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Farligaste djuret?

aw-ﬁ\#\&\% Biological Origin of Heavy Metals in Crude m
o Turbo

e rCaEan é Petroleum Ll
=tect

Sea Cucumber Sea Squirt

The Sea Cucumber contains about 6,500 ppm vanadium in its body.
These type organisms are believed to be a biological source of heavy
metals in crude petroleum.

© Copyright, 2010, Turbotect (USA), Inc.

Lund University / LTH / Energy Sciences / TPE / Magnus Genrup / 2017-10-03 Page 3




Additive Manufacturing - AM

Additive Manufacturing

How burner tips are made: Using additive manufacturing, spare parts
for smaller gas turbines are already being produced today.

Platform
Thegasturbine burner needsanewtip. A thinlayerof stain- Alaserbeam fuses the
A digital production plan is created on less steel powderis powder, thereby creating
a computer. applied. the first layer of metal.

Anew layer of metal The laser again traces Layerbylayer, a new burner tip
powderisapplied. the outline of the piece is fused onto the component.
being produced.

The platform lowers by a few
micrometers, lowering the
component being produced.
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Almost 100% renewable in Germany W616 ~

) @impait Balance @ Canvonional » 100MW & Wind & Solar
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The European issue...

Renewables

(wind and solar) CCGT

Cod
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Cost of Electricity (CoE) vs. OH I

Cost of electricity (CoE) production

e COE(t)zo,gmx( t ]_0'761
CoE 4o00

6000
x4

M Maintenance

M Siaff
il SUbsmnﬂaiimmmOfmd c°m M Capital costs
| Fuel

Cost of electricity production —=

Design

1,000 2,000 3,000 4000 5,000 6,000 7,000 8,000
Operating hours —»-

Courtesy of VGB Powertech
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L
The "Duck-Curve”... &

Sweden

California

Fig. 1 Gaurornia’s Duck CURVE

Trends in resource development are leading toward a growing need for flexible generating
capacity starting in 2015.
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Grid codes

Germany

United Kingdom

Japan

VDN

National grid

Japan Electric Association

Transmission code

Grid code

System interconnection regulations

fluctuation

Thermal power

(MW decrease)

Droop control
Control width * 2%

UPin 10 s and
keep 30 min
(some excluded)

2007 2012 2013
FRT Renewable energy | 0 V—0.15 s 0V—0.14 s Wind power PV
85% V—I15s 15% V—0.14 s O0V—0.15s 20% V—0.3 s or less
80% V—12s 90% V —15s Continuous operation
85% V—25s (2-cycle GB is (2-cycle GB is permitted)
90% V—3 min permitted)
Thermal power 0 V—0.15 s (brownout period —
undefined)
Reactive current 2% /% AV, Max 100% Max 100% —
supply
Output recovery 20% P/min 0.5 s after voltage | 1 s after voltage 0.1 s after voltage recovery
rate recovery 90% P recovery 80% P 80%P (= 20%V)
I s after voltage recovery
80% P (<20% V)
Frequency Renewable energy | > +0.2 Hz droop gain 5% <—0.5 Hz 10% Step change in 3 cycle

+ 0.8 Hz (50 Hz), = 1.0 Hz (60 Hz)
Ramp change =+ 2 Hz/s

47.5-51.5 Hz, 57—61.8 Hz

— > continuous operation
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Courtesy of Siemens

Flexibility

A
Power

Black start and
support of grid

restoration

— Flex operation line (with SIESTART)

— Standard operation line

Frequency response PFR + SFR

Islanding, off-grid

Fast start

Fast ramp-up and
ramp-down support

Minimum environ-
mental load

Black start

Fast Primary Secondary Acceleration and Operating reserve @ Minimum load Islanding
start-up frequency frequency stabilization of for peak power off-grid
response response load ramps

