University of New Orleans

ScholarWorks@UNO

University of New Orleans Theses and

Dissertations Dissertations and Theses

5-15-2009

Fog Cooling, Wet Compression and Droplet Dynamics In Gas
Turbine Compressors

Jobaidur Rahman Khan
University of New Orleans

Follow this and additional works at: https://scholarworks.uno.edu/td

Recommended Citation

Khan, Jobaidur Rahman, "Fog Cooling, Wet Compression and Droplet Dynamics In Gas Turbine
Compressors" (2009). University of New Orleans Theses and Dissertations. 908.
https://scholarworks.uno.edu/td/908

This Dissertation is protected by copyright and/or related rights. It has been brought to you by ScholarWorks@UNO
with permission from the rights-holder(s). You are free to use this Dissertation in any way that is permitted by the
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself.

This Dissertation has been accepted for inclusion in University of New Orleans Theses and Dissertations by an
authorized administrator of ScholarWorks@UNO. For more information, please contact scholarworks@uno.edu.


https://scholarworks.uno.edu/
https://scholarworks.uno.edu/td
https://scholarworks.uno.edu/td
https://scholarworks.uno.edu/etds
https://scholarworks.uno.edu/td?utm_source=scholarworks.uno.edu%2Ftd%2F908&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uno.edu/td/908?utm_source=scholarworks.uno.edu%2Ftd%2F908&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarworks@uno.edu

Fog Cooling, Wet Compression and
Droplet Dynamics In
Gas Turbine Compressors

A Dissertation

Submitted to the Graduate Faculty of the
University of New Orleans
in partial fulfillment of the
requirements for the degree of

Doctor of Philosophy
in

Engineering and Applied Science

by
Jobaidur Rahman Khan

B.S., Bangladesh University of Engineering and Technology, 1996
M.S., University of New Orleans, 2001

May, 2009



ACKNOWLEDGMENTS

Author thanks first Allah who gave the patience to complete this work. The author likes
to pay his respect and gratitude to his thesis advisor Dr. Ting Wang, Professor, Mechanical
Engineering Department, for his active guidance, constant inspiration and encouragement,
invaluable suggestions and constructive criticism throughout the research that helped it to come
up to the present state. Respects and gratitude are also paid to Dr. Kazim Akyuzlu, Professor of
Mechanical Engineering Department, Dr. Martin Guillot, Associate Professor and Graduate
Coordinator of Mechanical Engineering Department, Dr. Carsie Hall, Assistant Professor of
Mechanical Engineering Department, Dr. Paul Herrington, Professor and Chairman of
Mechanical Engineering Department and Dr. Juliette Ioup, Professor of Physics Department for

serving as the thesis committee members.

The author also acknowledges the gratitude for the active support and inspiration of his

family members, specially his wife, son, parents and siblings.

i



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...ttt ettt st et i
LIST OF FIGURES ..ottt sttt vii
LIST OF TABLES ... .ttt ettt st st Xiv
ABSTRACT ...ttt ettt ettt e s abe e bt e s sbeeabeessateenseesseeenseenseas XVvi
CHAPTER
1. INTRODUCTION ...ooiitiiiieieeeestee ettt 1
L1 Literature ReVIEW.....cccciuiiiiriiiiiiieiieieeerceeste e 2
1.1.1 Fog/Overspray and Wet Compression...........ceeeeveeeeveesieeeencneennne 2
1.1.2  Interstage Wet COmMPIESSION ....cceeeveereveeriieniieeieeiieeieeveeneeeeeeeenne 9
1.1.3  Droplet DYNamicCs .........ccecueeeriieiiiiieeiiie e eiee e see e 13
1.1.3.1 Droplet Break-up .........cccceeveeviieiienieeieenieeieeieeeee e 13
1.1.3.2 Droplet Coalescence ...........eeeveeerreeerveescnieesieeeiee e 15
1.1.3.3 Droplet-Induced Blade Erosion ..........ccccccveeevieniieniennen. 18
1.1.4 Computational Model and Simulation..............ccccevveuvreriiieennnnns 20
1.2 Effect of Low Calorific Value (LCV) Fuels........cccoceeeeviiiviieeciicreee. 21
1.3 Research ObDJECHIVES .....ccuiieiiieeiieeiiieeciee ettt e et e e 22
2. DEVELOPMENTS OF MODELS FOR WET COMPRESSION
AND DROPLET DYNAMICS. ... 24
2.1 Thermodynamic Model of Gas Turbine System............cccceecvveevveernnnns 24
2.1.1 Effect of Elevated Ambient Temperature on GT
Performance ..........ooooiiiiiiii e 25
2.1.2  Development of Wet Compression Formulation for
Fog/Overspray Cooling GT System.........cccccecuveevcieencieeeiieenneen. 27
2.1.3 Development of the Computer Program, FogGT ....................... 32
2.2 Thermodynamic Model of Compressor Interstage ..........cceecvveevveenneens 33
2.2.1 Preheat and Precool Effect of Small Stage with Modified
T-s Diagram for Wet Compression..........cceeeevveeecveeeniveeenveennennn 35
2.2.2  Formulation of Interstage Wet Compression...........ccceeueeeuvennne. 38
2.3 Droplet DYNAmMICS ....c.ueeeeuiieeiieeeiieeeiieeeieeeeiee et e eieeesveeesaeeesaaeeesaeenens 42
2.3.1 Droplet Heat Transfer ...........ccoeeeriiinieiciieieeieeieeee e, 42
2.3.2 Droplet Evaporation..........cccccceeeriieeniiieeiiee e ecieeeneeesiee e ens 44
2.3.3 Droplet Response Time.........cceeveeriienieeciieniieeieeiiesieeeeesiee e 45
2.4 Numerical Algorithm for Stage-Stacking Wet Compression
CalCUIALION ...t e 49
2.4.1 Numerical Algorithm for Stage Performance............c.ccecuveeneee. 49

i1



3. DEVELOPMENT OF WET COMPRESSION PROGRAM .........ccccccocveenes 51

3.1 Property Calculations..........ccceevueeiieeiiieniieiieriecie e 52
3.1.1 Gas Property Calculation ...........ccceeeevieeiiieeiieeeiie e eee e 52
3.1.2  Steam Property Calculation ...........cccocceeeviienieniieniienieeeesie e 53
3.1.3 Mixture Property Calculation ...........ccceevvieeiiienciieeiiieeie e 58
3.1.4 Psychrometric Calculation...........ccceevveriieiiienieniieiieeieeieeeen, 61
3.2 Gas Turbine Calculation (Non-Stacking Method)...........cccceevevrennnnnnnee. 72
3.2.1 Gas Turbine Calculation (Without Mist Cooling) ...................... 72
3.2.2 Gas Turbine Calculation (With Mist Cooling) ..........cccccueervennns 74
3.3 Compressor Staging Calculation............c.eccuiereieriieriienienieeeenie e 84
3.3.1 Stage-Stacking Scheme...........cccccuveeiiiieiiiiieiieecee e 84

4. RESULTS AND DISCUSSIONS OF THERMODYNAMIC ANALYSIS..102
4.1 Gas Turbine System with Fog Cooling for Burning Low Calorific

Value FUELS ..o 102
4.1.1 Heat Input from Natural Gas and Low Calorific Value Fuel
(LCV) FULIS .ot 103
4.1.2 Fog/Overspray Effect on Compressor ..........cceevveereeenveenirennnnns 104
4.1.3 Fog/Overspray Effect on Fuel Compressor .........ccceeevveeeneennns 106
4.1.4 Fog/Overspray Effect on Combustor............cccecvevieeviiennennnnnns 107
4.1.5 Fog/Overspray Effect on Turbine..........cccecoveevvieerieencieenieeens 108
4.1.6 Fog/Overspray Effect on Thermal Efficiency.......c..ccccceoueneeee. 110
4.1.7 Modifications of NG-Fired GT for Burning LCV Fuels .......... 111
4.2 Analysis of Compressor Performance by Stage-to-Stage by
Equilibrium Stacking Method............cccooeeiiiiiiiieiieeeee e, 116
4.2.1 Effect on Static Temperature ............cccceeveerieeciieneeeeeesieennnenns 119
4.2.2 Effect on Pressure, Pressure Ratio.........ccccovvvvvviiiiiiiinnnenennnnnn. 120
4.2.3  Effect 0n Density .....ccceevvieiiiiiiieiiieiierieeieeeeeee e 121
4.2.4 Effect on Velocity and Flow Coefficient.........c.cccccceeveuvrernnnns 122
4.2.5 Effect on Compressor POWET .........cccooviieviiiiieiiienieeieeieeeies 124
4.2.6 Assessment of using a Constant Shape Factor and the
Generalized Compressor Performance Curve........c..cccceevuenneene. 129
4.2.7 Overall GT System ANalysis ......cccccveevureeriiieeiieeerieeeieesvee s 132

4.2.8 Comparison with Previous Studies in Compressor Power
Consumption and Compressor Efficiency for Wet

COMPIESSION ...eviieiieeiieeiieeite et esiteeeete et e steeeteebeeseaesseenseeennas 134

4.2.9 Summary on Equilibrium Method ...........cccoeeviiiiiiiiniiieninnns 135
4.3 Analysis of Compressor Performance by Stacking Method by

Non-equilibrium Stacking Droplet Evaporation Method ..................... 139
4.3.1 Effect on Droplet Size.........ccoovveviiieiiienieeiiesieeie e 141
4.3.2 Effect on Evaporation Rate..........ccceeveiiiiiiiiiniieiieeeieeiee s 142
4.3.3 Effect on Air and Droplet Temperature............ccccecveevveenirennnnnns 144
4.3.4 Effect on VElOCItY .....covoiiiiiiieiiieeciie et 145
4.3.5 Effect 0n PreSsure ......c.cooevieveniinieniiieseeeceeseeeeeeee e 147
4.3.6 Effect on Compressor POWET .........ccccevvvveviiienieeiiieecieeeiee e 150

v



4.4 Comparison between Equilibrium and Non-equilibrium Method ........ 156

5. NUMERICAL MODEL AND RESULTS OF CFD SIMULATION............ 157
5.1 Turbulence Models .........c.ooiieiiiiiiiiiiiee e 158
5.1.1 Enhanced Wall Function...........cccoeceevviiiniieciinieeieeieeie e 159
5.2 Dispersed-Phase Model (Water Droplets) ........ccceeeeeeeevieerieeniieenieenns 160
5.2.1 Droplet Flow and Heat Transfer ...........ccccoceevevieniniencnncnnns 160
5.2.2  Mixture’s PrOperties.......cccoeeriieriiiieeiiieeiie e 162
5.2.3 Stochastic Particle Tracking ..........ccccceeveieeviiiniinciiiiienieeenee, 164
5.3 Droplet DYNamICS .......cccveeeiieeiiieeiiieeiieeeieeeieeesveeeeeeeeeeeesveeeseeeeees 165
5.3.1 Droplet Breakup......cccooceeeiieiiieiiieieeieeeececeeee e 165
5.3.2  Droplet COalESCENCE .....coouvirriiieriieeeieeeiieeeiee e eveeeeee e 166
5.3.3  Droplet ErOSION......cc.coviiriieiieiiieiieeie et 167
5.4 Numerical Method .........cccoiiiiiiiiii e 168
5.5 Two Dimensional Analysis.........cccceerieriienieeiiienienieeieeeie e 169
5.5.1 Geometrical Configuration ............cccceeevveeeiieeriieeerieeeiee e 169
5.5.2 Boundary Conditions ............cceeeueeviieeieenienieeieenie e eieeeeee e 170
5.5.2.1 Continuous Phase..........ccoceeiiiniiiniiiiiiniciccceeeee, 170
5.5.2.2 Sliding Mesh Data Transfer...........cccccceevveeciieneenneennen. 171
5.5.2.3 Dispersed Phase .........c.ccoecveeeviiienciieeeiie e 173
5.5.3 Results and Discussions of 2D Cases .........ccceeveeveeriereeeneenne. 174
5.5.3.1 Studied Cases ........cocueeruierieiiiiiiienie ettt 174
5.5.3.2 Static TEMPErature .........cccveerueerirerieeriienieeereesieesereenees 174
5.5.3.3 Static Pressure.......cooeeeeeieiniieiiienieeeeee e 176
5.5.3.4 VEIOCILY c.veeeiieiiieiiecieeit ettt 178
5.5.3.5 Hydrodynamic Response Time, Slip Velocity
and Thermal Response Time ...........cccceevveerienieeneennen. 180
5.5.3.6 Liquid Concentration ............ccceeeeveeerveesenveessneeesveeennnes 182
5.5.3.7 Droplet Breakup and Coalescence..........c.cccceevuveeunennne. 183
5.5.3.8 Droplet Erosion.........cccceeeveeeeiiienciieeeiee e 184
5.5.3.9 Comparison of Different Rotor-Stator Relative
POSIHIONS .. 184
5.5.3.10 Comparison of Different Wall Boundary
Conditions for Droplets.........ccceeevvieeciiencieeniieeieeee 188
5.6 Three Dimensional ANalysis........cccevieeiiienieiiiiinienieeieeeee e 190
5.6.1 Geometrical Configuration ............cccceeevvieeiieeriiieeriee e 190
5.6.2 Boundary Conditions ............cceeeveevueeeieeniienieeiieniie e esieeseee e 195
5.6.2.1 Continuous Phase..........ccoceeiiiniiiniiiiiiieiceceeen 195
5.6.2.2 Dispersed Phase (Water Droplets) ........cccceeverveeneennee. 196
5.6.3 Results and DiSCUSSIONS......c..coevuieruiieiiiiiiiiiieiieie e 197
5.6.3.1 PreSSUIE ...eouiiiiiiiiiiieeiccee ettt 197
5.6.3.2 Static Temperature.........cccueeeeveeeecieeerieeereeereeeevee e 200
5.6.3.3 VEIOCILY c.veeuviieiiieiieciieceete ettt 201
5.6.3.4 Slip Velocity and Reynolds Number .............cccccueeen..e. 203
5.6.3.5 Coefficient of Pressure.........ccoovevvevvenenienennieneeniennne. 204
5.6.3.6 Droplet Breakup and Coalescence.............cccccveeeuvennnee. 206



5.6.3.7 Droplet ETOSION.......c.cooiiiiieiiieeiieeie et 212
5.6.3.8 Comparison of Obtained Results between

Stacking Method and CFD Model.........cccccoceevueeiennnnnee. 213

6. CON CLUSION S . ..ot e e e e e e e e e e eree e eas 216

6.1 SUIMIMATY c..eeiiiiiiiiiiee et e e et e e e st e e e snbaee e e nnees 216

0.2 CONCIUSIONS ... ieeeeeeeeeee e e e e e e e e e e e e e eeeeeeeeeeeas 217

6.3 Recommendations for FUture Works ..... .o eeeeeeeeeeeeeeee e 220
REFERENCES ..o 222
VT A e 230

vi



Figure 1.1

Figure 1.2

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8
Figure 2.9
Figure 2.10
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5

Figure 3.6a

LIST OF FIGURES

Fog cooling setup (Courtesy of MEE Industries) .........ccccecevervieneenieniennenne. 2

Figure 1.2 Generalized stage characteristics y* = F,(¢*, SF)
and experimental data POINTS. ........cceecvieriiiiiieiiieiieeeee e 11

The gas turbine system with a fog spraying device and an additional
TUCT COMPIESSOT ..ottt e et e e e e e seaeeenae e eeneas 24

Effect of increased ambient temperature on P-v and T-S diagram of a
€AS TUIDINEG ...ttt ettt ettt e enbeeaee s esbeenneens 25

Different fog/overspray cooling processes in the compressor...................... 27

The flow chart of the main backbone architecture of the computer code
FOGGT . oottt e e et e e et e e e et a e e e eataeeeenns 33

Pre-heat and pre-cool effect of air only (liquid water is not included)......... 35

Qualitative T-s diagram to illustrate entropy changes of different
components during a wet compression (Not to scale).. ......cccceeeeeeevieeniiennns 37

T-s Diagram illustrating the entropy changes during wet compression

with the actual data. ... 37
Amplified air and mixture T-s paths with actual data..............c.ceeuvreenennne. 38
Comparison of three drag coefficient correlations...........cccceeeveeeeieercreeennnenn. 47
ROtor-Stator Staging. .......cccveeeiiiiiiieecieeee e e 50
Main SWItChboard. .........ccoiiiiiiiii e 51
A SEt Of tEMPETATUIES. ...veeeeiieeiieeeiieeeee ettt eee e ae e e ere e e e e e eeaee e 52
Gas property calculation Interface. ........ccoceeevveeeciieeriieeieeeee e, 53
T-S diagram of STEAM. .......c.eeeviiieiiie e e 54
Steam table INtErface. .......cooueiiiiiiiiiiiiee e 55
Properties from tWo Parameters. ........ccveerureeiieeniieerieeeeeeeieeesieeeevee e eeneas 57

vil



Figure 3.6b
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11

Figure 3.12

Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20
Figure 3.21
Figure 3.22
Figure 3.23
Figure 3.24
Figure 3.25
Figure 4.1

Figure 4.2

Figure 4.3

Output from two different properties. .......cooveveveeriierieeiieenienie e 57
Mixture property INtEIfaCe. ......cccuvevuierieeriienieeieeee et 58
Psychrometry interface. .........ccoevievieiiieiieieeie e 70
Calculated property ValUESs...........cceevieeiieiiieiie et 71
Brayton CYCLe. ....ccueiiuiiiiiiiieciieee et e 72
Gas turbine system with fog cooling device and a fuel compressor............. 74

Flow chart showing power and efficiency calculation process for a gas

turbine system with fog cooling device and a fuel compressor. ................... 75
Wet COMPIESSION INPUL. ..eeeviieeiiieeiiieeiieeeieeerreeeireeeeeeesaeeesereeessaeeeennseeennns 81
Wet compression output (firSt Part). .......eeeeveeeeeveeerieeeiieeeie e e 82
Wet compression output (S€CONd Part). .....cc.eeeeveeervieerieeeiieeniie e e 83
Interface for equilibrium stage-stacking input...........ccceeeeveeevieeniieenieeenen. 84
Interface for non-equilibrium stage-stacking input..........c.cceeeveeevveercreennnnnn. 85
Calculation domain including the fog sprayer and 8-stage compressor. ......88
ROtOr-Stator StAZING. ...ccuveeeiiieeiiieciie ettt e e es 90
VeloCity dIagram........cccvieeieiieeiieeiieeeiee et eree e e e e eae e e e eereeeeaeeenes 91
Velocity diagram at 10101 €Xit. ......cccveeerieeriiieeiiieeiieeeee e esreeeiee e e 93
VeloCity dIagram........cccvieeieiieeiieeiieeeiee et e e e e e e e eereeeeaeeenns 98
Equilibrium stage-stacking output. .........cccceeeviierciieencieeeieecee e 99
Interface for non-equilibrium stage-stacking output............ccceeeeveerveennee. 100
Flow diagram of the algorithm for the equilibrium method. ...................... 101

Compressor discharge temperatures under different ambient conditions...105
Compressor power under different ambient conditions............c.cceeevveennee. 105

Fuel compressor power under different ambient conditions....................... 106

viil



Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16
Figure 4.17
Figure 4.18
Figure 4.19
Figure 4.20
Figure 4.21
Figure 4.22

Figure 4.23

Fuel mass flow rate under different ambient conditions for various fuels. 107

Heat added in the combustor under different ambient conditions. ............. 108
Percentage of excess air under different ambient conditions...................... 108
Gross turbine power under different ambient conditions. ...........c.cccueee.ee. 109
Net output power under different ambient conditions. ..........cccceeeeveeeneennns 110
Thermal efficiency under different ambient conditions..............cceeeeneeeneee. 111
Net output power under different TIT conditions for LCV-1.................... 113
Net output power under different TIT conditions for LCV-2..................... 113
Designed compressor tip and hub diameters (the numbers on the top

of the curves represent the stage NUMDETS). .......ccceeevieriieiiienienieeieeeeee, 118
Velocity diagram for cases 1 and 2 in second Stage. .........ccceeververeeneennnens 119

Static temperature variations: overspray induces an excessive reduction
Of StAtIC tEMPETATUTE. ... .eieevieeeiiieecieeeeiiee et ee et e e e e e e e e e e seaeeeaae e e 119

Stage stagnation pressure ratio variation: overspray results in a reduction
of local pressure due to an excessive temperature drop, followed by a

