
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Steam turbines
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Turbine governor — Example

Start-up controller

Boiler pressure gradient lim

Step- / gradient limiter

Maximum output

Maximum output - section

Stroke limiter

Frequency- / output control

Minimum output

MAX

DH-2 pressure

MIN

Adm pressure

MIN Selector

Load rejection detection response

(utility breaker trip or frequency (speed)

derivative):

1. Immediate short drain pulse to the CVs,
within 1/10 second* (100 ms)

2. Override the CV position controller until 51 Hz
(equivalent)

Valve position

ctrl
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Speed droop — load and frequency relatio

I I I I I
Speed drop is defined as: 52 hg?nt?nsaeltgggljz@ —
Af Y —
Droop—d - 1100 [%] Ll RSy %\
p=4a= AP 0 - \§ >./ o
> & S
P (&) ~ O
o . S 50 ‘\ > — io
Recast to yield the convenient form: S o~ N 3
(on ~
D | ~
AP, =- Prom _ar | ” £ 491 FCRN - -]
en d-f, Regulating power FCR-D
Pregulating
48
0 50 100
Load, %

— Normal (4%) droop (FCR-N)
= Dead band & 4% droop (FCR-D)
—“Zero” droop — island operation s
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CHP-plant — condenser couplings

~5 bar o
“n” stages n+1" stages

o
Ii\ Single stage

DHC, DHC, DHC,

85...120 °

NN

50...70 °C

DHC,

Mixing heater Mixing heater
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Steam turbine life extension
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Strength analysis

Stress analysis: 9,0, 0 < O pomanie ()
Strains :
- Cumulative damage:
Ei:f(AO'i,lgi) ZN
. . Number of cycles E = /
Cyclic loading: or et " En N,
to crack initiation : ! Linear damage
N f( 9) accumulation:
= &, U
> e > En + Et E Emax
Time to creep rupture As a rule, a safety
C loadi . train - th factor of S =1.5
reep loading: or creep strain: — E, = t s applied!
_ S
ts; = f(ai"gi )

How to assess in practical terms?
v'Hours and events
v'Equivalent hours
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Fatigue — low or high?

Wohler- or o,N curve

A
0w O

—_ O ;
b“s .b A A A /\ o-ax
A= e Y VVVN ol
) Time
:'é Failure
-
E S O Fatigue limit
" No failure — no crack initiation
7 : : :
g Low-cycle fatigue High-cycle fatigue
5| (=

>

105...7
Life cycles, [n]
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Status assessment

* Non-destructive testing

Location, orientation, shape and distribution of imperfections
Ultrasonic examination (DGS)

Surface crack examination

Radiography for casings

Visual inspections including replica technique

* Mechanical testing of specimens

Composition

- Cracks!

0.2% proof stress, tensile strength, elongation at fracture, area reduction,...

Hardness

Nil-ductility transition temperature (if applicable)
Structure

Creep-rupture strength

Ductility

Cyclic crack growth behavior

Strain cycle fatigue

Fatigue strength
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Ultrasonic (US) testing |
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Ultrasonic (US) testing llI

Low-reaction turbine
v Massive rotor
v" Siemens, ...
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Replica and samples

Lund University / LTH / Energy Sciences / TPE / Magnus Genrup / 2021-09-29 Page 51




Contents — course 2021/2022 <

 Historical perspective
 Basic cycle thermodynamics

 Introduction to turbines
— Mollier diagram
— Work and velocity triangles
— Reaction

« Combined cycles

 Industrial turbines
— Geared vs. non-geared

 Utility turbines
* Boilers

* Cycle thermodynamics
— Components

 Glands
— System

District heating

— Condensing tails
Aerodynamics
Exhausts
Moisture

Control- and safety system
— Hydraulics

Off-design (part-load)
— Valves
— Control stages

Some chemistry
Damage mechanisms
Swedish turbine tradition
Miscellaneous
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Grid stability — impact from inertia...

10 units a 500 MW running at 90 % load — 4500 MW

T Glewie

2
, AP f
Grid demand (4500 MW) ) = |[f° + 2 nom . ¢
nom T/
Self regulating
+/_ r A N
AP a Pinit °(fnom _f)
af 100 o 1 AP
_ “Thom * =
dt P.. 2-f-r, 1
Rotor stability (loss of power):
daf _ AP f J AP N.B. The load angle “0" must also be taken into
a 2...p  rm{. d0_ 7 AP consideration (<90°). Cf. the literature on generators!
TI nom dt 2 . T, X Pnom nom /‘/_\
w=2-r-f 1 .
- AP - AP 90 ;
A :—-f t - A __ = 't2 Loss of power N A —f 't2 o
@ 2 7, - P nom ¢rtr 2 7, - Pnom nom AP=P,.., (Dn‘r 7, nom [ ]

nom
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