Time

Spinning reserve|SS
Steady state Active generation off-peak
control /\turndown

) Y\

Start
Shutdown

o

Load '
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et jl
Flexibility <

o Start-up

— Air attemperation

— Sky venting

— Cascaded steam bypass with attemperation
* Ramping
* Turn-down

- MECL

 Lock-out
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GT start-up

120 .
Start Command to FSFL: 40 minutes -
18 minutes (Fost Starf) "
0/0 O (8 o
o Convenfional %j | I"II o
¢ £l | gl /
ast = = |
80 Sy 3] @ Z
— Speed £ |E /8 2/ | 0-Sirt Command
oy — Lood = / 2 & = 1 - LCl engages
< 2| 2| /& g 2 — HRSG Purge Start
8 4 S S8 %‘? ge 4 — Ignition Speed
= z ! o> IS At 5 — GT Fire + Warmyip
2 g S [S £ 6 — Full Speed No Load (FSNL)
@ T | 8 / J.,? § 7 - Synchronizatipn
= = = = 8 - Full Speed Rl Load (FSFL)
40 g! IE y = =
c5 | T g =
2 J|| - -
2 = ©
20 [ A\ ' : /
O S >
O/0 O M
Q | / GT Load Hold for ST Temp. Matching
(Conventional Starf)
D ~l T - o T T : T
10 20 30 40 a0 &0
Minutes

Typical gos turbine storfup diogram (comventional and fost versions). Conventional sfort with GT hold con foke up fo 50 minutes fo reach MECL.
Purge credit shoves off 12 minutes of that time. Eliminating GT hold saves another 15+ minutas. With fost start feofure MECL point is possed in less

fhan 10 minutes.
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Emissions vs. firing level &
Flame temperature vs air/fuel Temperature influence on NO, and CO

A Stoichliometric_l_ A

____________________

NO,

CO
Temperature

Increasing
Increasing

Rich

/

T T _|_|_|_1'> T T T T T T
O 10 20 30 40 50 60 1100 1300 1500 1700
AFR = FAR- Combustion temp, °C

Lean

NO, formation rate

Typical optimum for design at AFR = 30 (i.e. A = 2)
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N W/
]

Min Emission Compliance Load — MECL

Maximum EGT
[ [l I

/4 — | EGT

\&

Exhaust temperature, °C
N
Emissions, mass/unit time

i
-
-~-..-

GT load, percent

Staging to prevent from:
* Lean blow out (LBO)
« Combustion dynamics
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Ansaldo sequential (SEV)

[1] COMPRESSED AIR

is fed into the EV burner, creating a
homogeneous, lean fuel/air mixture.
The vortex flow, induced by the shape
of the bumer, breaks down at the EV
bumer exit into the combustion zone,
forming a central recirculation zone.

[4] VORTEX GENERATORS

in the SEV burner enhance the mixing
process, while carrier air, injected with
the fuel at the SEV fuel lance, delays
spontaneous ignition until the mixture
enters the annular SEV combustion
chamber.

[2] THE MIXTURE

ignites to form a single, low-tempera-
ture flame ring. The inner recirculation
zone stabilises the flame in the free
space within the combustion zone,
avoiding contact with the burner wall.

[5] IGNITION OCCURS

when the fuel reaches self-ignition
temperature in the free space of the
SEV combustor. The hot gas then con-
tinues its path into the low} pressure
turbine.

[3] THE HOT EXHAUST GAS,
low in oxygen content, exits the first
combustor and moves through the
high-pressure turbine stage before
entering the SEV bumer.

Reaction
Zone

Recirculation
Zone

Carrier Air Fuel
Fuel (Gas) Injector

Fuel (Lig.)

Vortex
Zone Generators
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Ansaldo (Alstom) GT36

Premix Combustor

Dilution Air Mixer

Sequential Combustor

Transition piece
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Exhaust loss

N.B. The figure is based on a certain exhaust size — a general
figure should be based on the annulus velocity (V,=Q/A) since:

A . * Loss ~ rating or flow
* e L ~ 1/pr r
Ah, (LTSS ress
60-
= Optimum
504 . }
Turn-up design Sup_er
40- reglO_‘n k > sonic
301
2
C