SPIUTZE OF PIESSUIE TISE. .uvveeeriieeiieeiiieeiieeerreeeteeesteeeseaeeeaeeessaeeessseeenseee s 120
Cumulative compressor stagnation pressure ratio variation. ...................... 121
DenSity VAITAtiON ... ..eccviieiiieeiiieeeeieeereeeieeeeveeesaeeeteeesaeeesssee e esaeeenseeennes 122
Inlet velocity (actual magnitude) variations at each stage...........c.ccecueee.ee. 123
Flow coefficient () vVariations..........cccuveeveveeeciieenieeenieeeeieeeeveeeeeesvee e 124
Variation of rotor work coefficient (W). ......ccccoeveviiiiiiiiiiiiieeieeccee e 126
Variation of COMPressor StaAge POWET. .......ccuverveerveereieeieeeienreereenseeseneenens 126
Variation of compressor integrated POWET...........ccceevueerirenieenieeieerieeeeenn 127

P-v diagrams for the Brayton cycle. (a) Inlet saturated cooling with a
constant pressure ratio. (b) Theoretical representation of Cases 2, 3, 4
and 5. The shaded area represents the double compression work due to

X



Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29

Figure 4.30

Figure 4.31

Figure 4.32
Figure 4.33
Figure 4.34
Figure 4.35
Figure 4.36
Figure 4.37
Figure 4.38
Figure 4.39
Figure 4.40
Figure 4.41

Figure 4.42

the INLETStAZE SPTAY. .vieivieriieiiieiieeiieeiie ettt ettt et e ettt eebeesaaee e 127

P-v diagram illustration of actual wet compression processes of cases
S 1 Lo I TSR 129

P-v diagram illustration of actual compression processes of cases 2,
Designed compressor tip and hub diameters (the numbers on the top of
the curves represent the stage NUMDbETS) ........cccvvevciiiiriiiiiiiieeeceee e, 140

Comparison of velocity diagrams for cases 1, 3 and 4 in second stage
(V2 and W;, for cases 3 and 4 almost coincide)........cccceevveeeeriiecveeecneeennnen. 140

Reduction of diameter for non-equilibrium cases (The approximate
diameter of the droplet is ShOWN).......cc.oovviiiieiiiiiiiicieee e, 141

Variation of relative humidity for overspray cases.........ccocceeevveerereeercneenns 141

Variation of remaining liquid water fraction (mass ratio of water over
moist air) in each stage for OVEerspray cases..........ccevveeeeenieenieerieeneeenenn 142

Residence time vs. evaporation time for non-equilibrium cases

(Residence time for all four cases coincide with one another)................... 143
Air static temperature variations for all cases. .......ccccoevveveviieecieencieceieenne 144
Air and droplet temperature variation for non-equilibrium cases............... 145
Inlet velocity variations for all Cases. .......ccceeceeeeiiieriieeiie e 146
Flow coefficient variations for all Cases. ..........coeceevieniiniieniciiieeee 146
Stage static pressure variation for all Cases..........ccoevveeevieeecieenciieenieeee. 147
Rotor work coefficient () variation for all cases. ..........cceevvveerveeenneennee. 148
Moist air density variation for all cases. .........ccccerveereriieriiineniinieeniee 148
Stage overall stagnation pressure ratio variation for all cases. ................... 149
Cumulative overall stagnation pressure ratio variation for all cases. ......... 150
Cumulative stagnation compressor power variation for all cases............... 150
P-v diagram to show specific work for four cases. ........cccceoveveriienenniennns 151



Figure 5.1 Computational DOmain. ...........ccccueeeriieeiiieeiie e 170
Figure 5.2 Meshes for (a) rotor (overall), (b) stator (overall), (¢) leading and trailing

edges of rotor and (d) leading and trailing edges of stator. ........................ 171
Figure 5.3  Static temperature distribution (a) non-fogging baseline

(D) OVerspray fOZZINg. .....cc.eeecviieiiieeiiieeeiie e e 174
Figure 5.4 Entropy distribution (a) non-fogging baseline (b) overspray fogging. ...... 175
Figure 5.5 Static pressure distribution (a) non-fogging baseline (b) overspray

TOZEINE. .ottt ettt ettt et e e 176
Figure 5.6  Static pressure distribution OVEr TOtOT. ........ccueeiieriierieeiiienieeieesiee e e 177
Figure 5.7  Velocity vector (Relative velocity is plotted in the rotor-subdomain area)

(a) non-fogging baseline (b) overspray fogging. ........ccccceevvveecveercreeenenenn. 178
Figure 5.8  Velocity profile over the stator for baseline case...........cccceeveeeeveercreeennenn. 179
Figure 5.9 Droplet hydrodynamic response showing as slip velocity.............cccoeeu..... 180
Figure 5.10 Droplet relative Reynolds number distribution............ccccceevveeveieenreeennnn. 181
Figure 5.11 Droplet thermal reSPONSE. ......veeeviieeriieeiieeeiie ettt 181
Figure 5.12 Distribution of concentration (kg/m?) of liquid water. ........c.cccccveevevveenneen. 182
Figure 5.13 Droplet diameter (m) distribution (a) with break-up and coalescence

(b) without break-up and coalescence............cceeveeriieriienieeieeienie e 183
Figure 5.14 Erosion (kg/mzs) distribution on the rotor trailing edge and stator

leading edge (The relative position of rotor and stator is not ture)............. 184
Figure 5.15 Pressure distribution at different rotor-stator relative positions. ................ 185
Figure 5.16 Temperature distribution at different rotor-stator relative positions........... 186
Figure 5.17 Comparison of temperature distributions on the rotor wall for two

different types of droplet wall boundary conditions: "Reflect" verses

B 281053 TSRS PR 188
Figure 5.18 Meshes for rotor and stator (The mesh number is reduced for clarity). .....189
Figure 5.19a Meshes (Periodic MeShes). ......cccuiveciieeiiiieeiie ettt 190

X1



Figure 5.19b Meshes (Close-up view of one pitch of inlet, rotor and stator). ................. 190
Figure 5.20a Selected surfaces for analysis and discussion (3 radial, 3 axial and
one circumferential plane). The cross marks show the water injection

LOCALIONIS. e e e e e e e e e e e e e e e e e e e e e eeaaaeaaeas 192

Figure 5.20b Specially Selected surfaces for analysis of concentration and secondary
flow (The cross marks show the water injection locations)........................ 193

Figure 5.21a Static Pressure distribution for baseline case in different radial planes
ANA NUD. (..o 196

Figure 5.21b Stagnation Pressure distribution on the rotor surface for baseline on
suction surface, leading edge and pressure surface. ..........cccceeeeveevuiennennen. 196

Figure 5.21c Static pressure distribution for fogging case on different radial planes
ANA NUD. (.. 197

Figure 5.21d Stagnation Pressure distribution on the rotor surface for fogging on
suction surface, leading edge and pressure surface. ..........cccceeeevvevueennennen. 198

Figure 5.22a Static temperature distribution for baseline case (no fogging) on three
radial planes and the hub surface. ..........ccccceveeciiiiiiieci e, 199

Figure 5.22b Temperature distribution for fogging case on different radial planes

and hub SUITACE. .....ooeiiiiiiiiii e 199
Figure 5.23a Projected horizontal velocity vector for baseline case on different

1adial PlANES. ..ooceveieiiie e e 200
Figure 5.23b Projected horizontal velocity vector for fogging case on different

1adIal PLANES. .o.eeiiiieiieceee e e 201
Figure 5.24 Water droplet trace with droplets’ relative Reynolds number. ................... 202

Figure 5.25a Contour of pressure coefficient on Rotor and Stator Surfaces on
four radial planes for the fogging case........c.ccvevveieeiieriieeeie e, 203

Figure 5.25b Variation of pressure coefficient across Rotor and Stator Surfaces. .......... 203

Figure 5.26a Water droplet trace with diameter (showing coalescence and
EVAPOTALION). 1.evieueieeiieeiieriieeteenteeeteeeteesseessteeseessseenseesseesnseeseessseenseensnseenns 205

Figure 5.26b Water droplet trace with diameter with the model associated without
droplet breakup and coaleSCence. ..........cccveevuiieeiieeeiieeieeeee e, 205

Xil



Figure 5.27a Accumulation (encircled) of droplets to the blade walls (Top view of
Rotor and Stator subdomain). ............ccceeeeiireiiieiiiicciee e 206

Figure 5.27b Secondary flow moving towards the suction surface at 20% chord length
from the stator leading edge (The main flow is going away from the
viewer perpendicularly, the plane of projection for velocity in this figure
is the purple plane shown in Fig. 5.20b)......ccccevviiiiiiiiniiiiieeeeeeee, 206

Figure 5.27¢ Secondary flow near the stator exit (The main flow is going away from
the viewer perpendicularly, the plane of projection for velocity in this

figure is the brown plane shown in Fig. 5.20b).. ....ccccoovvviiiiiiiiiiieeee. 207
Figure 5.28a Liquid concentration on four different radial planes. ..........c.cccccvvevevveennenn. 207
Figure 5.28b Liquid concentration on four different axial planes...........c.cccceeveercrieennenn. 208

Figure 5.29a Blade (Suction side of Rotor and Pressure side of Stator) Erosion (The
blade at the left is rotor and the other is stator, red arrows close to the
surfaces show the flow direction). .........ccceeeviieeiiiincieeciee e, 209

Figure 5.29b Blade (Pressure side of Rotor and Suction side of Stator) Erosion (The
blade at the left is rotor and the other is stator, red arrows close to the

surfaces show the flow direction). .........ccceeeeiieeiiiiecieecee e, 210

Figure 5.30 2-D velocity diagrams for rotor and stator for baseline and
TOZEING CASES. ..veeuvieeiiieiieeiie ettt ettt ettt ettt e et e et e s nbeenbee s neeenne 211

xiil



Table 2.1

Table 2.2

Table 3.1

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 4.9

Table 4.10

Table 4.11

Table 4.12

LIST OF TABLES

Natural and forced CONVECLION .......cc.eeeiiiiiiiiiiiieiceee e 44
Droplet @VapOration ..........c.ceeciieeiiieeiiee e eieeesteeeeteeeeeeesaeeeneaee s e eereeeeneas 45
Different cases for pSyChrometry........ccceecvveeiiieeiieeciee e 63
Studied LCV fUEIS....c...ooiiiiiiee e e 103
Data for different cases for gas turbine system..........cccceeevveevveercieeenneeennee. 114
Design data for varying TIT .......cccoooeeiiiiiiieeeeeeeeee e 115

Comparison of stage-stacking and non-stacking results for compressor
ANd the GT SYSEEIM ..eeiiiiiiieiieieeieee et 133

Detailed stage-stacking data (pressures, temperature, velocity, flow
coefficient, Mach numbers and density) for all cases. (Shaded areas
represent the stator in corresponding stage and the non-shaded rows
TEPTESENE TOLOT STAZES.) 1.vvveeirieeirieeireeeireeeitreesreeessreeesareeeseeessseeensseeesneenans 137

Detailed stage-stacking data (work, flow, shape factor) for all cases........ 137
Rotor-stator camber line geometries and stage information. Incidence

angle i is for the i-th rotor stage and deviation angle d is for the flow

1AVING 10.5™ STALOT ..o 138
Overall compressor performance and net gas turbine output power .......... 152
Detailed stage-stacking data (pressures, temperature, velocity, flow
coefficient, Mach numbers and density) for all cases. (Shaded areas
represent the stator in corresponding stage and the non-shaded rows

TEPTESENE TOLOT STAZES.) c.vvveeerieeirieeiieeeiieeereeesreeesereeeaeeessreessseeensseeaseeeaans 153

Detailed stage-stacking data (pressure ratio, power, rotor work
coefficient, deHaller number) for all cases..........ccceevveevvrirecciieecieceiieee. 153

Non-equilibrium data (Droplet temperature, diameter,
evaporation/boiling time, residence time) for all cases .........c.cccccveerveennee. 154

Phase data for comparison among equilibrium, different droplet
S1Z€ 1N NON-EQUILTDITUM CASES.....ecvieiieeiiieiieeieeiieeee et 154

X1v



Table 4.13

Table 5.1

Table 5.2

Table 5.3

Rotor-stator camber line geometries and stage information. Incidence
angle i is for the i-th rotor stage and deviation angle d is for the flow
leaving 1+0.5th StAtOT .....ccueevuiiiiieiieiieee e

Additional water property added to the FLUENT database .........c..c.........
Comparison of different droplet wall conditions...........cccevevvverierieniennenne

Comparison between the stacking method (with FogGT) and the CFD
model for 2D and 3D CaSES......cccueruiiriiiiiieieeie e

XV



ABSTRACT

During hot days, gas turbine power output deteriorates significantly. Among various means
to augment gas turbine output, inlet air fog cooling is considered as the simplest and most cost-
effective method. During fog cooling, water is atomized to micro-scaled droplets and introduced into
the inlet airflow. In addition to cooling the inlet air, overspray can further enhance output power by
intercooling the compressor. However, there are concerns that the water droplets might damage the
compressor blades and increased mass might cause potential compressor operation instability due to
reduced safety margin. Furthermore, the two-phase flow thermodynamics during wet compression in
a rotating system has not been fully established, so continued research and development in wet
compression theory and prediction model are required.

The objective of this research is to improve existing wet compression theory and associated
models to accurately predict the compressor and the entire gas turbine system performance for the
application of gas turbine inlet fog cooling. The following achievements have been accomplished:
(a) At the system level, a global gas turbine inlet fog cooling theory and algorithm have been

developed and a system performance code, FogGT, has been written according to the

developed theory.

(b) At the component level, a stage-stacking wet compression theory in the compressor has been
developed with known airfoil configurations.

(c) Both equilibrium and non-equilibrium water droplet thermal-fluid dynamic models have been
developed including droplet drag forces, evaporation rate, breakup and coalescence. A liquid
erosion model has also been developed and incorporated.

(d) Model for using computational fluid dynamics (CFD) code has been developed to simulate
multiphase wet compression in the rotating compressor stage.

In addition, with the continued increase in volatility of natural gas prices as well as concerns
regarding national energy security, this research has also investigated employing inlet fogging to gas
turbine system fired with alternative fuels such as low calorific value synthetic gases. The key results
include discovering that the saturated fogging can reduce compressor power consumption, but
overspray, against conventional intuition, actually increases compressor power. Nevertheless, inlet

fogging does increase overall net power output.

Keywords: Wet compression, Overspray, Axial Compressor.
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CHAPTER ONE
INTRODUCTION

Gas turbines (GT) suffer from both decreasing output power and efficiency as the
ambient temperature increases because the air becomes less dense (which results in less mass
flow rate), and the compressor works harder as ambient temperature increases. It has been found
that every 1°F raise of ambient temperature reduces gas turbine output power by approximately
0.3-0.5%, reported by Meher-Homyji et. al. (1999). Gas turbine inlet air fog cooling is considered
a simple and cost-effective method ($40-60/kW, 2008 money) to increase power output and
often also increase thermal efficiency. Fog cooling is done by spraying micro-scaled water
droplets into gas turbine inlet. The air through evaporation absorbs heat until the air is saturated
before entering the compressor; this is called "saturated fogging". If there are water droplets
remaining after the air flow reaching saturation at the wet bulb temperature, the remaining
droplets will enter the compressor as overspray (or high fogging), which can further cool the
compressor. When the water is sprayed after the air enters the compressor is called the

interstage fogging. An example of fog cooling set up is shown in Fig 1.1.

Fog cooling is gaining popularity due to its low initial and maintenance costs. However,
there are several concerns associated with the overspray and interstage fog cooling: (a) potential
erosion of compressor blades caused by tiny water droplets, (b) drilling holes through the
compressor casings to install fogging devices may cause problem of maintaining the compressor
integrity, and (c) manufacturer's warranty could be voided. Among these concerns, the erosion

problem is most controversial and requires both theoretical and experimental investigations.
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Figure 1.1 Fog cooling setup (Courtesy of MEE Industries)

1.1 Literature Review

The literature review will include thermodynamic formulation for wet compression,
analysis of experimental and theoretical studies of gas turbine inlet fog cooling, design and oft-
design performances of compressor, parametric analysis of inlet fogging, and water droplet

dynamics and heat transfer.

1.1.1 Fog/Overspray and Wet Compression

Spraying water before the compressor is very old practice, which started since 1940’s.
Gas turbines used to suffer from high back work ratio and thermal stress due to high temperature
difference between inlet and exit. Kleinschmidt (1947) started development of theory for
spraying water before a rotary positive-replacement type compressor. His theoretical analysis (no
experiment) showed that a reduction of compressor work by 15% can reduce the back work ratio
from 2/3 to 1/2 for a given pressure ratio and thermal efficiency improved 3% point using 3%
weight of air. Wetzel and Jennings (1949) conducted a theoretical analysis of wet compression
with pressure ratios of 4.8 and 7. They found that specific compressor work reduced. They
experimented a 11-stage war-time supercharger with two different RPM (25,000 and 28,000), for
both the cases they found the reduction of compressor specific work with complete evaporation
of mist without any blade erosion. Hill (1963) developed comprehensive thermodynamic,
aerodynamic and heat transfer theory of wet compression. He also conducted experiments on wet

compression. (water or alcohol were considered as coolant).



Poletavkin (1970) presented formulation of wet compression thermodynamics. He
showed theoretically that wet compression is very much effective for high pressure ratio (30 and
up) and efficiency can be increased up to 50% by reducing the adiabatic index to 1.08-1.15.
Slobodyanyuk (1973) showed that spraying 0.08 kg of distilled water (30-40 um droplet dia.) per
kg of dry air into the air intake of a compressor can augment the power by roughly 35%.
Gasparovic and Hellemans (1973) showed that water injection in different places, like (a) before
compressor, (b) after the compressor in a heat exchanger, (c) into or after combustor, increases
net output with given pressure ratio. They showed that gas turbine works most efficiently when
air is saturated with water vapor, which is proved by many researchers even now a days.

Brandon and Fortin (1982, 1983) modified Brayton Cycle utilizing alcohol fuels by
spraying it during compression and after that using alcohol as fuel. They found that due to the
evaporative cooling during compression, compressor work was reduced and as alcohol fuel was
already preheated for combustion after compression, so the evaporation energy was not
penalized by increased fuel. But Combustion chamber needed to be redesigned to burn the lean
mixture delivered by the compressor. Murthy, Ehresman and Haykin (1986) conducted a
comprehensive theoretical and experimental study on wet compression as they found that aircraft
turbines were prone to water ingestion through the engine inlet during take-off from rough
runways with puddles of water and flight through rainstorms. They studied the wet compression
effect on engine (specially thrust, fuel consumption, surge margin and rotational speed). They
took 4 basic processes in consideration for performance analysis e.g. aerodynamic interactions,
radial displacement of discrete phase, heat and mass transfer and droplet size adjustment. Among
the four processes, aerodynamic interactions and redistribution of discrete phases are significant,
both individually and jointly. The heat and mass transfer processes also become important when
the pressure and temperature were large across a compressor. A consequence of interphase heat
and mass transfer is the increase in water vapor content. This led to changes in both density and
specific heats. It was clear that changes in compressor performance due to water ingestion affect
engine performance appreciably, but depended upon compressor losses, compressor outlet
temperature and pressure, reduction in gas phase mass flow available in the turbine and the
nozzles, engine control parameters etc. When some of the water entered the burner and
evaporated therein, the extent of evaporation along the burner had a significant effect on engine

behavior. If the amount of water evaporating in the burner would be small, then the engine might



operate satisfactorily even at high water ingestion rate provided the compression subsystem was
affected within tolerable limit.

Nolan and Twombly (1990) discussed the design, installation, operation and performance
of a direct mixing evaporative cooling system for gas turbine power augmentation. Saturation to
the air was provided. The design flow capacity was doubled to allow for drift, pressure
fluctuations, leaks and other losses, and the possibility of "overspray", which resulted 9.6% gain
of power over the baseline output of 13.5 MW (80MW ISO), of which 7.4 % were attributed to
the evaporative cooling and 2.2 % attributed to the reported 1.3 % increase in mass flow through
the compressor. They also found that gas turbine exit temperature dropped of approximately
15°F and the firing temperature was increased so as to achieve the 1,000°F exhaust temperature
limit. Young (1995) described the formulation of fundamental equations of gas-droplet
multiphase flow. He showed how to calculate thermodynamic parameters for gas-droplet
mixture, which are useful for wet compression simulation, which is used in this study where
stage-stacking method is used and will be discussed elaborately later. Mee and Meher-Homji
(1999) produced wet compression theory (which included psychrometry, steam table, air
property table etc.), different performance curves for off-design conditions and industrial set-up
for the fog cooling, which are already shown before.

Thermodynamic model of wet compression was developed by Zheng et. al. (2003 a)
(Swapping a and b in the reference.) to analyze the effect of fog inlet cooling on gas turbine
performance. Their analysis showed that the compressor work decreases and net output power
increases with increased fog mass flow rate, whereas the efficiency curve is flat for a wider range
of compression pressure ratio and turbine inlet temperature. They also showed that effective
cooling reduces compression work. The wet compression work can even be lower than that of
dry air isentropic compression work. Because of the compressor work reduction, index of
compression is lowered. They also modeled the water droplet evaporation time, droplet break-up
time and the droplet sizes after breakup. Later, Zheng et al. (2003 b) expanded their analysis to a
regenerative gas turbine cycle, in which they discussed the concept of continuous evaporation

and internal cooling of compressor through wet compression.

Bhargava et. al. (2002) presented the results of a comprehensive parametric analysis on
the effect of inlet fogging on a wide range of existing gas turbines. Both evaporative and

overspray fogging conditions were analyzed. They correlated the performance parameters (e.g.



power boost, heat rate, fuel flow rate, fog water flow rate per unit power boost and compressor
temperature rise per unit power boost and compressor temperature rise per unit specific power
boost etc.) with main gas turbine design parameters as a result of fogging. They indicated
that aero-derivative gas turbines, in comparison to the industrial machines, have achieved higher
performance improvements from inlet fogging. The study consistently showed that gas turbines
with low values of specific work and turbine inlet temperature have a higher power boost and
heat rate improvement compared to machines with lower corresponding values. They also
showed that higher performance improvements were achieved using high pressure fogging at
higher ambient temperature and lower relative humidity.

Chaker et. al. (2004) presented the results of extensive experimental and theoretical
studies conducted over several years and coupled with practical aspects learned in the
implementation of nearly 500 inlet fogging systems on gas turbines ranging from 5 to 250 MW.
Their studies covered the underlying theory of droplet thermodynamics and heat transfer and
provided practical points relating to implementing inlet fogging to gas turbine engines. They
modeled the heat and mass transfer coefficients of droplet for natural and forced convection and
described the effect of airflow velocity on fog droplet behavior. They also discussed the different
measurement techniques and criteria for measuring the droplets composition from different
nozzle designs. Compressor erosion, corrosion and fouling from experiments were introduced in
these papers. These papers collectively provided experimental data on different nozzles and
recommended a standardized nozzle testing method for gas turbine inlet air fogging. The
complex behavior of fog droplets in the inlet duct was addressed and experimental results from
several wind tunnel studies were documented. They introduced the pressure drop consideration

in wet compression. They also showed the importance of proper and efficient drainage.

A one-dimensional analysis of compressor off-design performance was developed by
Horlock (2001) to illustrate the compressor performance due to decrease in temperature for water
injection. For the calculation of a 6-stage compressor he assumed the evaporation rate as
evaporation throughout the stages. He cautioned that overspray could cause compressor
operation to approach stalling point. Although he did not get any evidence of compressor stall
from fog cooling from Utamura et. al. (1999), he suggested for more tests on land-based gas

turbines.



To investigate the mist transport in the entrance duct, Wang et. al. (2008) conducted a
computational fluid dynamic (CFD) study of different fundamental geometries including a
straight tunnel, a diffuser, a contraction, and a 90° bend. These geometries were used to
investigate the separate effect of acceleration, deceleration, and centrifugal force on mist
transport and cooling effectiveness, respectively. Lastly, a duct representing a real application
was used for simulation. The effects of droplet size, droplet distribution, and humidity on cooled
air temperature distribution were examined. Analysis on droplet history (trajectory and size) was
employed to interpret the mechanism of droplet dynamics under influence of acceleration,
diffusion, and body forces. They showed that in the contraction, the acceleration significantly
lowers the cooling effectiveness when large droplets of 50-um were used. In the diffuser, the
average temperature increases near the exit because the flow separates and the reverse flow
entrains warmer airflow from downstream. Near exit of the diffuser, high evaporation ratio
occurs due to the high average temperature as well as lower flow velocity (for longer residence
time). In the 90-degree bend, centrifugal force and secondary flow move the droplets toward the
outer wall and result in a non-uniform temperature distribution at the exit with cooler area near
the outer wall. High cooling effectiveness is achieved due to the secondary flow mixing.
Simulation with a complex duct similar to those used in real applications shows regions of large
recirculation. The recirculation regions should be removed or minimized because they produce
flow pulsation, induce aerodynamic losses, trap water droplets, and could allow water droplets to
coalesce into larger ones that may be detrimental to the compressor blades.

Quantitative analysis of inlet fogging system was provided by Willems et. al. (2003) on
the basis of turbine operating conditions. Their data considered the actual combustion turbine
operating conditions, psychrometric considerations and field measurements. They also
considered the application of specialized temperature measurement equipment suitable for
accurate dry bulb temperature detection in an environment that may contain free water in the air
stream. Their test results showed that water evaporation does not take place homogeneously and
it is obvious that the air stream at or near saturation does not absorb any water. As the fogging
system does not homogeneously cool the incoming air, stratified regions of warmer and cooler
airstreams co-exist in the bulk air stream. The result showed that the temperature in the duct

profile had 3-7°C of temperature difference among different areas of the duct. Although power



output was certainly improved in all the test cases, the amount of power increase was largely
determined by the ambient temperature, pressure and relative humidity.

Bhargava et. al. (2003) conducted a comprehensive analysis of different configurations of
combined cycle power plants (CCPP) gas turbine inlet fog cooling. They reported that high
pressure fogging is effective for recovering lost output power for hot ambient conditions. The
power increases with increase of amount of overspray fogging. They showed that CCPP with
advanced technology gas turbine systems showed smaller power boost compared to traditional
CCPP due to fogging, but increase in fuel efficiency was found higher.

Bagnoli et. al. (2004) investigated effects of interstage water injection on the performance
of a 17-stage gas turbine using aero-thermodynamic modeling. They discussed the impact of
interstage injection on the stage-by-stage compressor performance characteristics of the selected
gas turbine to estimate the overall gas turbine performance. They found that the maximum power
could be obtained if the water is injected at the upstream of the compressor (i.e. saturation or
overspraying) compared to the other interstage injection locations. Moreover, the maximum
amount of water injection is limited by ambient conditions, maximum allowable gas turbine
power output (which should not be more than 25-30% of design power) and the compressor
surge limit. They cautioned that increased amount of water injection causes the last compressor
stage to operate with closer to the surge line. Their result showed that in case of 40°C with 40%
relative humidity, the loss of power output when compared with design ISO condition, could be
recovered by injecting about 1.2% of water to air ratio upstream from the first stage, and loss of
thermal efficiency could be recovered by 1.4% of water spray.

Sexton et. al. (2003) conducted a computational simulation to examine the concept of
water injection, fogging and overspray. They studied the compressor performances under
different conditions of ambient temperature, pressure and humidity, flow rate, overspray and
water temperature. They designed the inlet duct to have realistic evaporative properties, e.g. flow
rates, evaporation time and droplet diameter reduction. As a result of nonuniform droplet
distribution, he found that there was a carryover of water droplets into the compressor blades
even though the water is sprayed in the amount only meant for air to achieve saturation before
enter the compressor. The droplets were so small that they followed the air path and evaporated

in the first few stages of the compressor.



Hartel et. al. (2003) studied the effects of high fogging (overspray) on the work of
compression. They used a droplet model where they took finite time of evaporation into account
by introducing heat and mass transfer between discrete liquid droplets and gaseous phase. Their
results showed that the beneficial effects of wet compression diminished when evaporation was
slowed down. For compression ratios typical of modern heavy-duty gas turbines, droplets need
to be as small as about 1-um in order to achieve evaporation under approximate thermodynamic
equilibrium during compression.

White and Meacock (2004) evaluated the effect of water injection on compressor
performance. They investigated the thermodynamic and aerodynamic aspects of wet
compression by a numerical method applicable to very fine droplet sprays. They showed that the
entropy production due to irreversible phase change is strongly dependent on droplet size. Their
results showed that individual compressor stages would, however, operate considerably off
design, with front stages moving toward choke and rear stages toward stall, which had the effect
of lowering the aerodynamic efficiency and narrowing the efficiency peak. The combination of
thermodynamic losses and impaired aerodynamic efficiency resulted in the fractional work
reduction due to evaporative intercooling being substantially less than that suggested by ideal
wet compression calculations. On that basis, they suggested some redesign of the compressor to
achieve the full benefits that were possible with water-injected cycles.

Li et. al. (2004) investigated wet compression on compressor operation instabilities. Their
results indicated that water injection was not only a technique to improve the thermodynamic
performance of a gas turbine, but also an effective method to stabilize the compression system.
Compressor's steady and transient characteristics changed after the water injection. The
compression system could come out of instability after water injection. They stated spraying
water into the compressor was one of the most effective and active ways for controlling
instability by avoiding surge and rotating stall, extending operating region, and increasing surge
margin under certain conditions (Fig.1.2). Li et. al.'s conclusions somehow were opposite to

White and Meacoke's conclusions.



1.1.2 Interstage Wet Compression

There are several reasons for implementing the interstage fogging. Ingistov (2001)
pointed out that water injection system was installed in a 7EA gas turbine to wash the
compressor blades in order to preserve the gas turbine output power rather than augment the
power output. Shepherd et. al. (2006) presented field data from a Siemens gas turbine to compare
the performance between applying inlet and interstage fogging. The data showed that the output
power augmentation obtained by applying the interstage fogging was almost insensitive to the
ambient temperature variation. They treated this feature as a merit of interstage fogging. The
data further showed the NOy reduction was more pronounced by applying interstage fogging
than inlet cooling. They also mentioned about the risks associated with spraying water into a
compressor; for examples, the issues related to water distribution, degradation of compressor
inlet duct materials, fouling of the compressor, compressor casing distortion, disturbance to the
combustion dynamic pressure, and the need to tune the control system integration.

Bagnoli et. al. (2008 a) developed a calculation code by modeling the exchange of latent
heat at the inlet and outlet stage and the exchange of sensible heat at constant temperature and
pressure in the middle of the stage. Using the model developed above, Bagnoli et. al. (2008 b)
investigated the effects of interstage water injection on the performance of a GE Frame 7EA gas
turbine using for aerodynamic modeling. Their analysis showed that the compressor performance
depended on the location of water spray. A careful examination of the Ist and 17th stage
performance characteristics showed an unloading of the first stage and an increase in loading of
the 17th stage for every case of injection point and ambient condition investigated. Increasing the
amount of water injected caused 17th stage operating point to move closer to the surge line
suggesting that one had to be cautious in selecting the water amount to inject inside the
compressor. They found that gas turbine lost approximately 15% power output due to high
ambient temperature compared to the ISO case. 1.6% of water injection at stator of the
compressor stage #2 allowed recovering the lost power for high ambient temperature. They also
found that the power boost per unit of water injection decreased as the injection point moves
from first to fifth stage. The droplet residence time decreased as the injection point moved closer
to the compressor inlet. The maximum reduction in compressor specific work (that reach values

of about 97% of the specific work in ISO dry case) was achieved in case of water injection



taking place in the inlet duct and the highest water injection mass flow rate at high ambient
temperature conditions.

A simple numerical method based on both droplet evaporation and compressor mean-line
calculation was presented by Abdelwahab (2006) for the computation of wet compression
processes applied to a centrifugal compressor. His compressor model was coupled to a water
droplet model, which assumed small droplets with no internal temperature gradients and
negligible slip with the gas velocities. The small droplet diameter was presented due to the high
injection rates. Sufficiently small water droplets needed to be used in order to avoid mechanical
problems such as exerting a braking torque as well as producing excessive erosion on the
impeller blades. The combined droplet-compressor model was used to predict the compressor
stage performance at various inlet conditions, water injection rates, water droplet radii, and
design pressure ratios. The analysis showed that the small droplet radii lead to much faster
evaporation time compared to the fluid particle travel time and hence more wet compression
effects were available in both the impeller and collector. For droplet radii less than 10um, the
evaporation time in the collector was much shorter than the fluid particle residence time. As the
pressure ratio of the stage increased the fluid particles traveled through the impeller at faster
speeds and hence the available time for water droplets to evaporate was reduced.

Sanaye et. al. (2006) studied the effects of inlet fogging and wet compression on gas
turbine performance. They modeled the evaporation of water droplets in the compressor inlet
duct and estimated the diameter of water droplets at end of the inlet duct. They compared the
results with the results from FLUENT software. They also predicted the compressor discharge
air temperature due to the presence of unevaporated water at the inlet duct. They showed that
with overspraying, the compressor power input decreased due to wet compression (intercooling)
effect relative to the inlet fogging case. This phenomenon was observed from both computed and
reported results for 1% and 2% overspraying. It should be mentioned that the compressor
specific work input decreased for all inlet fogging, 1% and 2% overspray cases. They found that
flow coefficient increased in first few stages due to the water spray, which led to the increase in
axial velocity at the first few stages, also the corrected speed increased due to the cooling of
compressor inlet air. This effect resulted to an increase in density and pressure and decrease in
the axial velocity at the next compressor stages. The amount of water injection increased with

increasing pressure ratio. Following the work of Spina (2002), Sanaye et. al. employed the
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approach of using the generalized compressor performance curve to calculate the rotor work
coefficient of each stage by using empirical value Shape Factor and compared the results with
the results obtained from FLUENT.

During the development of the wet compression model, one roadblock is associated with
the unavailability of the compressor performance map, which has been highly guarded by the gas
turbine manufacturers as proprietary information. To overcome this problem, Cerri ( et. al.
(1993) introduced the concept of Shape Factor (SF) by using a single value of shape factor to
represent the overall performance of a compressor on a "generalized compressor performance
chart" which shows the performance change corresponding to the designed point.

The Shape Factor used in Spina's work was first introduced by Muir et. al. (1989). Spina
(2002) summarized the method of using generalized performance curves of compressors and
compare the computed data with the experimental work performed by Muir et al. (1989), see Fig.
1.2.  Spina (2002) introduced the stage-stacking procedure in a program for gas turbine
thermodynamic cycle calculation and used the SF parameter as a “tuning” unknown parameter
which was determined in order to minimize the mean square error between measured (or
available) data on a gas turbine and the corresponding data computed by a computer program.
Typically the SF values can be determined by the values of overall gas turbine efficiency (or fuel
mass flow rate), pressure and temperature at the compressor outlet and turbine outlet temperature

at some loads and ambient temperature.
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In using the generalized performance curves, a Shape Factor (SF) needs to be determined.
Unfortunately, the selection of the SF is also an uncertain process. The characteristics of the
method proposed by Spina was that unknown parameters defining the generalized stage
performance curves were determined by combining a cycle program with compressor and turbine
performance maps obtained using the “stage-stacking” procedure. The results showed that the
capability of the method in the program accurately reproduced the available data. The high
nonlinearity of the program encountered some convergence error, so robust algorithm was
suggested for better results.

The expression of shape factor has a lot of limitations and will be one of the subjects for
this research.

Kim et. al. (2006) explained the theoretical limits of machines via a heat and mass
transfer model and modeled continuous compression cooling via evaporation based on droplet
evaporation analysis. Parametric studies showed that the effect of variables such as droplet size,
water injection ratio or compression ratio on transient behavior of droplet evaporation process.
Wet compression parameters such as evaporation time, compressor outlet temperature and
compression work were estimated. Transient behavior of variables such as droplet mass and
temperature, gas temperature and enthalpy were investigated. Evaporation time was explored
thoroughly as a crucial design variable. They found that initially, the increase of the droplet
temperature overrode the decrease in droplet mass and resulted in an internal energy increase in
the droplet. The internal energy peaked and then decreased with time as the liquid evaporated.
The evaporation time decreased as the water injection ratio or initial droplet radius decreased, or
compression ratio increased. They found that the evaporation time exhibited a complex
dependence on many compression and injection variables. They found the water injection ratio,
compression ratio and droplet initial radius as the most significant variables. Those parameters
largely defined the compressor power, which could be reduced to 70% of its value for a
compression ratio of 25 and an injection ratio of 10%.

Water injection modifies the component operation. An adaptive performance model was
developed by Roumeliotis et. al. (2003), who described the procedure for setting an accurate
model of a twin-spool gas turbine equipped with the possibility for inlet evaporative cooling,

intercooling by water injection, and water or steam injection in the combustion chamber. The
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model covered water injection at engine inlet, between the compressors, and at the compressor
exit. They showed how operation with water injection modified component operation. Since the
operation for power generation was at constant speed of rotation, they showed that for obtaining
the same power output with steam injection, the low pressure compressor operated at higher
pressure ratio and when the steam was injected in high pressure compressor then operating point
moved closes to surge limit. They discussed the impact of accurate modeling on performance
diagnostics and they showed a model incorporating the possibilities for modeling the different

types of wet operation was necessary for continuous reliable engine monitoring.

1.1.3 Droplet Dynamics

Droplet dynamics involves droplet evaporation, droplet breakup, droplet coalescence,
droplet heat transfer, and droplets interactions etc, which have direct effects on wet compression
performance. Models for droplet evaporation were developled by Zheng et. al. (2003 b) and
White and Meacock (2004). Their models were based on pressure and temperature of main fluid
and droplet, the diffusion coefficient, the droplet diameter and humidities. Zheng et. al. (2003 b)
emphasized the evaporation rate of water droplet, which played a major role on the wet
compression polytropic index. They assumed the evaporation rate remained constant throughout
the wet compression.

Droplet evaporation depends on heat transfer between the droplet and main fluid (air).
The forced convection takes place as long as there is a slip velocity between air and droplet,
whereas, only natural convection prevails when slip velocity is zero as modeled by Chaker et. al.

(2004).

1.1.3.1 Droplet Breakup

Droplet breakup models include two categories: liquid jet breakup to droplets and big
droplets breakup to smaller droplets.

Liquid jet breakup depends on the liquid injection condition and the interaction between
the liquid jet and the surrounding airflow conditions such as counter flow (air flow in opposite
direction), parallel flow (air flow in the same direction), and crossflow (air flow in perpendicular
direction). Madabhushi et. al. (2004) numerically simulated the break-up of a liquid jet in a

crossflow air-stream at atmospheric pressure and temperature conditions using Reynolds
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Average Navier-Stokes Equation. Their results showed that droplets encountered a breakup at a
certain time due to crossflow (which was named as column break-up) and then break-up took
place according to Weber number (the ratio of viscous force to surface tension). They mentioned
that the breakup was a function of cross-flow velocity and droplet initial diameter, which
depended on the injection orifice diameter of the nozzle. Their results indicated that breakup
time was longer for smaller crossflow velocity and bigger diameter.

Duan et al. (2003) presented the numerical simulation of droplet breakup under an
impulsive acceleration in another immiscible fluid by the Moving Particle with Semi-implicit
(MPS) method, and the effect of the density ratio between droplet and ambient fluid on a critical
Weber number. Their density ratios were very small (e.g. 1, 3, 5, 7 and 9), but the results showed
that the Weber number was inversely proportional to density ratio and when the density ratio
exceeded 3, the Weber number became less sensitive to the density ratio. The critical Weber
number for their experimental density ratio was about 0.4.

O’Rourke and Amsden (1987) developed the Taylor Analogy Breakup (TAB) model. The
TAB model is a classic method for calculating the droplet diameters after breakup, which is
applicable to many engineering sprays. This method was based upon Taylor's analogy between
an oscillating and distorting droplet and a spring mass system, where the spring surface tension
forces, droplet drag force and droplet viscosity forces were made analogous to restoring,
external, and damping forces as shown in Eqs (1.1) and (1.2). The equation governing a damped,

forced oscillator is,

dx d*x
By —kyx—d, —-=m— (1.1)
Fp _puv’
m p,d
k
LN (1.2)
m p.d
do M
m p,d’

where x is the displacement of the droplet equator from its spherical undisturbed position. The

coefficients of this equation are taken from Taylor's analogy:
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When the droplet oscillations grow to a critical value of Weber number, droplets break up
into a number of child droplets. In the work of O’Rourke and Amsden (1987), the critical value

for Weber number was 6.

1.1.3.2 Droplet Coalescence

Martula et. Al. (2000) introduced coalescence induced coalescence (CIC) model of
inviscid droplets in a viscous fluid. They stated that two droplets coalesced when they came into
contact at a sufficiently high capillary number (ratio between the viscous force and surface
tension). A neck forms at the junction, creating gradients in curvature that caused the newly
formed composite droplet to relax to a sphere. This shape relaxation disturbed the surrounding
fluid, thereby induced a flow field. In CIC model, the flow field transported nearby droplets and
caused other coalescence events. As each subsequent event created another flow field that could
affect other droplets into contacts and coalescence, thereby a cascade of coalescence events
resulted. The resultant velocity of each droplet in the suspension was calculated by
superimposing all of the coalescence-induced flow fields. The Faxen’s law was applied to
calculate the resultant velocity of each droplet in the suspension

Pan and Suga (2005) developed a numerical model of two-phase droplet collision for
high density ratio (e.g. air-water mixture). They showed the importance of Weber number on
coalescence. They located two coalescence regimes, one accompanied with a significant
deformation of the drops and another with a minimum deformation during the coalescence
process. They linked the appearance of such a feature to the physical properties (density and
viscosity) of both fluids as well as the ambient gas pressure. They also speculated that the
intermolecular forces, the molecular structures of the liquid and the ambient gas controled the
tendency for the final merging of the droplet surface and found that the presence of fuel vapor in
a fuel spray promoted coalescence.