20 = 2
10-

. . . >

0 V[ms/
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Fatigue — low or high?

Wohler- or o,N curve

A
n O

— o ;
b‘U b A A A /\ O-ax
5, 0 & VYV i,
Q Time
:'é Failure
r3
g S o S — Fatigue limit
" No failure — no crack initiation
7] . . .
g Low-cycle fatigue High-cycle fatigue
o <:

105...7
Life cycles, [n]
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Rotor stress — temperature gradients

=

B
L S

TA

TSteam

TSurface A ,l’_-‘x
AT
T

Average h 4

TCenter

- Example

a=1.8-10°°C"
E =6.9:-10* MPa
AT =55°C
O@r=0 = 46 MPa

Temperature induced stresses (radial and hoop):

aE |ri-r?" f
o,(r)= (i) {ryz —r:.Z jTrdr—jTrdr}

1—w)r? |r

y

2 21y r
oe(r):( aEr2 {Z:;’:z J'Trdr—J'Trdr—Trz}

Simplified equations for a case without a bore:

Lund University / LTH / Energy Sciences / TPE / Magnus Genrup / 2017-10-03 Page 19




Compressor blade failure
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Page 21

iemens SGT5-8000H
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Turbine flow path — typical 3-spool aero

IP NGV IP blade LP1 NGV LP1 blade LP casing LP5 NGV LP5 blade
Turblne casing

IP seal
segment

HP seal segment

HP blade
-~
HP NGV
LP5 disc
T'
HP disc HP/IP IP disc IPshaft LP1 Disc LP shaft LP shaft bearing

structure
Rolls-Royce: The Jet Engine
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State-of-the-art combined cycle - GTCC &

~1.4...1.5 kg/MWs ~ 600°C (+) steam admissiozrbo/
-~ (0]

SCR I

Combustor ~ 625...680°C
100%

T el .

Compressor

COT ~ 1,500°C (+)
PR~ 19...25
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Siemens HL-class

i ‘J-“"

« 42% efficiency

« 85 MW/min
« 1000 kg/s
* 680 °CEGT

Siemens HL-Class gas turbines

Derived from

proven H-class design Advanced combustion
450,000 operating hours system for higher
with 99,5% reliability a8 firing temperatures
Capacity of gas turbine
8000HL 50Hz = 453 MW &
9000HL 50Hz = 545 MW sealing

9000HL 60Hz = 374 MW

Large blade 4
: Ultra-efficient internal
; l;\nol;r'agve ﬁ 0 cooling features
coatingsTor biades > 63 /0 for blades and vanes
dj:] efficiency in CCPP mode

3D-Design of
blades and vanes

s|e Optimized
s|®

with a clear roadmap to 65%

Latest HL-technologies will be rolled out to complete Siemens gas
turbine portfolio subsequently to optimize output and life-cycle costs.

Courtesy of Siemens
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Siemens HL-class rotor #1

I ‘)-“"

Heat load Heat load (reduced by film cooling)

EXR v s

T T

film cooling (e.qg.
backside cooling (e.g. backside cooling, and film multihole)

(111 -d; EEX
e e

Backside cooling, effusion Sub-surface micro cooling, a.k.a.
cooling, and film cooling double-wall or near-wall cooling

= : =-— =f(Re,Pr,...) h~T
Conductive heat transfer  k Liy,

_ Convective heat transfer _ hL

Courtesy of Siemens
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Siemens SGT-800
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GE LM9000

Simple Cycle CC & CHP Mechanical Drive

Free power turbine (2400...3780 rpm)

ISO Performance Maintenance Emissions

65 MW power output

43% simple-cycle efficiency

99% availability

>80% cogeneration efficiency

33:1 pressure ratio

12,000 hours: inspections

36,000 hours: hot section replacement
72,000 hours: overhaul

Package design allows engine swap in 24 hours
15 ppm DLE NOx & 25 ppm CO

DLE 1.5 dual fuel (natural gas and liquid fuel)