An analytical model was presented by Stegman et. al. (1999), who predicted the
deformation of Newtonian droplets in an axisymmetric, time-dependent, elongational viscous
flow. An analytical expression for the droplet-stretching rate was derived for a Newtonian
droplet subjected to a (time-varying) Newtonian elongational flow. The shape of the droplet was

assumed to be an ellipsoid of revolution, which, in first order approximation, was confirmed by
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experimental results. Their experiments showed the critical length for breakup of visco-elastic
droplet exceeded those for Newtonian droplets.

Van den Hengel et. al. (2005) employed a discrete bubble model (DBM) to investigate
the hydrodynamics, coalescence and breakup occurring in a bubble column. They accounted for
the encounters between two bubbles and between a bubble and a wall. They modeled the
coalescence rate as a product of collision frequency and coalescence efficiency (a random
function). They formulated contact time and energy dissipation on the basis of turbulence. They
modeled the breakup in the similar manner as the result of interaction between turbulent eddies
and droplets.

Qiang et. al. (2006) implemented a mesh-independent and less time consuming collision
and coalescence model, although it was not clear about the extent of mesh independency. They
set some numbers (18 for 2-D, 54 for 3-D) of neighboring droplets as a probable collision
partner. Their results showed that they had same collision outcome for coarser and finer meshes,
which were not the same in the O’Rourke’s model (1981). Although the coarser mesh gave the
same result of coalescence, but might not be good for overall simulation (e.g. mass, momentum
and energy conservation equations). O'Rourke considered coalescence as an outcome of
collision. O'Rourke's algorithm assumed that two droplets might collide only if they were in the
same continuous-phase cell. This assumption could prevent droplets that were quite close to each
other, but not in the same cell, from colliding, although the effect of the error due to this
assumption was lessened by allowing some droplets that were farther apart to collide. The
overall accuracy of the scheme was second-order in space. Once it was determined that two
parcels could collide, the outcome of the collision was “coalescence” if the droplets collided
head on, and “bouncing” if the collision was more oblique. Droplet coalescence model improves
discrete phase calculation when strong local acceleration or deceleration presents in the flow
field such as over the airfoil surface.

O'Rourke's model is further described below. The probability of two droplets colliding is
derived from the point of view of the larger droplet, called the collector droplet and identified
below as the number 1. The smaller droplet is identified in the following derivation as the
number 2. The calculation is in the frame of reference of the larger droplet, so the velocity of the
collector droplet is zero. Only the relative distance between the collector and the smaller droplet

is important in this derivation. If the smaller droplet is on a collision course with the collector,
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the centers will pass within a distance of '4(d;+d,). More precisely, if the smaller droplet center
passes within a circle centered around the collector of area Yam(r;+r;)* perpendicular to the
trajectory of the smaller droplet, a collision will take place. This disk can be used to define the
collision volume, which is the area of the aforementioned disk multiplied by the distance
traveled by the smaller droplet in one time step, namely Yam(r;+12)*Vie At, where Vi is the
relative velocity between the two droplets. The algorithm of O'Rourke uses the concept of a
collision volume to calculate the probability of collision. Rather than calculate whether or not the
position of the smaller droplet center is within the collision volume, the algorithm calculates the
probability of the smaller droplet being within the collision volume. It is known that the smaller
droplet is somewhere within the continuous-phase cell of volume ¥. If there is a uniform
probability of the droplet being anywhere within the cell, then the chance of the droplet being
within the collision volume is the ratio of the two volumes. Thus, the probability of the collector

colliding with the smaller droplet is,

d, +d, )V, At
P1 — TE( 1 + 2) rel (13)
4V
Eq. (1.3) can be generalized for parcels, where there are n; and n, droplets in the collector
and smaller droplet parcels, respectively. The collector undergoes a mean expected number of

collisions given by

2
ﬁ:nzﬂt(d1+d2) V. At (14)

4¥ -
The actual number of collisions that the collector experiences is not generally the mean
expected number of collisions. The probability distribution of the number of collisions follows a
Poisson distribution, according to O'Rourke, which is given by,

P(n)=e™ 1:1! (1.5)

where n is the number of collisions between a collector and other droplets. This modeled

developed by O’Rourke (1981) is employed in this present study.
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1.1.3.3 Droplet-Induced Blade Erosion

When droplet flows in the air stream and hits the compressor blades (stator and rotor), the
blades may encounter erosion or accretion. Water droplet erosion poses a serious potential threat
to the critical path of maintenance outages in steam turbine. Lam et. al. (2003) estimated erosion
rate in steam turbines from empirical formula. They presented two applications for the
demonstration of erosion rates. Their results showed that the large droplets impact on the leading
edge suction side due to insufficient axial clearance for the droplets to break up. Their another
case handled with extremely wet steam which was developed by a film of water accumulated on
the stationary blades. Although the film got enough space for breaking up, higher liquid droplet
density had caused the premature erosion nonetheless.

Erosion is significantly dependent on the attack angle. Haugen et. al. (1995) tested a total
of 28 materials at impact angles of 22.5° and 90°, and some at 7.5°, with test air velocities at 22,
55 and 320 m/s. C-Steel was selected as a reference material and was, as such, subject to more
extensive examination than the other materials, with additional tests also performed at impact
angles of 15°, 30° and 45°. Impact angles 22.5° and 90° were selected since maximum erosion
was achieved at those angles for ductile and brittle materials, respectively. The basic premise
was that the cutting action of the particles is more important for ductile materials and
deformation (or displacement) is more significant for brittle materials. Of the 28 materials, the
most erosion resistant were found to be the three solid tungsten carbide materials and two of the
ceramics, SisN and B4C. Only one coating, a Degun tungsten carbide layer, was found to give
significantly improved erosion characteristics as compared with the reference material, C-Steel.
Nokleberg et. al. (1998) studied the erosion of the choke valve used in oil and gas industry. A
Langrangian trajectory calculation with stochastic tracking had been used by them to account for
the effect of local turbulence quantities predicted in the continuous phase (k-¢ model) for their
erosion model. The forces on the particles included drag force, gravity and pressure. Three
different choke openings were simulated with flow, particle tracking and erosion: 10%, 12.5%
and 25% open. In addition the flow field was simulated for 50% choke opening. A velocity
restitution factor after wall impact (normal velocity ratio) of 90% was used. The erosion tests in
both the modified Needle & Seat choke and the External Sleeve choke gave peak erosion rates
only 2-3 times larger than calculated. This was near the uncertainty of the erosion model alone.

Other uncertainties were particle sharpness and reflection velocities after several impacts in the
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chokes. The predicted behavior was thus satisfactory for such complex flow geometries,
especially since there was such a large difference in the maximum erosion rate for the two types
of chokes for the same test condition.

Tabakoff et. al. (1990) presented the results of investigation of blade erosion due to ash
particles. They considered typical ash particle size distribution. The results indicated a significant
influence of size distribution on blade erosion. They showed that not only the magnitude of
erosion was influenced by location of blade but also the location of maximum blade erosion.
They also showed that in the first stage, the maximum erosion took place at the blade trailing
edge of the stator blade and leading edge of the rotor blade. For the multi-stage turbines the
maximum erosion took place at the outmost radial location. The blade trailing edge erosion could
present a serious problem because of the smaller blade thickness. They concluded that the blade
erosion was generally lower for non-uniform distribution of particles. The result of ash particle
erosion could be similar to liquid droplet erosion in terms of erosion locations on blades, but
with different erosion magnitude.

Liquid particle erosions shown by Chattopadhayay (2001), Budinki (1996), Fayall
(1966), Finnie et. al. (1967, 1968) and Bowden et. al. (1964), are different from solid particle
erosion. The erosion pits were formed at the initial steady state of liquid erosion shown by
Chattopadhayay (2001). Beyond the steady state, the cracks were formed at the walls and bases
of the pits, propagation of which led to detachment of fragments of materials. For the liquid
particle erosion, a critical impact velocity was considered below which erosion did not take
place.

Fayall et. al. (1996) reviewed the erosion problem in aircraft due to rain. They showed
that the factors affecting the rain erosion characteristics included type of material, surface finish,
shape of component, speed and rainfall intensity. They collected the experimental data and
derived an empirical database with those affecting factors. Bowden et. al. (1964) showed the
difference between the solid particle impact and liquid particle impact. In case of solid particle
impact the stress to produce fracture occurred at a much lower impact velocity than with a liquid,

and the rise time of the stress was correspondingly greater._They documented that the impact

duration of a solid particle was in the order of 100 micro-seconds compared to the 1-2 micro-

seconds of high speed liquid impact. The fracture pattern of a solid impact of moderate velocity

was found resembling more closely to that produced by static loading and the fracture energy
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was seen being dissipated in forming a ring crack and in developing a relatively small number of
radial cracks. The circumferential fractures found with high-speed liquid impact and explosive
loading were suggested as the result of the interaction of the Rayleigh Stress wave with flaws.
Since the circumferential fractures were short and discrete, the fracture pattern on one specimen

gave essentially the result of many tensile experiments.

1.1.4 Computational Model and Simulation

Incorporating the droplet dynamics into computational model and simulation is one of the
goals of this study. The methodology employed in some of recent CFD work on mist film
cooling of turbine blade can be used as a guidance for developing CFD wet compression model
in this study. For example, Li et. al. (2006) explored film-cooling enhancement by injecting mist
into the cooling air with various modeling schemes. The effect of turbulence models, dispersed-
phase modeling, inclusion of different forces (Saffman lift, thermophoresis, and Brownian),
trajectory tracking, and mist injection scheme were studied. They used the RNG k-&¢ model, RSM
and the standard k-¢ turbulence model with the enhanced wall treatment, which produced
consistent and reasonable results. The thermophoretic force slightly increased the cooling
effectiveness, but the effect of Brownian force and Saffman lift was imperceptible. By injecting a
small amount of droplets (mist) into the cooling air, the performance of film cooling could be
improved significantly. They concluded that injecting 2% mist into the coolant could increase
the cooling effectiveness downstream about 45%. The turbulence dispersion showed a significant
effect on mist film cooling by using the stochastic tracking scheme. Approximately 10
percentage points cooling effectiveness enhancement were resulted in addition to the
enhancement from the mist film cooling without considering turbulence dispersion. Cooling
effectiveness decreases by 5% by increasing turbulence intensity from 1 to 10%.

Wang and Dhanasekaran (2008) calibrated a CFD model for mist/steam impinging jet to
cool turbine blade, by employing different turbulence models, computational cells, wall y"
values, and selection of near-wall functions using the laboratory results. They also studied the
effect of different forces (e.g. drag, thermophoretic, Brownian, and Saffman’s lift force). None of
the models were found good for all the flow regions from near the stagnation region to far-field

downstream of the jets, however they found that the standard k-¢ and RSM turbulence models
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performed better than other models. The RSM model had produced the closest results to the

experimental data.

1.2 Effect of Low Calorific Value (LCYV) Fuels

All the studies of fog/overspray cooling are applied to gas turbines fired with nature gas
(NG) or oils. With continued increase of volatility of natural gas prices and concerns regarding
national energy security, alternative fuels such as synthesis gas (syngas) derived from
gasification of coal (a more stable energy source), petcoke, or biomass (more environmentally
friendly) are considered as important common fuels in the future. Depending on the feedstock
types and gasification process, the heating value could range from 35% of the NG heating value
from an oxygen-blown synthesis gas derived from coal to 10-15% of NG heating value from a
producer gas derived from air-blown biomass gasification. When LCV fuels are used, more fuel
mass flow rate (3 - 10 times) is needed to achieve the required heating value by adding an
additional fuel compressor. This additional fuel mass flow rate will impose heavier load to the
main compressor due to increased backpressure in comparison when natural gas is used.
Implementation of fog/overspray cooling will further strain the already overloaded compressor if
existing commercially available gas turbines are used. To achieve a better gas turbine
performance, the existing gas turbines may need to be modified to accommodate the increased
fuel flow rate in the combustor and turbine. In addition, the effect of fog/overspray on the
performance of LCV fired gas turbine systems is not clear, which motivates the development of a
wet compression thermodynamic model by including the fuel compressor work and the
additional fuel mass flow rate in calculating the turbine inlet temperature and to specifically
investigate the influence of fog/overspray on the output power and efficiency when LCV fuels
are burned, and compare the results with those fired with natural gas.

In the subject of applying fog cooling to LCV-fired gas turbine, Yap et. al. (2007) has
conducted related study by simulating power plants fired by producer gas with inlet fog cooling
and steam injection using the Thermoflow commercial code. The producer gases were derived
from biomass, which had the low heating value (4-10 MJ/kg about 10% of natural gas's heat
value of 45MJ/kg). Due to the low heating value of the producer gases, the required fuel flow
rate was 10-14 times higher than the same for natural gas. This high fuel flow rate caused the

increased backpressure and affected operating conditions and gas turbine performance. They
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showed that gas turbine inlet fogging further produced increased mass flow rate as an additional
burden to the compressor due to increased backpressure. They analyzed two dozens of cases of
different approaches to accommodate the increased flow rates and compressor backpressure such
as by reducing turbine inlet temperature or opening the turbine nozzle openings. They found the
best performance occurred when the designed pressure ratio was maintained by widening nozzle

openings, even though the turbine inlet pressure was reduced under this adjustment.

1.3 Research Objectives

Since the two-phase flow thermodynamics during wet compression in a rotating system
has not been fully established and the concerns that the water droplets might damage the
compressor blades, and increased mass flow rate from fogging might cause potential compressor
operation instability due to reduced safety margin. The objective of this research is to improve
existing wet compression theory and associated models to accurately predict the compressor and

the entire gas turbine system performance for the application of gas turbine inlet fog cooling.

The following specific goals are proposed to achieve the objectives:

(1) At the system level, develop a global gas turbine inlet fog cooling theory and write a
system performance code, FogGT, based on the developed theory.

(2) At the component level, develop a stage-stacking equilibrium and non-equilibrium wet
compression theory in the compressor and incorporate this stage-stacking theory into the

FogGT system code.

3) Modeling the important parameters for CFD simulation by incorporating the following
mechanisms:
(a) Heat transfer between droplets and air
(b) Hydrodynamic and thermal response times between droplets and air
(©) Erosion of blades by liquid droplets
(d) Breakup of water droplets

(e) Coalescence of water droplets
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(4)

©)

Incorporate the above developed models into computational fluid dynamics (CFD) code

to simulate multiphase wet compression in the rotating compressor stage.

With the continued increase in volatility of natural gas prices as well as concerns
regarding national energy security, alternative fuels such as low calorific value (LCV)
synthesis gases (syngas) derived from gasification of coal, petroleum coke, or biomass
are considered important common fuels of the future. This research will also study the

effect of fogging/overspray on the performance of LCV fuel fired gas turbine systems.
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CHAPTER TWO
DEVELOPMENTS OF MODELS FOR WET COMPRESSION AND
DROPLET DYNAMICS

Development of analytical models include the following five categories:

1. Development of thermodynamic models for two-component and two-phase flow under
wet compression. The major theme involves changing relationships of enthalpy-entropy,
liquid droplet evaporation mechanisms, and variations of thermodynamic properties.

2. Development of stage-stacking model for blade aerodynamics and load function under
the influence of wet compression.

3. Development of droplet dynamics models including fluid mechanics, heat transfer,
breakup, coalescence.

4. Development a model for using low calorific value (LCV) fuels with fogging and wet
compression.

5. Incorporating all the above models and developing the code FogGT to evaluate the
complete gas turbine system performance (not just in the compressor) for wet

compression.

2.1 Thermodynamic model of Gas Turbine System
A gas turbine system equipped with a fog sprayer device and a fuel compressor is shown
in Fig. 2.1. The fuel compressor is used to compress low calorific value fuels (LCV) to match

the backpressure increase due to either increased fuel flow rate or moist air flow rate.

Fuel |
Compressor]

)L Combustion Chamber ‘b3
2

Turbine

) Foé Spraycr

Figure 2.1 The gas turbine system with a fog spraying device and an additional fuel compressor
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2.1.1 Effect of Elevated Ambient Temperature on GT Performance

The effect of elevated temperature on GT power output and efficiency can be explained
by analyzing the P-v and T-s diagrams. Path 1-2-3-4 in Fig. 2.2 shows the ideal Brayton cycle at
the reference ISO condition (59°F/288.2K and 60% relative humidity) and 1'-2'-3-4 shows the

processes on a hot day.

P‘\ 2 2" 3

Ny,
>
S

Figure 2.2 Effect of increased ambient temperature on P-v and T-S diagram of a gas turbine

At the ISO condition, the required compressor power is represented by the area 1-a-b-2,
whereas, under elevated ambient temperature the required compressor power is represented by
area 1'-a-b-2', which is larger than at the ISO condition. The turbine output power remains same
in both conditions, so the net specific output power (per unit mass flow rate) decreases.

On the other hand, the rising isobaric curves (1-4 and 2-3) in T-s diagram shows heat
addition in the combustion chamber at lower temperatures produces more fraction of useful
energy. This can be explained by noticing that more heat will be rejected (area under curve 1-4)
at higher T, if the same amount of useful energy (e.g. area 1-2-2'-1') is to be harnessed.
Therefore, the GT efficiency will be reduced when the compressor inlet temperature T,
increases.

Above analysis is based on per unit mass flow rate. Elevated ambient temperature further
makes the air lighter and reduces air mass flow rate. Since the gas turbine is a constant volume
flow rate machine at a fixed rotational speed, a reduced mass flow rate results to a reduction of

the total output power. Because the output power is influenced by both compressor power and
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mass flow rate, while efficiency is not affected by the mass flow rate, elevated ambient

temperature will affect output power more than efficiency.

The effects of fog cooling and overspray are shown in Fig. 2.3. In Fig. 2.3, 1-2 shows the
compression under the ISO condition; 1'-2' shows the compression in an elevated ambient
temperature condition; 1'-1"-2" shows the moist compression with inlet cooling without
overspray; and 1"-2"" shows the wet compression with overspray cooling. 1'-1" shows the effect
of compressor inlet temperature drop due to inlet fog cooling to saturation without any
overspray. Evaporation in 1'-1" saturates the air and reduces the air temperature to the wet bulb
temperature (WBT) at state 1". (Note that the saturated air temperature could be slightly lower
than the web bulb temperature due to the heat transfer between the saturated air and remaining
water droplets when the water is supplied at a temperature below the wet bulb temperature.)
Typically, fog inlet cooling does not reduce the inlet temperature lower than the ISO condition,
so 1" is typically on the right of 1 on the P-v diagram. Notice that 1"-2"" is not parallel to 1'-2'.
This is because wet compression reduces the polytropic index (k) of the compression work (Pv*=
Constant) from isentropic process (k = v, specific heat ratio) to a k-value closer to the isothermal
process (k = 1). 1"-2"" may or may not cross over the ISO path 1-2. The additional reduction of
compressor work due to overspray is evident from the departure of curve 1"-2" from the curve
1"-2" (moist compression without overspray). Therefore, fog and overspray cooling increases
both the net output power and the cycle thermal efficiency. In the mean time, fog/overspray
further increases the total mass flow rate, which does not affect the thermal efficiency but
increases the power output. Hence, augmentation of the total power output is more pronounced
than efficiency. It needs to be pointed out that Fig. 2.3 only represents the air component of the

two-phase flow during wet compression. The liquid component is not included.
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Figure 2.3 Different fog/overspray cooling processes in the compressor (Note: this figure only

represents air excluding liquid droplets.)

2.1.2 Development of Wet Compression Formulation for Fog/Overspray Cooling GT System

Refer to Fig. 2.2 again, but with a different representation of curves 1-2 and 1'-2' from
earlier description. During derivation of wet compression formulation, isobaric line 1'-1
represents the inlet fog cooling where evaporation of water takes place to saturate the air.
Polytropic line 1-2 represents either dry compression (saturated air without overspray) or wet
compression (liquid droplets in the air due to overspray). Isentropic line 1'-2' represents
compression process of the main compressor without fog/overspray cooling. Assuming the fuel
is supplied at the ambient temperature, line 1'-2' also represents the compression of the fuel
compressor although at a different mass flow rate.

The development of the wet-compression formulation is similar to Zheng et. al. (2003 a,
b), but they did not consider the fuel compressor work nor the fuel mass flow which is also
essential especially in case of Low Calorific Value (LCV) fuel applications when the turbine
inlet temperature (TIT) and excess air are calculated.
According to the Gibbs equation,

Tds=dh—d—P 2.1

p

For an ideal wet compression, assume the evaporative heat equals to the reversible heat,

Tds=—-LdW (2.2)
From equations (2.1) and (2.2), we get,
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_Ldw =dh-3 (2.3)

p

Here, dh=c,dT = LRldT and vy is the specific ratio.
'Y f—

From the equation of state, P = pRT = 1 = RT

p

Substituting the value of dh and l, equation (2.3) becomes,
p

~LdW = YRI dT - RTPdP (2.4)
’Y —

dP y dT LdwdT

= — =t
P y-1T RAT T

_, 4 [y  LdW dT (2.5)
P \y-1 RdAT )T

. . o . . dW : :
Assuming evaporative rate varies linearly with temperature, i.e. T Constant, the isentropic

relation is obtained as, Pv€=Cor

k
PT k-1 =C [k = polytropic index of ideal wet compression]
d_ k ar 2o
P k-1T
Equations (2.5) and (2.6) give,
k dT _((y  Ldw)dr
k-1T \y-1 RdAT)T
- k v ,LdW 2.7)

= +
k-1 y-1 R dT

Equation (2.7) shows that the increase of evaporation rate decreases the polytropic index
(k) of wet compression from isentropic process (k = y) towards the isothermal process (k = 1),
which results to a reduction of compression power. This can be seen in the P-v diagram in Fig.

2.3 as a less steeper curve (1"-2"' vs. 1"-2") requires a less compression power.
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The effect of additional moisture on compressor performance due to overspray is
analyzed below. At ambient temperature (T,mp) and relative humidity (¢), the following
parameters can be obtained from the psychrometric chart: dew point (Tp), wet bulb temperature
(WBT), the humidity ratio wy (moisture content at DBT), and ®; (moisture content at WBT). The

compressor inlet temperature T, is obtained by applying energy balance via enthalpy.

The moist air enthalpy at state 1 (Fig. 2.1), on the basis of mass fraction is,

- > my by, _ My by +mghy +mg by 2.8)
Zmil mal +mfl +mg1

where m,, my, and m, represent the mass of dry air, liquid water, and water vapor, respectively.

And, the moist air entropy at state 1, on the basis of mass fraction,

_ 2 MiSi _ Mg Sq +MpSpy + My, Sg) (2.9)
Zmil mal +mfl +m

S1
gl

Under fog/overspray cooling, the compressor inlet temperature is typically fully saturated
at WBT. The inlet air will evaporate and absorb the moisture from the sprayed water as much as
it needs to saturate itself; the rest of the water will be treated as overspray. In this study the
overspray percentage is defined as the ratio of oversprayed water mass over the total air mass
flow rate.

To determine state 2, the isentropic temperature of compressor discharge, T,s, needs to be

determined first. The moist air entropy at state 2, on the basis of mass fraction is,

P
zm' . mg, {saz _RIH(P +Mg,Sp + My, S,
12°1p 1
Zmiz ma2 +mf2 +mg2

In practice, all the water droplets shall be evaporated at the compressor discharge (i.e. f; = 0), so

the above expression becomes,

B zmizsiz e m,, [saz —0.2871n(rp )J+ My, 8,y

5, = , Q.11
D> m;, Mgy + My,
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T,s can be determined by letting S; = S,. All the property values in these two expressions
are the function of T; (which is already known) and T,s (which is obtained by iteration). At state

2, the isentropic enthalpy of moist air is calculated as,

3 zmizhizs _ My hy g +mg hgog
hyg = _ 2.12)
Zmiz m,, +my,

The Isentropic Compressor Efficiency is defined as,

hys —hy
=—= 2.13
e = Th (2.13)
Equation (2.13) gives the actual moist air enthalpy, which is,
_ 2 mihy, _ Mayhyy +mg by, (2.14)

) =
2. mi, m,, +my,

Iteration is needed to determine T, by satisfying all the property values as functions of T, in

equation (2.14).

State 3 is known as the turbine inlet temperature (TIT), which is assigned as an operating

parameter. The moist air enthalpy at state 3, on the basis of mass fraction is,

> myhy mg (g +mgshy, 1)
3 Zm  m, (1+f)+m '
13 a3 &3

The moist air entropy at state 3, on the basis of mass fraction is,

B Zmi3si3 _ My, (1 + f’)saS tMg;3Sgy (2.16)

B Zmi3 maS(1+f’)+mg3

S3

The fuel mass flow rate is included in the gas flow in terms of (1+f '), where f' is fuel/air
ratio. To determine state 4, the isentropic state, T4s, needs to be determined first. The moist air

entropy at state 4 on the basis of mass fraction is:
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P
m,, (1+f')s —Rln(4J +m,,s
_zmi4si4 ) a4 { a4 P, 24724

S, =
! me ma4(l+f')+mg4

LMy (141, —0-287In(rp )|+ my,s,, (2.17)
4 m,, (1+£')+m,, |

S; is set to equal S4 to determine Tas. All the property values in these two expressions are
functions of T3 (which is assigned as an operating parameter) and T4s (which is determined by

iterations). At state 4, the isentropic enthalpy of moist air is calculated as,

> my,h;,. m,, (1+f)h,, +m,h
hyg = 1477148 _ a4 a4g 847848 (2.18)

me ma4(l+f')+ m,,

The Isentropic Turbine efficiency is defined as,

h, —h
N =———*+ (2.19)
hsy —hyg
Equation (2.19) gives hy at the actual state 4.
The specific compressor work is, we = hy — h; (2.20)
The specific turbine work is, wy = h3 — hy (2.21)

For LCV fuel applications, the fuel compressor needs a substantial amount of power to
compress the fuel to the combustion chamber. Assuming the fuel behaves as an idea gas, the
power required for fuel compressor is calculated as,

we=—1_ (Pz ] J—MTZ L (222)
y—1

pyy  PIf g (v =1)

To ensure the fuel can be injected into the combustion chamber, the fuel compressor is
assigned to deliver 25% higher pressure than the compressor discharge pressure in equation

(2.22) by letting P,' =1.25P;. mg¢ is the fuel compressor efficiency. The net work is:
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Wnet :Wt - Wc _Wf: (m3 Wi—1mp We — mef) (223)

2.1.3 Development of the Computer Program, FogeGT

An original computer program, FogGT, has been developed in-house and used for
various purposes with an architecture especially designed for calculations related to wet
compression. The properties are created digitally including steam tables, psychrometric relations,
thermal-fluid properties of various gases (e.g. CO,, N,, O, water vapor, etc.), and the air
property table. The SI units are used in all the property databases. Conversion to English units is
automatically executed when the option of using English units is selected.

In the study of wet compression when the compressor is used as a single unit, the
program is tailored to receive ambient temperature, relative humidity, ambient pressure,
compression ratio, compressor isentropic efficiency, type of fuel, TIT, isentropic efficiency of
turbine, mass flow rate of air, and percentage ratio of water flow rate with respect to the air flow
rate as input.

For the ease of calculation, the program calculates and prompts the water flow rate
required to saturate the air as well as the corresponding WBT once the ambient condition is
provided. If the water mass specified is not enough to saturate the air, this is called underspray.
If the supplied water mass is more than needed for saturating the air, it is called overspray. The
percentage ratio of the water mass (that is left after saturating the air) to the dry air mass is
defined as the overspray percentage, which is automatically calculated by the program. Up to 2%
of overspray was considered in this study. Cataldi et. al. (2004) showed that overspray as high as
1-2% could be accepted without major changes to the engine design although specific engine
adjustments and protections are needed.

The FogGT program provides a database of high and low heating values (HHV and
LHV) for many general fuels. Combination of fuels can also be specified and the appropriate
heating values be calculated. The program provides output including compressor power, turbine
power, fuel compressor power, heat addition in combustion chamber, net output power,
percentage of overspray, fuel flow rate, specific fuel consumption, etc. The iteration process is
shown in the flow chart in Fig. 2.4. The detailed descriptions of FogGT program, the associated

property database, and the source code are documented in Chapter 3.
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Figure 2.4 The flow chart of the main backbone architecture of the computer code FogGT

2.2 Thermodynamic Model of Compressor Interstage

Consider an axial flow compressor consisting of a number of successing stages. The
difference between the single-stage efficiency, N single, and the overall compressor efficiency, nc
increases as compression ratio increases. The increase in temperature due to irreversible friction
in one-stage results in more work being required in the next stage. The effect is termed “preheat

effect”. This phenomenon has led to the concept of “small-stage efficiency” (or polytropic
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efficiency), which is defined as the isentropic efficiency of an elemental (or differential) stage in
the process such that it is constant through the whole process.

The small-stage (or polytropic) efficiency for compressors is a well developed concept
and has been widely explained in most of the turbomachinery or gas turbine textbooks or
handbooks (Wilson and Korakianitis 1988, Cohen, et. al. , 1996, Dixon, 2005, and Boyce 2001).
The small-stage efficiency concept can explained by the following example: If three exact stages
are stacked up together with the same isentropic efficiency of 90% each, the total isentropic
efficiency of this three-stage compressor will achieve less than 90%, say approximately 87%.
This similar phenomenon also prevails if a single finite stage is shrunk into an infinitesimal
elemental stage (i.e. there are infinite number of elemental stages in each finite stage) and take
the limit of the isentropic efficiency with the pressure ratio approaching unity. This can be done
mathematically by adding a perturbation term to the pressure ratio, expanding the isentropic
efficiency around the pressure ratio with binomial theorem and take the limit of perturbation
term towards zero as shown by Wilson and Korakianitis (1988). This will give the small-stage
efficiency that will not change during the whole compressing process (Cohen, et. al., 1996). If
the small-stage efficiency changes with the process, it is not the real small-stage efficiency. The
term "small-stage efficiency" is used in steam turbine, and it is known as "polytropic efficiency"
in gas turbines. The polytropic efficiency is the true aerodynamic efficiency exclusive of the
pressure-ratio effect. Boyce (2001) stated that the polytropic efficiency of a multistage unit is
equal to the stage efficiency if each stage has the same efficiency.

During interstage fogging, an opposite process occurs at each elemental stage due to
evaporative cooling of tiny water droplets. Employing the same concept as the "preheat small-
stage efficiency," a "precool small stage" approach is adopted in the analysis in this study. The
merit of this approach is that the referenced isentropic efficiency of an elemental (or differential)
stage can be treated constant throughout the entire process, irrespective of the local temperature
and pressure when the blade row design is similar in successive stages. With this assumption,
the effect of wet compression on compressor stage efficiency is included in terms of variations of
thermal property values, mass flow rate, and blade aerodynamics. The only mechanism that is
not included is the "change" of viscous effect. (Note that the original viscous effect has been

already included in the dry compression efficiency,ne single-)
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2.2.1 Preheat and Precool Effect of Small Stage with Modified T-s Diagram for Wet

Compression

In Fig 2.5, the T-s diagram shows the elemental stages and their thermodynamic
behavior. 1-2s, 2s-3s, 3s-4s show the ideal dry compression in the 1st, 2nd and 3rd stages. 1-2a,
2a-3a, 3a-4a show the actual dry compression in 1st, 2nd and 3rd stages. It is clear in the figure
that T, is higher than Ty, where this higher temperature preheats the second stage. Similarly Ts,
preheats the third stage and so on. Since the isobaric lines diverge on the T-s diagram, the
vertical distance between two isobaric lines increases at higher entropy values; hence, even if
each differential stage compresses isentropically, the preheat effect will degrade the overall
compressor efficiency.

During an interstage fogging application, for example, if water mist is sprayed in the
second stage, evaporation takes place and the temperature at the end of the second stage (or the
beginning of the third stage) will be reduced to Ts, from Ts,. T3y could be lower or higher than
T3¢, which corresponds to the isentropic process starting at T,,. If T3y is higher than Tsg, the
preheat effect on stage 3 is reduced; if Tsy is lower than Tsg, stage 3 is precooled. It should be
noted that the evaporation process is irreversible and anisentropic; however, it can be represented

as a cooling process of air with a anisentropic polytropic index k (not y, which is the mixture’s

specific heat ratio.), which can put the state 3w on the right hand side of state 3a instead of left

hand side. This fact will be discussed in the next paragraph in detail with brief explanation.

Isobaric lines — -
Isentropic lines —
Actual dry compression line -----
Actual wet compression line —
s — Isentropic

a— Actual

w — Wet Compression

Figure 2.5 Pre-heat and pre-cool effect of air only (liquid water is not included)
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It is obvious that evaporation enhances the compression efficiency, but due to
irreversibility of evaporation, it produces entropy. It will be more complicated by showing the
wet compression process on T-s diagram than on P-v diagram due to the continuous phase and
mass fraction changes of air/water mixture. Figure 2.6 shows, the entropies of different species
(air, saturated/superheated steam and liquid water) during wet compression. 1-2 shows the dry
compression path (moist air only) without any water spray. The air state at 1 is the ambient
condition with a relative humidity typically less than 100%. 3-4 shows the T-s curve for only the
moist air component of a wet compression process. The air entropy production is less in wet
compression than in dry compression, but this picture is different for the mixture of air, water
vapor and liquid water. As wet compression progresses, the liquid water entropy increases, as it
is shown in 5-6 in the saturated liquid side of the vapor dome (i.e., left curve) of the T-s diagram.
When the liquid water evaporates, the entropy production is higher as the entropy in the water
vapor side is higher than in the liquid side of the saturation dome (6-7). For example, at 20°C,
the entropy of saturated water is 0.2966 kJ/kg. K while it is 8.6672 kJ/kg.K for saturated steam.
This fact is revealed as the curvel0-11 in Fig. 2.6 for the mixture in wet compression. Entropy
increases significantly through 6-7 as long as evaporation takes place. Once all the liquid water
evaporates to vapor, the saturated vapor keeps losing entropy as compression progresses as
shown by 7-8 on the saturated vapor side (right curve) of the vapor dome. Although the saturated
steam loses entropy, the mixture's entropy still increases through 10-11 as entropy production
due to evaporation process dominates. When evaporation is completed (at point 11), the major
source of entropy production is gone. The afterward minor entropy production due to air
compression (1-2) is less than the entropy reduction by saturated vapor compression (7.5-8), so
the total mixture entropy decreases before the water vapor begins to be superheated (at point 8).
When the superheated water vapor (steam) is compressed, the entropy increases again, so does
the air-steam mixture entropy (12-13-14). Figure 2.6 is qualitatively drawn for illustration
purpose and is not to scale; the actual wet compression path in Fig. 2.7 & 2.8 is not as distinctive
as shown in Fig. 2.6. Fig. 2.7 and 2.8 show the real data for a wet compression with the ambient

temperature of 300K, 60% relative humidity, and 2% overspray of water.

36



—— Dry Compression (1-2)

R Wet Compression (Only Air) (3-4)
————— Liquid Water Compression (5-6)
Wet Compression (Mixture) (10-14)

— — — Water Evaporation (6-7)
--------- Saturated Vapor Compression (7-8)
= « == « Superheated. Vapor Compression (8-9)

Figure 2.6 Qualitative T-s diagram to illustrate entropy changes of different components during

a wet compression (Not to scale)

Temperature (K

T-s Diagram

700 ~
600 - Only Air
Steam
—\V ater
500 —— Mixture
Saturation Line
7 P =2.52 kPa (. 1)
400 P =25.91 kPa (St. 4)
\ P =260.91 kPa (&t. 5)
. N P =673.14 kPa (. 6)
300 4 £ AN
200 w w \ ‘ )
0 2 4 6 8 10

Specific Entropy (kJ/kg.K)

Figure 2.7 T-s Diagram illustrating the entropy changes during wet compression with the actual

data
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Fig. 2.7 shows the actual wet compression processes of the mixture and its elements
drawn with real data on the T-s diagram in an 8-stage compressor used later in Chapter 4. The T-
s graphs of air-only compression path and the mixture wet compression path are too close to

differentiate from each other in Fig 2.7. An amplified view of these two paths are shown in Fig.
2.8.

T-s Diagram

550
. — Only Air
£ 450 .
® Mixture
=
=
b
(="
g 350
1

250 T T 1

6.5 6.6 6.7 6.8 6.9
Specific Entropy (kJ/kg.K)

Figure 2.8 Amplified air and mixture T-s paths with actual data

2.2.2 Formulation of Interstage Wet Compression

For an ideal wet compression process from Young (1995),

d_P: v +£d_m dT, (2.24)
P (y-1 RAT) T

Integrating Eq. (2.24) between stage 1 and stage 2, we get,

Ty _ (PZ j/ [ﬁﬁ%]

T ?1 (2.25)

Efficiency for the differential stage 1 and 2,

e = (maHds ha T, +dT, —m, ha T, )+ (meds hf|Tl+de —my hf|Tl )+/(mgl+ds hg T, +dT, —my hg‘-& ) (2 26)
) (mahd h, Taar Mg, h, T, )+ (mfhd hf|Tl+dT —my, hf|Tl )+ kmghd hg Ty+dT —mg, g‘Tl )
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where, m; =m; —dm and m, =m, +dm
1+d 1 &1+d g
and, m; =m; —dm  and m, =m, +dm
Where, dm = Evaporated amount of water to water vapor

As the amount of dry air remains same, so m, =m, =m, =m

A14gs a; a

Putting these values into Eq. (2.26), the differential stage efficiency becomes,

N = m, (ha T, +dT, h, T )+ my, (hf|Tl+dT5 - hf|T1 )\+ my, (Pg T 4dT, hg‘TI )+ LT1+de dm,
’ m, (ha T, +dT h, T, )+ myg, (hf|Tl+dT - hf|Tl )+ m,, (hg To4dT hg‘Tl )+ LT1+dem
d
m,Cp, +m; Cp; +m, Cp, + Ly 4y % dT
= n, = dms dTS (2.27)
m,Cp, + my Cp; + mglcpg +L; ar T

dm . . S . .
Here T is the evaporation rate, which is assumed the same as the evaporation rate in the

isentropic process. This assumption is based on the reasoning that even though the actual
evaporated water mass and the temperature change during evaporation are different between the
actual and isentropic process, their ratios (dm/dT and dmy/dT;). i.e. the evaporation rates, are
approximately the same. So,

dm _ dm, _
dT  dT,

The latent heat, L, is a function of temperature. Taking the first-order approximation

Ly = L(T, +dT)=L(T,)+ L'(T,)}dT

LTl +dT, — L(Tl + de) = L(Tl ) + L's (Tl )de

In the numerator and denominator of Eq. (2.27), the first three terms and the zeroth order
term of the Taylor’s expansion are constant because the inlet condition is fixed, so
m,Cp, +m, Cp, +m, Cp, +L(T,)=K

Eq. (2.27) becomes,
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_ K +L!(T,)EdT, dT,
T KT L(T EAT dT

_ KdT, + L(T,)E(dT,

S

= =

M= kaT + L'(T, )E(dT)

KdT, dT . . 2

= =—2=— Neglecting higher order (e.g. dT”) terms

" = KdT -~ dT [Neglecting hig (e.g. dT") ]

fnle]

- L_[Rybv (2.28)

Tl P1
The stage isentropic efficiency is,

n, = (mauhau — malhal )+ (mfuhfu — mflhfl )+ (mguhgz,s — mglhgl ) (2 29)

S (mazhaz - malhal )+ (mfzhfz - mflhfl )+ (mgzhgz - mglhgl ) '
where, m; =m; —m and m, =m, +m
and, m; =m; —-m, and m, =m, +m,
Where, m = Evaporated amount of water to water vapor
As the amount of dry air remains same, so, m, =m, =m, =m,
_ (macpa +mg Cp; + mgICPg +EL,, XTzs - Tl)
e (macpa +mg Cp; + mgICPg +EL, XTz - Tl)
(k)
(mana +m; Cp, + m, Cp, +EL, | 1) b RAT)

= Ny = (2.30)

m Cp, +m,Cp, +m_, Cp, +EL r/{np[yy_ﬁ;j?ﬂ—l
a“Pa £, “P¢ ¢ “Pe 2

p
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Eq. (2.30) shows the overall compressor efficiency as a function of the overall pressure
ratio including the stage pre-heat and pre-cooling effects. An equivalent polytropic index of an

actual wet compression (k) can be calculated as Zheng et. al. (2003),

y  Ldm_ k 2.31)
y—-1 Rd4T k-1
This relationship makes Eq. (2.30) as,
(mana +m, Cp, +m, Cp, +EL,, rlgk’l)/k - ll (2.32)

N = (mana +mg Cp, + mg]Cpg +EL, )[r(k—l)/kﬂp _1J

P

Equation (2.32) is the relationship of the stage isentropic efficiency, 7, and the small-
stage efficiency, 1, in terms of the equivalent polytropic index (k) for the moist air. A further
approximation can be made by assuming L, ~ Ly, and extend Eq. (2.32) to cover the entire
compressor. Eq. (2.32) is approximated as Eq. (2.33), which is a theoretical result showing the

relationship between the dry compression compressor efficiency and the wet compressor

efficiency, 1.