Fuel flex

30...54 MWI gas

4 stage HPT

1 stage HPT

X 9 stage HPC
4 stage LPC

2 stage HPT

ssssssssssss
LOW-PRESSURE  COMPRESSOR

composiTg  COMPRESSCR

FAN BLADES

ppppppp
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SGT-A45 TR

Specification 50 Hz 60 Hz

15°C 30°C 15°C £l
Electrical power (150, dry) 41.0 MW(e) 39.3 MW(e) 44.0 MW(e) 39.6 MW(e)
Elactrical efficiency (IS0, dry) 39.0% 38.4% 40.4% 39.5%
Fuel type Dual (gas & liquid)
Low emissions aption Water injection
Low emissions - gas fuel 25 vppm NO,
Low emissions = liquid fuel 42 vppm NO,
Turbine speed 3,000 rpm 3,600 rpm
Pressure ratio 27.7:1 26.7:1 27.8:1 25.8:1
Exhaust gas flow 127 kals 120 kgls 126 kgls 116 kg14
Exhaust gas temperature 477° C 501°C 483 C 468° C
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P&W FT4000

Performance

Operational

P&W has substantial experience in synchronous
condensation without SSS-clutch!

140 MW nominal output in twin-engine configuration
Wet compression for improved performance above
ISO conditions

Single or dual engine operation (common alternator)
50 or 60 Hz performance with no penalty

41% (+) thermal efficiency without external cooling

Less than 10 minutes start-up time
30 MW/min ramp rate
Synchronous condensation with spinning PT, a FT has

a windage loss of 500...1,000 kW PW4000 112-INCH FAN ENGINE
NO maintenance penalty for start/stop!
Fleet has 17,500 OH’s and 1400 cycles

>900 engines
>20 years
>40 MOH
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Ventilation work — spinning PT &

« The spinning power turbine will feed work into the "entrapped” air
by increasing the angular momentum

 ltis “standard” to assess the work with the equation from the
book by Traupel:

P =r-C-(1=&)p-D, L1

.. PV@SOO

~2° =81l

V@250

* The preceding equation shows why only non-geared PTs can be
operated at nominal speed in ventilation
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Firing level

HOW MUCH TMAGINARY
PRODUCTIVITY DID
YOU HAVE TODAY?

I NO LONGER
FEEL THE NEED TO
CHANGE THE REAL
WORLD ASLONG AS I
CAN CHANGE THESE
BULLET POINTS.

I AM ENTERING
THE POWERPOINT

122v-05 ©2005Scott Adams, Inc./Dist. by UFS, Inc.

www.dilbert.com scottadams®aol.com
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Firing temperature — the misery factor...

* Creep follows an Arrhenius type of expression... & =aze

— The Larson-Miller parameter:

69 L | |

P, =T, [20+1og(¢)]107
P,_, =K +K,(no,)+K,(Inc,) TR " T

Temperature for 100-hour life/[K]
1

| 1100 1200 1300 1400 |

2 1 0 : 08 2 Temperature for 10000-hour life/{K]
O-C - IOKTaper (AN /10 )1 -~ AN [ 1000 100 1200 1300 |

— A more convenient and practical approach is to introduce a
maintenance factor — MF (consumed life per hour of operation)

Firing Lifing MF
850 40000 1
860 20000 2 MF = "4t
870 10000 4
880 5000 8
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Creep — Larson-Miller parameter

690
620
552

483
414

345
276

207

Stress/[MPa]

138

69

C.R.S

DS CM 247 LC®
CM 681 LC®
CM 186 LC®

Waspaloy
I I

CMSX-10®

CMSX-4®

24 25 26 27 28 29 30 3N 32
P.yv = TI20 +log(1)]1073
Temperature for 100-hour life/[K]
11|00 12|00 13|00 14|00
Temperature for 10000-hour life/[K]
10|00 11|00 12|00 13|00
975 1056 1138 1219 @40000
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Lifing

« It may be argued that creep-induced damage will reduce the
fatigue life of a metal, and that fatigue-induced damage will
reduce the metals creep life...