[r(k—l)/k . 1]

- fLp
N~ Eam (2.33)

It needs to be remembered that derivation of Eq. (2.33) involved several assumptions and
could introduce approximately 5% error in compressor efficiency by assuming L, = Ls, Eq.
(2.32) is used in the current study, but not Eq. (2.33). It needs to be reminded that the above
equation employs the assumption that the polytropic efficiency does not change due to wet
compression as shown by White and Meacock (2004). In this study, it will be compared later
with the stage-stacking result.

As mentioned earlier that many of the previous papers did not include the blades

geometry and aerodynamics calculations; rather they used the generalized compressor
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performance curve and guessed shape factors to estimate the airfoil's workload and aerodynamics
performance. In contrast, this study employs the stage-stacking approach by developing a stage-
by-stage wet-compression analysis using an actual 2D compressor airfoil geometry and stage
settings at the mean radii of the airfoils. Similar approaches using meanline airfoil geometry

were performed by White and Meacock (2004), Sexton et. al. (1998) and Klepper et. al. (2004).

2.3 Droplet Dynamics
In the thermal equilibrium analysis, the thermodynamic process is not able to determine
the following mechanisms:
e whether the droplets get enough time to evaporate or not
e the amount of heat transfer between the droplet and main fluid (air),
e the drag force due to the slip velocity between the droplet and air,
e the outcome of droplet-droplet collision (whether they break up or coalesce with one
another), and
e consequence of blade after being hitted by water droplets (whether thethere will be any
erosion or not).
In the non-equilibrium analysis, the detailed droplet aerothermal mechanisms and droplet

dynamics will need to be modeled and are detailed below.

2.3.1 Droplet Heat Transfer

A number of models for the heat transfer between a droplet and fluid have been

developed. The Nusselt number for natural convection is formulated as,

Nu =2 +0.6x Gr%? x pr®3 (2.34)

Nusselt number for forced convection is,

Nu =2 +0.6x Re*x pr®3? (2.35)

Where, Grashof number is defined as,
_ pagB(T, ~Ty)D’
Ma
Where, Air density, p, = 1.223 Kg/m®,

Gr

(2.36)

Gravitational acceleration, g =9.8 lrn/sz,
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Thermal Expansion Coefficient (for perfect gas), 3 = 1/T,,
Temperature of Droplet = T4,
Temperature of air = T,
Diameter of Droplet =D = 10pm = 10” m,
Air Viscosity, pt, = 1.85x10° Pa-sec
Droplet Reynolds number is defined as,
_ paD|Slip Velocity|

Re, (2.37)
Ha

Prandtl number for the air is, Pr=0.7
An exemplary calculation for the droplet heat transfer is performed for a droplet with a slip
velocity of 100 m/s.

T, =300K, T4 =294.17K

Air velocity, u = 150m/s, Droplet velocity, v = 50m/s

So, the slip velocity = |[u-v| = 100m/s
The droplet Reynolds number is,

-5
Re, = 1.223x10 :100 — 66
1.85%x10

The Nusselt number is

Nu=2+0.6x66" x0.7°33 =6.33

For natural convection when slip velocity is zero, i.e. u = v, the Grashof number is

12237 % 9.81x 55 x (300 - 204.17)10~*f

Gr = —~8.33x107/

(1.85x107f

The Nusselt number becomes,

)0.25

Nu=2+0.6x (8.33 x107 "7 x0.7%7 =2.02~2

Table 2.1 shows the droplet heat transfer for slip velocity ranging from 100 m/s to zero. The
third column in Table 2.1 shows the value of Re/Gr, which provides a reference value to evaluate
the relative strength of forced convection versus natural convection. As can be seen, when the

value of Re/Gr decreases, the relative strength of forced convection declines.
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Table 2.1 Natural and forced convection

Natural and Forced Convection

Velocity (m/s) | Rel. Vel. (m/s) Re / Gr Nu
50 100 66.11 6.337
75 75 49.58 5.756
100 50 33.05 5.067
125 25 16.53 4.168
150 0 8.33x107 | 2.016

The values of density and viscosity are variable and are calculated according to the local

temperature and pressure. The property of viscosity is calculated by using the empirical

equations in the Chemistry Handbook in Eq. (2.38).

1, =(0.00483T, +0.3976)x107

2.3.2 Droplet Evaporation

(2.38)

Several models have been proposed for calculating droplet evaporation time in the open

literature. Zheng et. al. (2003 b) modeled the droplet evaporation time as

t =

RpyD?

P, P
8D, [d - a]M
Td Ta

White and Meacock (2004) proposed the following droplet evaporation time as,

t =

D2

1
8p,D, ln( +(DIJ

1+ o,

where, Droplet density, pq = 1000kg/m?

Diffusion Coefficient, D, = 2.48x10°m?/s

Droplet Pressure (Saturation Pressure), Py = Py, (kPa)

Air Pressure, P, = 101.35 kPa,

Molecular Weight of droplet, M = 18 kg/kmole
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Specific humidity or air at dry bulb temperature, oy (kg/kg dry air)
Specific humidity or air at wet bulb temperature, ®; (kg/kg dry air)
Thermal Conductivity, K, = 0.024 W/mK

The distance a droplet can travel before it completely evaporates can be calculated by
multiplying the droplet evaporation time by the air velocity. Comparison of the above two
models on the droplet evaporation time and travel distance is shown in Table 2.2. Zheng's model
results in more than 3-4 times longer droplet evaporation time and travel distance and this model
is used in this study for Non-equilibrium Stage-Stacking method, because prediction from this
model is closer to the result obtained in CFD. (Which one is used in your study?) With a chord
length of 5 cm, the 10 um droplets completely evaporate under White and Mecock's model, but

move into the next stage under Zheng et. al's model.

Table 2.2 Droplet evaporation

Droplet Evaporation

P, Ta | Peat | T4 p hg, Zheng Model | White Model
Stage o ™)
(kPa)| (K) |(kPa)| (K) |(kg/m?) (kJ/kg)| t (ms) | d (cm) | t (ms) | d (cm)
1.5 |108.9{300.4| 3.68 |294.2| 1.262 [0.016 | 0.022|2451.4| 0.665| 9.98 | 0.16 | 2.34
2 |109.0(300.5| 3.68 {300.4| 1.264 |0.022 | 0.029|2451.4]| 0.664 | 9.96 | 0.13 | 2.02

2.5 |115.91306.5] 5.16 |300.5| 1.318 [0.029 | 0.029 |2451.4| 0.645| 9.67 | 0.00 | 0.00

2.3.3 Droplet Response Time

The response times of a droplet to changes in flow velocity or temperature are important
in establishing nondimensional parameters to characterize the flow. The momentum response
time relates to the time required for a droplet to respond to a change in velocity. The equation of

motion for a spherical droplet in a gas given by Tsuji and Crowe (1997) is

dv 1 nD?

m- =2 DTpg(u—v]u—v| (2.41)

[g—gas, d—droplet]

where, u = gas velocity and v = droplet velocity.
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From equation (2.41), we get,

6 Pl 204 P
dv 18 1,Cp pDju—v|
f— —_—= P (u —-VvV) -
dt 24p,D K,
CpRe,y 18
= v _CoRes e (yy) (2.42)
dt 24 p dD
CpRe, . . . .
The term, , 1s related to the drag. The following three correlations are considered and
compared:
. . . Cp Re
(a) According to Stokes law, (i.e. for low Reynolds number with Re < 1) 2 =1
(b) Schiller and Naumann (1933) correlated the expression up to Re = 800, which is,
CoRe 14 0.15Re
24
(©) Clift and Cauvin (1970) extended the Schiller and Naumann equation to cover the

entire subcritical Reynols number range as,

% =1+0.15Re* +0.0175Re, (1 +4.25x10* Re,"' )—1

All the models are compared in Fig. 2.9 with the actual Cq4 curve.
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Figure 2.9 Comparison of three drag coefficient correlations

Clift and Cauvin's correlation provides the most accurate result. However, Schiller

Naumann's (1933) correlation is adopted in this study because Regq < 1000 in all studied cases.

By incorporating the Schiller Naumann's drag correlation, Eq. (2.42) becomes

dv _ 18u,
dt p,D?

(u—v)1+0.15Re’™ ]

dt pdD2
= u—-v)—= P 1 243
=g 181, [1+0.15Re} % | .

LHS of the equation (2.42) has the dimension of time, which is the aerodynamic response time,

DZ
1, = Pd - (2.44)
18, [1+0.15Re} % |
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By assuming the temperature is uniform throughout the droplet, the equation for calculating the
droplet temperature due to heat transfer between the droplet and the surrounding air without

including the radiative effect is

mCp dditd — Nurk ,D(T, - Ty (2.45)
= %D3pdCP % — Nurk ,D(T, - T,)
- dT, _ 6Nqu2( _ d)
d  p,C,D
= (1, -T2 paCpD” (2.46)

d/
de 6Nqu
LHS of the equation (2.46) has the dimension of time, which is the thermal response time,

CpD?
1, =PdP (2.47)
6NuKg

A sample calculation for a 10um water droplet is shown below.
p4 = 1000K g/m?, Cp=4200 J/kg.K
For Air,
pe = 1.2 Kg/m?, py = 1.85 x 10~ Pa.s, Ky =0.024 W/m.K, Req = 64
The aerodynamic response time with Schiller & Naumann model is calculated as,

1000x (10x10° )
T, = —
18%1.85x 107 [1+0.15x 64°%

J: 8.31x107°s = 0.0831ms

The travel distance before the droplet catch up the air (or vice versa) is approximately 1.25 cm
(=150 x 0.0000831 = 0.0125 m), which in about one fourth of the rotor chord length.
The thermal response time for natural convection (with Nu = 2) is,

. 1000x4200x(10x10°*

2
. ) =0.00145s =1.45ms
12x0.024

For forced convection, (e.g. Nu = 9), the thermal response time is

~ 1000><4200><(10><10_6
6x9x0.024

2
) =0.00032s = 0.32ms

Ty
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Both the thermal response times are longer than the aerodynamic time. This means the
droplet slip velocity quickly reaches zero and the natural convection dominates. This also implies
that the droplet will take a bit longer to reach the local air temperature. In this example, the
droplet will fly a distance of 21 cm (150 x 0.00145 = 0.21 m) which in more than two complete
stages to achieve the air temperature. Quite often, the local air temperature is higher than the
saturation temperature; so the droplet seems already evaporate before it even reaches the local air
temperature. Therefore, it seems sufficient by instituting the evaporation model in the wet

compression without including the calculating the thermal and aerodynamic response times.

2.4 Numerical Algorithm for Stage-Stacking Wet Compression Calculation
The numerical algorithm for stage-stacking method is developed with both equilibrium
and non-equilibrium thermodynamic models. The numerical process begins with the input of the

blade geometry, ambient condition, and fogging conditions.

2.4.1 Numerical Algorithm for Stage Performance

First, the geometries of the airfoils (stator and rotor) and the stagger angle are selected.
The compressor passage geometry is designed on the basis of ISO Condition (288K and 60%
relative humidity).

In the design condition, the rotor absolute inlet flow at each stage is assigned with zero
tangential velocity. The blade inlet angle is set equal to the air inlet angle. The detailed procedure
and formulation for stage-to-stage wet compression is documented in the next chapter. Figure
2.10 shows the rotor-stator orientation. A brief summary of the procedure is provided here:

In summary, the inlet condition at the first stage rotor is given as the static condition. The
total (or stagnation) status is obtained by guessing a total temperature and iterating until the total
enthalpy obtained by two different methods converge. The air-water mixture mass flow rate at
the first rotor inlet is calculated by assuming the compressor functions with the constant-volume-
flow characteristics at the inlet with a fixed rotation speed (i.e. constant RPM). At the rotor exit,
the flow is assumed to be turned at the exact angle as the blade camber angle. The status at the
rotor exit is determined by matching the exit mass flow rate with the mass flow at the inlet plus
the interstage mist injection if any. Two unknowns, density and absolute axial flow velocity,

need to be determined during this mass flow rate matching process; therefore, two iterating loops
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are required. The first iteration starts by guessing the absolute axial exit velocity and drawing the
velocity diagram. Iterations are conducted to ensure specific stage work obtained from the
velocity diagram matches the total enthalpy increase obtained from the polytropic relationship.
Using the stagnation status obtained by the first iteration loop, the second iteration calculates the

air-water mixture density and goes back to the first loop until the mass conservation is satisfied.

Stator Stator

O N
N <

\ Rotor Turning Angle = ; — B s

Figure 2.10 Rotor-Stator Staging

The procedure for determining the second or later rotor inlet condition is different from
determining the first rotor inlet status. Instead, the total status at the later stage rotor inlet is
known, and the static status needs to be determined. The procedure for determining the rotor exit
condition is the same for all stages.

The effect of inlet or interstage fogging will change the flow coefficient and the flow
inlet angle, which in turn will affect the pressure ratio and specific work of each stage. The detail

numerical procedure is shown in Chapter 3.
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CHAPTER THREE

DEVELOPMENT OF WET COMPRESSION PROGRAM

The computer program FogGT has been used in this study for many purposes and has
been developed in MSACCESS using VBA (Visual Basic Access) for backend code. This
program is able to find properties of different gases (e.g. air, oxygen, nitrogen, carbon-dioxide
etc.), to perform psychrometric calculation, to find steam property, to analyze gas turbine system
with or without mist spray thermodynamically, to simulate compressor with or without mist
spray using both equilibrium and non-equilibrium evaporation models with stage-stacking
method. This chapter shows the theory behind all the calculations along with the Graphical User
Interface (GUI). The program starts with a main switchboard (Fig. 3.1), which navigates to all
available windows for calculation. All the buttons in the switchboard are self-explanatory from

their names.

B Main Switchboard |:| |§| E|

T T e
GasTurbme
Gas Property
J Steam Property

J iwture Property

J Faychrometric Chart
J Calculation for Gas Turbine
J Gaz Turbine with Mizt Cooling

J Comprezsor Staging

Figure 3.1 Main Switchboard
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3.1 Property Calculations

Different properties are calculated from this program as mentioned earlier.

3.1.1 Gas Property Calculation

This program provides databases for general gas properties including specific heat,
enthalpy, entropy, and reduced pressure in different temperatures for Air, CO, CO,, H,, H,0, N>,
and O,. Both ideal gases and real gases are considered.

When a temperature is given to calculate the properties of a gas, the program searches
that temperature in the table. If that temperature is found, the program takes the corresponding
property values and displays in the interface (Fig. 3.3). If that temperature is not found, it may
have two possibilities: either that temperature is out of range or that temperature lies between
two temperatures in the table, which will need interpolation to find the properties for a given
temperature. If the data is out of range, the program shows an error message as “Data is out of
range.” When the data needs interpolation, first the program finds the two closest temperatures
for the given temperature. The solid rectangle shows the two temperatures for interpolation in
Fig. 3.2. Then it interpolates the property values between these two temperatures and generates

the property values as output shown in Fig. 3.3.

|Te mperature |Speu:iﬁ|: Heat |Er'|1j’|alpﬁ,f |Er'|1r|:||:|3f Feduced Press
300 37121 -3593427.1 213.898 0.14589 ~
230 39.37 -391511.6 219,799 0.2027

400 41.209 -389403.7 225,185 0.5786

450 43.052 -327384 230,152 1.0517

500 44,624 -385191.3 234772 1.833

530 46,0444 -382024 239,093 2.082

[ ]H] 47,329 -320539.2 243,135 2,024

E50 48,497 -378193.1 246,99 7,969

700 49,561 -375741.2 230.624 12,336

7a0 20.534 -373238.5 224,077 12.688

2aa 21.425 -370689.2 257367 2776

Figure 3.2 A set of temperatures

The interface for the “Gas property calculation” is found by clicking the first tab in main

switchboard (Fig. 3.1).
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|- By ioas|=|@[silzay ax|F 8|3,
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& Property Calculation : Form

Property Calculation

Select a Lnit |SI

Select a Material |Carb0n Dioxide (CO2) J

Click here for Steam Table |
® Tomperature 580 d k. Reduced Pressure

iFind the Properties

Temperatre : Se0 K

Specific Heat ’46315— k1 molek
Specific Enthalpy ’W k3kmole
Specific Entropy W k1 molet,
Reduced Pressure |424?2—

[Ternperature [Specific Heat [Enthalpy Entropy Reduced Press|
292,15 37128 -293495.9 213,668 0,1442
300 37121 -393427.1 213,898 10,1489

350 39.37 -391511.6 219,799 0.3027
4N 41 ana -200407 7 295 108 n 7oA

il [ R - T

Figure 3.3 Gas property calculation interface

The first drop-down list provides an option to choose the unit (SI or English). The second

list gives the option to choose the gas. Then the program requires the input of an absolute
temperature or a reduced pressure to find the gas properties. It should be noticed from Fig. 3.3

that the temperature must be given in the absolute scale (K or °R).

3.1.2 Steam Property Calculation

For steam property calculation, three water phases are considered: compressed water, wet

steam, and superheated steam. Fig. 3.4 is a T-s phase diagram showing five water states:

compressed water (A), saturated water (B), wet steam (C), saturated steam (D), and superheated

steam (E).
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Y

Figure 3.4 T-s diagram of steam

First, the program finds the state of the water. When a temperature and pressure are
given, the program finds the saturation pressure for that temperature. If the given pressure is
higher than the saturation pressure then the water is compressed water. If the given pressure is
exactly equal to the saturation pressure then it is a wet steam, a mixture of liquid and water vapor
with a quality less than 1. If the given pressure is lower than the saturation pressure, it is a
superheated steam. Once the state is defined, the program finds the corresponding table out of
the compressed water table, the saturated steam table or the superheated steam table. From the
appropriate table, the program obtains the properties including specific volume, specific internal
energy, specific enthalpy, and specific entropy with the given temperature and pressure. If that
temperature is found in the table it extracts the values directly, otherwise linear interpolation is
performed to obtain the property value. In case of wet steam the program will need to know the
quality of steam to calculate the property values. If any one of the property values is known, the

program will be able to calculate the quality and other property values.
Steam table interface (Fig. 3.5) has the options for SI or English unit. The temperatures

are input as °C or °F. The first drop-down box is for the unit option. The second box is for

temperature, and the third one is for pressure. If the pressure is the saturation pressure for that
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temperature or vice versa, then the next box (quality of steam) is enabled automatically
requesting input of steam quality (in percentage). For users' convenience, the saturation pressure
or temperature corresponding to the input temperature or pressure can be found by simply
clicking the radio button adjacent to the temperature and pressure box, respectively. When either
the Saturation Pressure or the Saturation Temperature button is selected, the steam quality box is
enabled. In the same way, saturation temperature is also obtained from a given pressure by
clicking the “Saturation Temperature” radio button. By default, the steam quality is 0% (i.e.
saturated water). For users' convenience, an "*" (upper arrow key) is placed adjacent to the

temperature input box to increase the temperature by 1°C or 1°F.

Microsoft Access

File Edt View Insert Format Records Tools Window Help

E-EHERY §BE: #h g 2E- 0.
= - -| B ) S|l =,

& Steam Table : Form

Select a Unit Sl E

Temperature; 100 ﬂ oc & SaturatlonTemperature Pressure: 101,35 kPa % Saturation Pressure Steam Quality: |25

Find the Property |

Find the Other Values from a given Property

Saturated Water /Steam

Specific Yolurme: Ve = 0.001044 m3/kg = 1.672900 rnE kg V= 0.419008 m
Internal Energy: Up = 418.9400 klkg U= 2506.5000 kikg (M= 940.8300 k1
Enthalpy: he = 4190400 klkg hq = 2676, 1000 klkg h= 983.3050 kl
Entropy: §¢= 1,306900 kg §,= 7.354900 kIkgk = 2.818900 k]

Saturated Steam Table in SI Unit

Termperature Saturation Specific Yalurme {m3kg) Internal Energy k/kg) Enthalpy (kIkag) Entropy (k1kgK)
) Fressure(kpa) [Sat, Liguid ) | Sat Yap. (vp) | Sat Liquid (ug) | Sat. Wap. (ug) | Sat Liquid (he) | Sat. vap. (hy | Sat. Liquid (s¢) [ Sat. Yap.