* One approach is to use the linear damage summation (DS) model
(also called the linear life fraction, or linear cumulative damage)
for assessing creep-fatigue-life: Dy,que + Dereep = Diotal

« By combining the Robinson Rule (1952) for creep and Miner for
fatigue, one gets the cumulative damage index (failure at unity):

N t
ZNfJ“Ztr—D

This is the rationale behind the concept of "equivalent
operating hours”
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The expensive way — equivalent hours... *
OH Rstars Nirips
EOH = leFfuel XFﬁrz'ng + leEvtarts Xandrate + ZIXFTrz'ps
\1 J o 1 1 <
creep anc;r oxidation LEF
Where:
. . Fatigue Limits Life « zi‘zi::ilsms
EOH equivalent operating hours
OH actual operating hours J
Frel factor depending on fuel iy X
Frel factor depending on firing level  lwmer g
Netarts number of “fired” starts o [
Fetarts number of hours per start fors
Foad rate load rate factor
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Lifing

Fatigue Limits Life 4— Different
Mechanisms
- A Failure Region Limit Life
(D)
| S
O
£ Design Life
©
o
5 Starts
£ Oxidation
= | Creep
Corrosion
GE Inspection  Wear
Recommendation % St Limit Life
oo -
Competition - -
Inspection 1 Design Life
Recommendation GE Inspection |
(Equivalent Hours per Start) Recommendation
N t
Hours > Nt > N
Robinson
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Operational hours

: : 24000
Maintenance interval = lhours]
Factored Hours/Actual Hours

Factored Hours=(K+M-1)- (G+15-D+A;-H+10-P)
Actual Hours = (G+D + H + P)

G = Annual Base Load Operating hours on Gas Fuel

D = Annual Base Load Operating hours on Distillate Fuel
H = Annual Operating Hours on Heavy Fuel

A; = Heavy Fuel Severity Factor (Residual = 3 to 4, Crude = 2 to 3)
P = Annual Peak Load Operating Hours

| = Percent Water/Steam Injection Referenced to Inlet Air Flow
M&K = Water/Steam Injection Constants (see GE documentation)

Lund University / LTH / Energy Sciences / TPE / Magnus Genrup / 2017-10-03 Page 37




&
\i\f;fl :

Noff cycles

Maintenance interval = 200 [Starts]

Factored Starts/Actual Starts

n
Factored Starts =0.5-N, +N; +1.6-N, +20-E+2-F+ > (a;; - 1)T,
i=1

« Actual Starts = (N, + Ng + Np)
« S = Maximum Starts-Based Maintenance Interval (Model Size Dependent)
* N, = Annual Number of Part Load Start/Stop Cycles (<60% Load)
* Ng = Annual Number of Base Load Start/Stop Cycles
* Np = Annual Number of Peak Load Start/Stop Cycles (>100% Load)
« E = Annual Number of Emergency Starts
F = Annual Number of Fast Load Starts
« T = Annual Number of Trips
« aq = Trip Severity Factor = fcn(Load, Trip during accel. = 2, Peak = 10)
* n = Number of Trip Categories (i.e. Full Load, Part Load, etc.)
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Turbine governor — twin-shaft >

EGT,, . =f(COT,

PR,n,...)

control — Nom’

Courtesy of Siemens
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Performance modellin