0.01 0561132 0.001 206,14 1] 237532 0.01 2501.4 u] 9.1562

5 0.8721 0.001 147.12 20.97 23823 20,98 2510.6 0.0761 9.0257

10 12276 0.001 106,33 42 2389.2 42,01 2519.8 0.151 5.9003

15 17051 0.001001 Er=c 62,99 2396.1 52,90 2528.9 0.2245 2.7814

20 2,339 0.001002 57.79 83.95 24029 8396 2338.1 0.2966 8.6672 i
, B R, AT e Sada B R BEGER R R 5 :
Forrn Yiew MUM

Figure 3.5 Steam table interface
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Once the temperature, pressure and/or steam quality are provided and "Find the Property"
button clicked, the program immediately determines the appropriate type of the state

(compressed water, saturated water, wet steam, saturated steam, or superheated steam.)

If it is compressed water, the program searches that temperature and pressure in
compressed water table. If the exact temperature and pressure are not found, the program finds
the closest larger and smaller temperatures and pressures and then performs double interpolations
(extrapolation is needed if the temperature or pressure is either larger than the largest value or
smaller than the smallest value in the table) to find the properties (e.g. specific volume, specific
internal energy, specific enthalpy and specific entropy). The program does the same calculation
for superheated steam from superheated steam table. If the steam is saturated, the program uses
saturation table to find properties for saturated water and saturated steam. If the quality is given,
the program finds the properties of the wet steam of that quality by interpolation. The type of the

steam will be displaced on screen.

This program is also designed to receive input other than temperature and pressure as
long as at least two parameters are provided. In this situation, another interface (Fig 3.6a) needs
to be selected by clicking the button "Find the Values from two given Parameters." For example,
if specific volume and pressure are known and user needs to find the other property values, the
program will use the value of the first parameter (specific volume) value to find all the possible
states for that parameter including all three possible types (compressed, saturated or

superheated). Then with the given second parameter the state can be obtained.

The output is shown as Fig. 3.6a. If it is wet steam, the steam quality is also shown. The
program also presents all the possible states when the first parameter is provided. At the bottom
of this interface (Fig. 3.6b) there are three buttons for three types of steam. If the given first
parameter corresponds to any value in the compressed water table, then “Compressed Table”
button is enabled and so on. By clicking these buttons, it is possible to see all the possible states

of steam with the given value of the first parameters in a report form.
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Dther Steam Properties : Form

Figure 3.6(a) Properties from two parameters

Compressed Saturated Superheated
Wifater Steam Steam

Figure 3.6(b) Output from two different properties
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3.1.3 Mixture Property Calculation

Properties of multi-phase flow are often necessary in wet compression simulation. This is
calculated by weight-average method. This program is able to do it in wet compression itself, but
hand calculations are advised to spot-validate some selected results. Properties of mixture are
found from “Mixture Property” form, which is activated from the third button on the
switchboard. It also has an option for both the units.

4 A
Mixture Property

Select a Unit s1 |
Temperature: 300 K Fressure: 101.3 kPa
Part of Air: 1 Part of Liquid Water: 0.5
Fart of Saturated Steam: 0.2 Fart of Superheated Steam: 0

{Calculate The Properties:

Properties
Air Liquid Water | Saturated Superheated Mixture
Steam Steam

Specific Enthalpy

tkIka) -2.2000 113.3194 2,550.8 0.0 332.1339
Specific Entropy

{k3fka K 6. 705200 0.393236 8.316120 0.000000 5.061790
Specific Yolume

{3 kg) 0849951 0.00100<4 39,1720 0.000000 0.640744

Figure 3.7 Mixture property interface
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The interface needs the pressure and temperature first, then it needs the fraction of all the

phases on the basis of mass. Figure 3.7 shows one example and all the masses are normalized by

air mass (including moisture) and this is the way that is used in wet compression. Specific

enthalpy, specific entropy and specific volume of different mixtures are calculated from this

interface by Eqgs. 3.1, 3.2 and 3.3.

h, +fh¢ +gh, +Shy

h =h(T,P 3.1
( ) I1+f+g+S G-
s, +fs¢ +gs, +Ss
s=s(T,p)= 2 8% T (3.2)
I+f+g+S
I+f+g+S
p=p(T.P)=— (3.3)
g
—= +1v| +Svq
Pm
Subscripts:
a Dry air
g Water vapor
f Liquid water
] Superheated
m mixture of air and moisture
Where, = mass fraction of liquid water for P and T.

g = mass fraction of water vapor for P and T.

S = mass fraction of superheated steam for P and T.

h, = air specific enthalpy at P and T. (From Property Table)

h¢ = liquid water specific enthalpy at P and T. (From Steam Table)

h, = water vapor specific enthalpy at P and T. (From Steam Table)

hs = superheated steam specific enthalpy at P and T. (From Superheated Steam Table)
s, = air specific entropy at P and T. (From Property Table)

s¢ = liquid water specific entropy at P and T. (From Steam Table)

s = water vapor specific entropy at P and T. (From Steam Table)

ss = superheated steam specific entropy at P and T. (From Superheated Steam Table)

v = liquid water specific volume at P and T. (From Steam Table)
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vs = superheated steam specific volume at P & T. (From Steam Table)

pm = Mixture density of Air and Water Vapor = P,/(R,,T))

R = Gas constant for air and water vapor mixture = Ro/M,.

Ry = Universal gas constant = 8.314 kJ/kmole. K

M, = Molecular weight of air and water vapor mixture = (28.965+18g)/(1+g)

Dry bulb temperature = Tppt

Wet Bulb Temperature = Twgr,

Specific humidity at DBT = o,

Specific humidity at WBT = ,

Dew point = Tpp

Relative humidity = ¢ =P4/Ppgr

Enthalpy =h

Specific volume = v

Ambient pressure = P,y

Specific heat of dry air = Cp

Water vapor saturation pressure at DBT = Pppr
Water vapor saturation pressure at WBT = Pypr
Partial pressure of air at DBT =P,

Partial pressure of water vapor at DBT =P,
Enthalpy of saturated steam at DBT = h, pgr
Enthalpy of saturated steam at WBT = hy war
Enthalpy of saturated water at DBT = h¢ppt
Enthalpy of saturated water at WBT = hgwgr

Gas constant = R
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3.1.4 Psychrometric Calculation

Psychrometry is the study of atmospheric air and its associated moisture content. Air
comprises a mixture of gases of which nitrogen makes up 78%, oxygen 21% (on a molar basis )
and carbon dioxide and the inert gases (such as argon, neon, krypton, helium etc.) the remainder.
These are known as the dry gases of the atmosphere. In the air mixture, the dry gases and
associated water vapor behave according to the “Dalton’s law of Partial Pressures.” So, they
behave independently of one another and each item exerts pressure individually to produce an
overall “atmospheric pressure.” For any given temperature there is a maximum amount of vapor
that can be absorbed or associated with a given volume of air. Under certain conditions the mass
of water vapor changes due to condensation or evaporation, but the mass of dry air remains
constant. It is therefore convenient to relate all properties of the mixture to the mass of dry air
rather than to the combined mass of air and water vapor. The following terminologies are

commonly used in psychrometric calculations.

Dry Bulb Temperature (DBT, Tpgr): The dry bulb temperature is the true temperature of the

moist air at rest as measured with a normal thermometer.

Saturated Vapor Pressure (Pg,): The pressure produced by the water vapor in this fully
saturated condition is known as the saturated vapor pressure and since at a given temperature the
air cannot absorb more water than its saturated condition, the saturated vapor pressure is the

maximum pressure of water vapor that can occur at any given temperature.

Dew Point (Tpp): When an air-water vapor mixture is cooled at a constant pressure, the
temperature at which the water vapor becomes saturated and moisture begins to condense is
called the “dew point” temperature of the air. Since the temperature of saturated water vapor
depends only on the absolute pressure, the dew point temperature is simply the saturation
temperature corresponding to the partial pressure of the water vapor in the air-water vapor

mixture.
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Specific Humidity (®): Specific humidity is the ratio of the mass of water vapor in a mixture to
the mass of dry air in the mixture. Specific humidity is also referred to as the humidity ratio or

the absolute humidity.

Relative Humidity (¢): Relative humidity is the ratio of the mole fraction of water vapor in the
moist air to the mole fraction of water vapor in saturated moist air at the same temperature and

pressure.
Wet Bulb Temperature (WBT, Twgr): This is the temperature which can be obtained if the air
becomes 100% saturated due to water evaporation at a given dry bulb temperature and relative

humidity. Wet bulb temperature is a close approximation of adiabatic saturation temperature.

Specific Volume of Moist Air (v): The volume of moist air per unit mass of dry air in the

mixture is called the specific volume of moist air or psychrometric volume.

Specific Enthalpy of Moist Air (h): The specific enthalpy of moist air is the sum of the

enthalpy of a unit mass of dry air and the enthalpy of water vapor associated with it.
According to Dalton’s law of partial pressures, the ambient pressure, Pamp = Pa + P, (3.4)
So, the relations are,

~0.622x ¢ x Pppr

= f(d,t 3.5
Pamb_(¢XPDBT) (d) DBT) ()

™

Cp x (tygr — t hwer —h
0, = P X( WBT DBT)+(’01 X( g WBT f’WBT) = f(tDBTatWBT’wl) (3.6)

hg,DBT - hf,WBT

0.622xP
0 = OSSR WRT f(twsr) (3.7)
Pamb - PWBT
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h = Cp x tppr + 0o x hgppr = f(tpBT, ©0) (3.9)

Pamb — (030 X Pppr

V=

] = f(tppr,®0) (3.9

As the program performs the psychrometric calculation from any two given values out of
7 parameters (e.g. DBT, WBT, dew point, relative humidity, specific humidity, enthalpy and
specific volume), the possible cases could be tabulated as below. Dew Point does not couple with
any of them because the dew point itself is a state with equal DBT and WBT. Sixteen different
possible cases are categorized in Table 3.1. Case number can be found from Table 3.1 by cross-
matching the one parameter from column and another from row, for example Relative Humidity

from column and WBT from row cross each other at 6, so their case number is 6.

Table 3.1 Different cases for psychrometry

Cases DBT WBT Dew Pt | Rel Hum | Sp Hum | Enthalpy | Sp. Vol.
DBT 1 2 3 4 5
WBT 6 7 8 9
Dew Pt 10
Rel Hum 11 12 13
Sp Hum 14 15
Enthalpy 16
Sp Vol

The detailed calculation procedures are explained for each case below. (Italic letters are used for

the given parameters and the bold letters are used for calculated parameters.)

Case 1 (DBT, tpsr, and WBT, tyr, are known):
1. From tpgr and tyer, Pper and Pwer are obtained from the steam table.
11. ®; is obtained by using Pwpy in Eq. (3.7).
1il. hg weT, hiwsT, he ppt are obtained from the steam table.

1v. @y 1s obtained by using hy wer, h,wsT, hg,peT and w; in Eq. (3.6).
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V.
Vi.
Vil.

Viil.

¢ is obtained by using Ppgr and wp in Eq. (3.5).
h is calculated by using ¢pgr, @ and hgppr in Eq. (3.8).
v is calculated by using #pzr and @y in Eq. (3.9).

tpp is calculated from the definition of Dew point.

Case 2 (DBT, tppr,, and relative humidity, ¢, are known):

1.
ii.

iil.

1v.

Vi.

From #pgr, Pper and hg ppr are obtained from the steam table.

@y 1s obtained by using Pppr and ¢in Eq. (3.5).

A twpr is guessed and hgwer, hywer and Pwpr are calculated from it. @ is
calculated from Eq. (3.6) {using hgwsrt, hiwer, hgper and @y} and Eq. (3.7)
{using Pwgr} and iterate until convergence. At the end of the iteration, both ®;
and twgt are obtained.

h is calculated by using ¢ppr, g, and hg ppr in Eq. (3.8).

v is calculated by using #pzr and @y in Eq. (3.9).

tpp 1s calculated from the definition of dew point.

Case 3 (DBT, tppr, and specific humidity, ay, are known):

1.
ii.

1il.

1v.

Vi.

From tppr, Pper and hg ppr are obtained from the steam table.

¢ is obtained by using Ppgr and oy in Eq. (3.5).

A twpr 1s guessed and hgwgr, hrwer and Pwgr are calculated from it. @; is
calculated from Eq. (3.6) {using hgwgrt, hiwer, hgper and ay} and Eq. (3.7)
{using Pwgr} and iterate until convergence. At the end of the iteration, both
and twpT are obtained.

h is calculated by using tpp7, @y and hgpgr in Eq. (3.8).

v is calculated by using ¢pgr and ay in Eq. (3.9).

tpp is calculated from the definition of dew point.

Case 4 (DBT, tppr, and moist air enthalpy, 4, are known):

1.

ii.

From tpp7, Pper and hg ppr are obtained from the steam table.

@y 1s obtained by using hg pgr and / in Eq. (3.8).
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iil.

1v.

Vi.

¢ is obtained by using Ppgr and wp in Eq. (3.5).

A twer is guessed and hgwer, hywer and Pwgr are calculated from it. @ is
calculated from Eq. (3.6) {using hgwsrt, hiwsr, hgper and @y} and Eq. (3.7)
{using Pwpgr} and iterate until convergence. At the end of the iteration, both
and twgt are obtained.

v is calculated by using #psr and @y in Eq. (3.9).

tpp 1s calculated from the definition of dew point.

Case 5 (DBT, #psr, and specific volume, v, are known):

1.

ii.

iil.

1v.

Vi.

From tppr, Pper and hg ppr are obtained from the steam table.

@y is obtained by using hg ppr and v in Eq. (3.9).

¢ is obtained by using Ppgr and wp in Eq. (3.5).

A twer is guessed and hgwer, hywer and Pwpr are calculated from it. @ is
calculated from Eq. (3.6) {using hgwgt, hiwer, hgper and wy} and Eq. (3.7)
{using Pwgr} and iterate until convergence. At the end of the iteration, both
and twgt are obtained.

h is calculated by using ¢pgr, @ and hgppr in Eq. (3.8).

tpp 1s calculated from the definition of dew point.

Case 6 (WBT, 571, and relative humidity, ¢, are known):

1.

ii.

1il.

1v.

Vi.

From tygr, Pwer, hgwet and hywer are obtained from the steam table.

®; 1s obtained by using Pwpr in Eq. (3.7).

A tpgris guessed and hg ppr and Ppgr are calculated from it. o, 1s calculated from
Egs. (3.5) {using Ppgr and ¢} and Eq. (3.6) {using hywer, htwst, hgper and o}
and iterate until convergence. At the end of the iteration, both @y and tppy are
obtained.

h is calculated by using tpgr, @p and hg ppr in Eq. (3.8).

v is calculated by using tpgr and @y in Eq. (3.9).

tpp is calculated from the definition of dew point.
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Case 7 (WBT,
1.
ii.

1il.

1v.

Vi.

Vil.

Case 8 (WBT,
1.
il.

1il.

1v.

Vi.

Vii.

Case 9 (WBT,
.
ii.

iil.

twar, and specific humidity, ay, are):

From tysr, Pwer, hgwet and hgwer are obtained from the steam table.

®; 1s obtained by using Pwgr in Eq. (3.7).

A tppris guessed and hg ppr 1s calculated from it. @y is calculated from Eqgs. (3.6)
{using hg wer, hwer, hgper and @} and iterate until it gets closer to the given
specific humidity, ay. At the end of the iteration, tpgy is obtained, from which
Ppg 1s obtained.

¢ is obtained by using Ppgr and ay in Eq. (3.5).

h is calculated by using tppr, @y and hgppr in Eq. (3.8).

v is calculated by using tppr and @y in Eq. (3.9).

tpp 1s calculated from the definition of dew point.

twar, and moist air enthalpy, 4, are known):

From tygr, Pwer, hgwer and hywer are obtained from the steam table.

®; is obtained by using Pwgy in Eq. (3.7).

A tppris guessed and hg ppr 1s calculated from it. @y is calculated from Eqgs. (3.6)
{using hgwat, hrwsr, hgpsr and @} and (3.8) {using 4, tpgr and hgppr} and
iterate until convergence. At the end of the iteration, wy and tpgy are obtained.
From tpgt, Pppris obtained from the steam table.

¢ is obtained by using Ppgr and @y in Eq. (3.5).

v is calculated by using tpgr and wp in Eq. (3.9).

tpp is calculated from the definition of Dew point.

twar, and specific volume, v, are known):

From tysr, Pwer, hgwet and hgwer are obtained from the steam table.

®; 1s obtained by using Pwpr in Eq. (3.7).

A tpgris guessed and hg ppr and Ppgr are calculated from it. @y is calculated from

EqS. (36) {USil’lg hg,WBT, hf’WBT, hg,DBT and 0)1} and (39) {using \'A tDBT and
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1v.

Vi.

Pppr} and iterate until convergence. At the end of the iteration, wy and tpgy are
obtained.

¢ is obtained by using Ppgr and wp in Eq. (3.5).

h is calculated by using tppr, ¢ and hgppr in Eq. (3.8).

tpp 1s calculated from the definition of dew point.

Case 10 (Dew point, tpp is known):

1.

At the dew point, DBT, WBT and dew points are same with 100% relative
humidity. So, other values can be found by using Egs. (3.4), (3.8) and (3.9).

Case 11 (Relative humidity, ¢, and specific humidity, ay, are known):

1.

ii.

1il.

1v.

Ppgr is calculated from Eq. (3.5) using ay, from which tpgy is calculated.

A twpr is guessed and hgwer, hywer and Pwpr are calculated from it. @ is
calculated from Eq. (3.6) {using hgwsrt, hiwer, hgper and @y} and Eq. (3.7)
{using Pwgr} and iterate until convergence. At the end of the iteration, both ®;
and twgt are obtained.

h is calculated by using tpgr, @y and hg pgr in Eq. (3.8).

v is calculated by using tppr and @y in Eq. (3.9).

tpp 1s calculated from the definition of dew point.

Case 12 (Relative humidity, ¢, and moisture enthalpy, 4, are known):

1.

ii.

iil.

1v.

A tpgris guessed and Ppgr is calculated from it. @y is calculated from Egs. (3.5)
{using Pppr and ¢} and (3.8) {using tppr, @ and hgyppr} and iterate until
convergence. At the end of the iteration, both @y and tppy are obtained.

A twpr is guessed and hgwer, hrwer and Pwer are calculated from it. @; is
calculated from Eq. (3.6) {using hgwgt, hiwer, hgper and wy} and Eq. (3.7)
{using Pwgr} and iterate until convergence. At the end of the iteration, both

and twpT are obtained.
v is calculated by using tppr and @y in Eq. (3.9).

tpp is calculated from the definition of dew point.
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Case 13 (Relative humidity, ¢, and specific volume, v, are known):

1.

ii.

1il.

1v.

A tpgris guessed and Pppr is calculated from it. @y is calculated from Egs. (3.5)
{using Pppr and ¢} and (3.9) {using tppr, ®w¢ and Pppr} and iterate until
convergence. At the end of the iteration, both @y and tpgy are obtained.

A twpr 1s guessed and hgwer, hrwer and Pwer are calculated from it. @; is
calculated from Eq. (3.6) {using hgwgt, hiwer, hgper and wy} and Eq. (3.7)
{using Pwgr} and iterate until convergence. At the end of the iteration, both @,
and twpT are obtained.

h is calculated by using tpgr, @p and hg ppr in Eq. (3.8).

tpp is calculated from the definition of dew point.

Case 14 (Specific humidity, ay, and moist air enthalpy, /4, are known):

1.

il

iil.

1v.

Vi.

tppr 1s guessed, from which hgpgr is obtained from the steam table and placed in
Eq. (3.8) to find enthalpy until the calculated enthalpy gets closer to the given
enthalpy, /. tppy is obtained at the end of iteration.

From tpgpt, Pppr 1S Obtained from the steam table.

¢ is calculated from Eq. (3.5) using Ppgr and ay.

A twpr 1s guessed and hgwgr, hrwer and Pwgr are calculated from it. @; is
calculated from Eq. (3.6) {using hgwgrt, hiwer, hgper and ay} and Eq. (3.7)
{using Pwgr} and iterate until convergence. At the end of the iteration, both
and twpT are obtained.

v is calculated by using tppr and @y in Eq. (3.9).

tpp 1s calculated from the definition of dew point.

Case 15 (Specific humidity, ay, and specific volume, v, are known):

1.

tper 1S guessed, from which Ppgy is obtained from the steam table and placed in
Eq. (3.9) to find specific volume until the calculated specific volume gets closer

to the given specific volume, v. tppy is obtained at the end of iteration.
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1

iil.

1v.

Vi.