4
2 At= Om I5A 0% Relative Humidity, Rel Speed=1000 - ] " 36
File Yiew Estra Excel Help 32
| Summary | OperPoint Booster HPC HPT IPT  LPT  Air System
7 ~ 28
- station W T 3 WRstd °
H Save as 5:.:;ian kg/= 1: . 10:9;25 kg/s= PWSD =  18280.2 kW % e
1 Export as Textfle 1 108.270 15.00  101.325 psFC = 0.2810 kg/ (kW*h) g
W8 Title 2 108.270 15.00 100.312 109.576 p2/P1 = 0.99000 s 2
24 108.270 165.87  365.426 37.128 P25/P24 =  0.99000 3
& Print this Page 25 108.270 165.87  361.771 37.503 P3/P2 = 11.74109 g 16
& Print All Pages 3 107.188 362.90 1177.767 13.727 Heat Rate= 12010.2 kJ/ (kW*h) g
31 105.563 362.90 1177.767 WF = 1.42677 kg/s "
@ Unit Conversion 4 106.95%0 850.00 1101.217 19.469 = NOx = 0.28892 >
41 108.073 845.44 1101.217 19.626 Therm Bff=  0.29975 o 1o marod wi
e AR 42 108.073 670.34  494.857 W_NGV/W25=  0.01000 ° E £ 2 2 2 3 3 E
1+ Enthalpy Entropy Diagram 43 108.073 670.34  494.857 WHel/W25 =  0.00000 Mass Flow W25RSTD [kg/s]
; 44 108.073 670.34  494.362 P44/P43 =  0.99900
12 Temperature Entropy Diagr 45  109.156  666.91 494.362  40.480 WING1/W25=  0.01000
- Pressure Volume Diagram 46 109.156 533.99  250.675 WIcl/W25 = 0.00000
47 109.156 533.99 250.675 WLcl/W25 =  0.00000
48 109.156  533.98  250.675  73.972 P48/P47 =  1.00000 e
49 109.156 381.93  104.000 Incidence= 0.00 ° 3
5 108.156 381.93  104.000 160.627
(] 109.156 381.93 102.338 163.236 P&/BS = 0.98402
8 109.156 381.93 102.338 163.23¢6 p8/pPamb = 1.01000
Bleed 0.541 362.90 1177.762 WBld/W2 = 0.00500 25
_—— a8 = 3.30970 m?
P=0-P2= 1.013 PeB-Pal= o0.000 P=B = 101.325 kPa
Efficiencies: isentr polytr BNI e/p
Booster 0.845% 0.8707 0.99%0 3.643 WBHD/W2Z = 0.00000 'l—% 2
Compressor 0.8597 0.8801 2.162 3.256 WBld/W25 =  0.00500 4
Burner 0.9350 0.935 Loading = 93.97 % >
HP Turbine 0.8800 0.8691 2.212 2.225 =442 th = 0.87986 4
IP Turbine 0.9%000 ©0.89%19% 2.212 1.%72 W1lkLE/W25= 0.00000 %é
LP Turbine 0.9200 0.9109 0.734 2.410 ata t-s = 0.89644 £ "
Generator 0.5850 FW_gen = 18006.0 kW =
5
H e
HP Spool mech Eff 0.9970 Speed 9000 rpm TRQ = 100.03 % 2 — ]
IP Spool mech Eff 1.0000 Speed 6001 rpm :!— 1
Close ’ LP Spocl mech Eff 0.9950 Speed 3000 rpm ~ bl ot comergad oissare ek witha ey
44 A 5: 56 6 64 6 T (.
Tite: W48*sqrt(T48)/(P48/Pstd) [Kg/s]
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Some results... @%

Burner Temperature ZT4 = 850 ... 880 [C]

oo 7 ©
o - - g
— A l v 0 @
/k
&l E ¢
/J:l
§.7 §7 27 2 ///
© _| o _| = o J/ /<
- S S P~
8_‘_ i “f ; /
(%) o) E =
— -] .
O « | O <« | N | ] 0 /<>/
o o P = © = "
Qo o = b o ®
o o
> o =
I = : =
sad Sl S.1 8 e
n - < Q
N /
— S o~ ®
EESSEESCCC
v
21 gl o
) m 848 856 864 872 880

Burner Exit Temperature T4 [C]
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Impact on output from firing and ambient

Burner Temperature ZT4 = 850 ... 880 [C]

Inlet Temperature T2 [C] = -28...32

Ambient Temperature TsO = -30 ... 30 [C]

28
*10 3
26
24 -
22 O 4 E
s . e o = —
‘g 4 S T I e e
= 20415 o R o T K
g S o o d (
k) EF: — <&
5 0
(8]
ﬁ 18
[ zT4 = 850
N/ ZT4 = 855
<> 774 = 860
16 I\ 7T4 = 865
O zT4 =870
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Flat rate @18 MW &

Ambient Temperature Ts0 = -30 ... 30 [C]
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NO, mit 15%0;, tr. Abgas
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