From tpgr, Pppr 1S Obtained from the steam table

¢ is calculated from Eq. (3.5) using Ppgr and ay.

A twpr is guessed and hgwer, hywer and Pwpr are calculated from it. @ is
calculated from Eq. (3.6) {using hgwsrt, hiwer, hgper and @y} and Eq. (3.7)
{using Pwgr} and iterate until convergence. At the end of the iteration, both @,
and twgt are obtained.

h is calculated by using tpgr, @p and hg ppr in Eq. (3.8).

tpp is calculated from the definition of dew point.

Case 16 (Moist air enthalpy, 4, and specific volume, v, are known):

1.

il

1il.

1v.

A tppris guessed and hgpgr is calculated from it. @y is calculated from Eqs. (3.8)
{using A, tpgr and hgppr} and (3.9) {using tppr, Pper and v} and iterate until
convergence. At the end of the iteration, both @y and tpgy are obtained.

From tpgt, Pppr 1S Obtained from the steam table.

¢ is calculated from Eq. (3.5) using Ppgr and wy.

A twpr 1s guessed and hgwer, hfwer and Pwer are calculated from it. @; is
calculated from Eq. (3.6) {using hgwgt, hiwer, hgper and ay} and Eq. (3.7)
{using Pwgr} and iterate until convergence. At the end of the iteration, both ®;
and twpT are obtained.

Ty, are calculated from the definition of dew point.

In general, when DBT is known, WBT needs to be obtained by iteration. The initial

guess of the WBT value starts with the DBT value and then the iteration proceeds with negative

increments of 0.01°C until the convergence is achieved. The interface for the “Psychrometry” is

obtained by clicking the fourth tab in the main switchboard (Fig. 3.1)
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Psychrometry
Select a Uik Ambient Predsore : |:|

Choose any v o parameters

 —

Find the Dther Yalues

Figure 3.8 Psychrometry interface

The first drop-down list gives the option to choose the unit (SI or English). The ambient
pressure is 1.0135 bar by default. The second drop-down list gives the option to choose the first
parameter and the third one gives the option to choose the second parameter. It should be noticed
that the temperature must be given in °C and °F in SI or English unit. Then the program

calculates all the other values (Fig. 3.9) and shows the state in the chart.
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Dry Bulb Termperature
et Bulb Temperature
Dew Point

Relative Hurmidity
Specific Hurnidity
Specific Humidity at WBT
Enthalpy

Specific Yolume

Choose any two parameters

Relative Humidity ~|= %

‘Find the Other Values:

20.00
15.12
11.84
60.000
0.00273
0.01075
42T

0.8414

9

O

I

%

kg moisture/kg of Dry Air
kg moisture/kg of Dry Air
k1&g of Dry Air

m?3 moisture/kg of Dry Air

Figure 3.9 Calculated property values
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3.2 Gas Turbine Calculation (Non-Stacking Method)

This part of the chapter discusses about the thermodynamic (non-stacking) calculation of
gas turbine system. The three major components of the GT system: compressor, combustor, and
turbine are treated as black boxes, each with a given efficiency. Interfaces of gas turbine
calculation without and with mist cooling are obtained by clicking fifth and sixth button on the

main switchboard (Fig. 3.1).

3.2.1 Gas Turbine Calculation (Without Mist Cooling)

A simple gas turbine system follows the Brayton cycle, which consists of two isentropic

lines (encircled s in Fig. 3.10) and two isobaric lines (encircled P in Fig. 3.10)

TA 3
Combustion
Chamber

, 4 13 () O,

Coslzg)rre- Turbine 2 4

1 4 O) ®
1

>

Figure 3.10 Brayton cycle

The program requests input of the ambient temperature = T;, the Turbine Inlet
Temperature (TIT) = Tj, the Pressure ratio = r,, and the isentropic efficiencies of compressor (1)
and turbine (). The program will determine the four states and calculate the local enthalpies and
temperatures, compressor power, turbine power, net output power, thermal efficiency, and other
important information. The calculation procedure is described in detail below.

1. With T, the enthalpy at compressor inlet (State 1) = h; and the Reduced Pressure (= Pr;) are
obtained from the air property table.
2. The reduced pressure at compressor exit (isentropic state 2s) is calculated as Pr, = r, x Pry.

3. From Pr,, the enthalpy at the isentropic state 2s, hys, is obtained from the air property table.
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10.
11.
12.
13.
14.

Using the given compressor efficiency, the actual enthalpy at state 2 is calculated from the
equation:
. L TN h,s—h, =n.(h, =h,)=h,g =h, +n.(h, -h,)

h, —h,
From h,, the temperature at state 2 (T,) is obtained from the air property table.
The turbine inlet temperature, Ts, is given, so the enthalpy at Turbine inlet (State 3), h;, and
the reduced pressure, Pr3, are obtained from the air property table.
The reduced pressure at the turbine exit (isentropic state 4s) is calculated as, Pry = Pr3 / 1y,.
From Pry4, the enthalpy at the isentropic state 4s, has, is obtained from the air property table.
To find out the actual enthalpy at state 4, using the turbine efficiency to calculate hy as:

hy; —hy hy; —hy h; —hy

Ne=—"—"—=>hs-hy = = hyg=h; -
hy —hyg Nt Nt

From hg, the actual temperature at state 4, T4, is calculated from the air property table.
Calculate the compressor work per unit mass flow rate, w, = h, — h;.

Calculate the turbine work per unit mass flow rate, w; = hs — hy.

Calculate the net output work per unit mass flow rate, wpet = Wy — We.

Calculate the heat input per unit air mass flow rate, qi, = h; — hy (If fuel mass is neglected.).
If the mass of fuel is considered (e.g. n-Octane is used), the heat input is calculated by
balancing the enthalpy of combustion reaction. The example of using Octane, CgH;s, is

shown below:

CH; + XD.A. - 8CO, +9H,0 + XD.A.-12.50,

T, Ty

Where X is the total number of moles of dry air (D.A.) supplied per mole of fuel.

Energy balance: Hp; = Hge [Pr—Product, Re—Reactant]

= z (l'liET3 )Pr =AH; .y + Xharr,  [n—number of moles, AH,; — Heat of Formation]

= neo, (01, Jeo, + N0l o + XMihy —ng (hr, )y = AH, , +XM,,h,

air

[M—Molecular Weight]

hr, values are obtained from the gas property table of each corresponding gas. These tables

can be called out from the “Gas Property Calculation” interface. In the above equation, all
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the values are known except X. This equation is solved to obtain the total mole number of

the dry air (X) per mole of the fuel.

X-r

15. The percentage of the excess air is calculated as (
r

jxlOO %

Where, r = the stoichiometric value of dry air.

CXHIR

16. Calculate the fuel air mass ratio, ' =
XM

air
18. Calculate the heat input per unit air mass flow rate when the excess air is considered,

qin=f xLHV  [LHV—Lower Heating Value of the fuel]

net

19. Thermal Efficiency, n, =

in

3.2.2 Gas Turbine Calculation (With Mist Cooling)

Figure 3.11 shows a gas turbine system equipped with a fog sprayer device and a fuel

CoOmpressor.
2!
|
[ >
ﬁ Combustion Chamber __L 3
2
\
Compressor Turbine
o

] ——

Amb P ST e e S SN
> Fog Sprayer

St ettt gt

Figure 3.11 Gas turbine system with fog cooling device and a fuel compressor

This program requests input for the ambient temperature (T,mp), the relative humidity (¢),

and turbine inlet temperature (TIT = Tj), pressure ratio (rp), the isentropic efficiencies of
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compressor (1c) and turbine (nr), and the ratio of sprayed water mass flow rate over the inlet
dry air mass flow rate This program determines four different states, local enthalpies, and local
temperatures, and calculates the compressor power, the turbine power, the net output power, the
thermal efficiency, and the other important information e.g. F/A ratio, excess air percentage, fuel
compressor power, SFC etc. The calculation procedure is described with a flow chart, which is

followed by the solution procedure. Input and output windows are shown in Figs. 3.13, 3.14 and

3.15.
Input : T,,®,,®,,P,,n¢,Fuel, TTT;
Ny, 10, p, 1, Guess a Tus and find
3

the property values
—

Access
Database

Access
Database

Does it satisfy
S3=S4?

Output : Ty, 04, 0,,P,,hy,

LHV,Ts,h;
Guess a T,s and find Find hys and find hy
the property values from expression of Nt
D/\:fg‘“ Guess a Ty and find
alabase the property values

5
S

Does it satisfy
Si=S,?

Access
Database

Does it satisfy
the expression
Of 1’14?

Find hys and find h,
from expression of 1

Guess a T, and find Find We, Wr, Wyer, N
the property values and other values

v

Execute the results

Access
Database

Does it satisfy
the h, values?

End

Figure 3.12 Flow chart showing power and efficiency calculation process for a gas turbine
system with fog cooling device and a fuel compressor
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Ambient condition: Py, Ty and ¢ (Relative humidity)
Compressor information: Pressure ratio = rp, Efficiency = n,
Fuel compressor information: Discharge pressure = P,’, Efficiency = 1y
Turbine information: TIT = T3, Efficiency = 1
Air information: Flow = m,, Temperature = Ty, Relative humidity = ¢
Solution:
At the ambient condition,

Specific humidity = wy

Relative humidity at WBT (or saturation) = ®;

Compressor inlet temperature, T; = WBT (assuming fully saturated)
Water spray fraction is, p = ®; — 0y (to saturate the air)

= ) — 9y + OS (for overspray)

Water flow, my =p x m,

State 1: The temperature is, T; = WBT

M) Mgy
hal + my; hfl + mg; hg

m h +m h +m h 1
a a f f
S ,hl 1 1 1 1 g1 81

m, +mg +m

mg  om
g1 |
mal mal

Here, hal = Enthalpy of dry air at T,
hf1 = Enthalpy of compressed water at T and P,

hgl = Enthalpy of saturated steam at T}

fi = Ratio of overspray with dry air
al

—8L = Ratio of vapor with dry air = @,
al

hal +(p—(01 +(,00)hf1 +(Dlh

I+p+o,
Entropy, s; = My Sq) + Mgy Sy + My Sg; Sy +(P_031 + )Sf1 + Sy
> - —_
m, +mg +mg 1+p+ o
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S4, = Entropy of dry air at T,
sf, = Entropy of compressed water at T; and P,

s¢, = Entropy of saturated steam at T}

State 2: To find out state 2, first the T,s needs to be calculated by satisfying s; = s,. So, a
temperature for Tps needs to be guessed and iterated until convergence. Based on the current
applications with not more than 2% overspray being employed, typically, there is no more water
in liquid form left at T, or Ty. So, the total amount water will be used as water vapor in the
following calculations. This assumption is appropriate when the compressor is treated as a black
box and the detailed local evaporation condition inside the compressor is not known. More
complicated models have been developed for stage-stacking method to be presented later. In eq.

(3.12), sa2, g2 are the functions of Tos and P, (P> =1, x Py)

m

g2
_ S,, —Rlnrp + S _
s = m,, (sa2 Rlnrp)+mgzsg2 _o® P my, g2 _ Sa, ~RlInrp +(p+m0)sg2 (3.12)
m,, +m, 14+ Me2 I+p+o
maz

hys can be calculated from Eq. (3.13), where hy,, hy, are the functions of Ty and P.

Mgy
_ m zh 2 +tm zhgz _ haz +maz hgz _ haz +(p+(,00)hg2

g = = = (3.13)
m, +m, 1+TZ l+p+w,
Then, h, can be determined by using Eq. (3.14).
hz _hl
=—2 1 3.14
— (3.14)

Now, T, can be by another iteration using Eq. (3.15), where h, has been calculated from Eq.

(3.14) and hy, hy are the functions of T, and P».
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_ haz + (p+ 0 )hg2

(3.15)
l+p+w,

2

Combustion:

28.965X x (p + )

3 =1.6092X x (p + ©g )

The mole of water in the air =

Where, X = mole of D.A.
The reaction is
CHs + X D.A. +1.6092X (p+wo) H,O (At T»)
= CO, +[2 +1.6092X (ptwp)] HO+ X D.A. -2 O, (At Ts)
Here, Enthalpy in the reactant side and product side are same.
2Re =2Pr
= HfO0 + 28.965X hair@r2 + 1.6092X (p+mo) hino@r2 = hcor@rs + 2 hmo@ts
+1.6092X (p+o) hino@rs + 28.965X hairars — 2 horars (3.16)
[Hf0 = Enthalpy of formation of fuel]

X can be calculated from this equation by substituting all the enthalpy values

X — 2 x (Mole of Stoic hometric air)

Percentage of excess air = - — x100% (3.17)
2% (Mole of Stoic hom etric air)
F/A ratio = ﬂzf’ (3.18)
X x28.965

Fuel Compressor: The fuel compressor work,
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0 S S YRf’ ( )
Wy, = 1(P2 \Z _PAmeAmb): ] Ty = Tamb (3.19)

Y- N7 -1
. . 8.314
Here, 7y = Specific Heat ratio = 1.4, R = Gas Constant = ka /kg-K=0.51823kJ /kg- K
P, =1.25P, =1.25x1p x P, =1.25x12x P, =15P,
(The fuel compressor is assumed to have 25% more pressure than the pressure in the combustion

chamber)

y-1

N
~

. _ T, (P )7 .
From isentropic relation, we get, T—2 = [P—ZJ = (15)1 - 2.1678
1 1

Power of fuel compressor, Pr, = m, Wy,

State 3: The temperature is, Tz = TIT, so enthalpy

’ ' Mg3 '
- m, (1+f )ha3 rmyhy, i (1+f )he13 + Ty h, _ (1+f )ha3 +(p+ooo)hg3 (3.20)
3 m,, +m,, (1+f’)+% (1+£)+p+ 0,
mg4

(1 +f’)sa3 +(p + 0 )sg3

3.21
(1+f)+p+w, (3-21)

Entropy, s; =

State 4: To determine state 4, first the T4 needs to be calculated by satisfying s; =s4. So, a

temperature for T4 needs to be guessed and iterated until convergence, where s.4 and sg4 are the

functions of T4 and P4 (P4 = P)).

o (1+ )50, +RlIntp J+(p+ g s, (3.22)
4 1+f"+p+ |

hy4 can be calculated from Eq. (3.23), where has and hyy are the functions of T4 and Ps.
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(1+f’)ha4 +(p+w,)h,,

So, at Ty, h,, = (3.23)
1+f' +p+ o,
h4 can be found out by using Eq. (3.24).
h,-h,
= 3.24
" Th, (3.24)

Now, T4 can be determined by another iteration using Eq. (3.23), where h4 has been calculated

from Eq. (3.25) and has, hgs values are functions of T4 and Ps..

b < ha4 +(p+(x)0)hg4

4 rpro (3.25)
Compressor: Compressor work,
we=(1+p+wp) (h,—h) (3.26)
The compressor power is, P, = m, w, (3.27)
Turbine: Turbine work,
wi=(1+f +p+ w) (hs —h;3) (3.28)
The turbine power is, P, = m, w; (3.29)
Combustion Chamber: Heat input,
Qin=f x LHV (3.30)
Combustion Chamber power, Po = m; qin (3.31)
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So, the net output power is, Ppet = Py — P — Py

net

The thermal efficiency is, 1, =

s mbient Condition | j‘

Inlet Temperature |313 | K 10

Relative Humidity : E | %

Inlet Pressure |1EIl.35 | kPa
-ICDmprESSDr Inputi

Pressure Ratio : |12 |

Compressor Efficiency |EIS K
rCombustion Chamber Input |

Taking Fuel in account

Fuel Used . |Uaer Defined j

‘ITurbine Inputi

Inlet Temperature : |14IIIIII | K

Turbine Efficiency : |EIS o

‘IMaSS Inputi

Ajr Mass Flow Rate |2III

| kgfs

Water % (mass) @ 4 |[2.33052364668572

o

Saturate the Air

Wiater Temperature ; |3EIS.43EIDDDDDEIEIEII

| K

Figure 3.13 Wet compression input

81

(3.32)

(3.33)




'ILI:IE5I| Temperatures and Enthalpy i

Compressor Inlet Temperature (T10 305,43 K
Compressor Exit Temperature (T2) ¢ 616.86 K
Turbine Inlet Temperature (T30 ¢ 1400.00 K
Turbine Exit Temperature (T4) : 861,15 K
Compressor Inlet Enthalpy ¢hl) B82.93 klkg
Compressor Exit Enthalpy (hz) 461.17 kJfkg
Turbine Inlet Enthalpy (h3) 1393.22 klkg
Turbine Exit Enthalpy ¢h4) 736.07 kikg

‘ISpeciﬂc Works i

Compressor York (W) 397.81 kikg
Turbine Wark (Wt 705.28 kifkg
Met Output Work (Wwnet) . 307.48 kikg
Heat Input {Qin) 1076.46 klkg

rPower Information and Efficiency |

Power of Air Compressor 7O56.13 kW
Power of Fuel Compressor 32411 kW
Power developed by Turbine : 1410570 kW

Figure 3.14 Wet compression output (first part)
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-_— . —

Power developed by Turbine : 1410570 kW
Met Power Developed . 552545 kW
Power Added in Combustar 21529.23 kW
Thermal Efficiency 27.06 %

rFuel Information |

Percentage of Excess Air : 170,49 %
Fuel-Air Ratio 0.02151

SFC 0.25184  kgdWH
Fuel Flow 0.43019 kgfs

APsychrometric Information |

Percentage of Mist Cverflow 2.000000 %
WBT ! 30543 K
Sp. Hum. at Ambient Temp. 0.0284329 kgkg DA,

A Ther modynamic Information |

Polytropic index of wet Compression 1.394457
Polytropic index of wet Expansion 1.243111 =
Evaporation Rate {dw/dT) S.43310B-05 kg

Figure 3.15 Wet compression output (second part)
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3.3 Compressor Staging Calculation

The previous section handles the whole compressor as a single unit. This section
simulates the compressor stage by stage with the stage-stacking method. Stage-stacking method
can be performed by either thermal equilibrium or non-equilibrium method to model the droplet
evaporation. Both methods use same window, which can be opened by the seventh button on the
switchboard (Fig. 3.1). The thermally equilibrium method assumes the air is saturated at the
end of each stage as long as sufficient water exists. Different form the equilibrium method, the
non-equilibrium method calculates the heat and mass transfer between the surrounding air and
the droplets to evaluate the transient state of the droplets. If the aerodynamic residence time is
shorter than the evaporation residence time, the droplets only evaporate partially and the

remaining liquid mass and droplet diameter at the end of the stage are calculated.

3.3.1 Stage-Stacking Scheme

The calculation requires the following inputs for the stage-stacking method; Fig. 3.16

shows the interface of input for the equilibrium method.

B Compressor Staging : Form

Compressor Staging

—

Rotor Turning Angle : Calculate for Wet

Compression
Murnber of Stages @ i

el

Polytropic Efficiency : %

Select a Unit El -
Inlet Termperature : K & water Spray
Inlet Pressure 101.3| kPa Stage Nurmber
RE— % ey A
acaI vy : s
Update
p Dimete " ey |
Hub Diameter : 0.356( m
X Design for Wet
Aspect Ratio Compression
Rotor Speed ¢ 12000| RPM
:

Show the Saved
Data

Loss in Stator

o

%

Calculate for Design | ‘
i |

Velocity and Geometry Values

Figure 3.16 Interface for equilibrium stage-stacking input
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Provide the blade geometry (Tip Diameter — D;, Hub Diameter — Dy, Hub-tip ratio and
Cross-sectional area of flow passage — A).

Provide Ambient Temperature (Tamp), Pressure (P,mp = P;), Relative Humidity (RH), Inlet
Axial Velocity (V,1), RPM (N), Water mass flow rate sprayed in each stage (if any) and
in case of non-equilibrium method, Droplet Diameter (d) and Droplet Temperature
(Ty). Fig. 3.17 shows the interface of input for non-equilibrium method with the small
input box for the diameter of droplet. The program only accepts one-size of uniform
diameter droplets for each input. Non-uniform droplet distributions are not modeled by

this program.

B Compressor Staging : Form

Compressor Staging

Select a Unit |51 ;|

Inlet Temperature : Microsoft Access

FPlease enker the Droplet Diameter in Microns,

Cancel | .

Inlet Pressure

Tnl=t Relative Humidity

Axial Velocity | i
]

Tip Diameter : |
Hub Diarmetar | 0.356| m

. Design for Wet
Aspect Ratio | 3| Compression
Rotor Speed | 12000| RPM
Rotar Turning Angle | 12| @ Calculate for Wet

Compression
Murmber of Stages : | EI| S
Paolytropic Efficiency | 92| %
Loss in Stator : | 0.5 % SO L S
Data

Figure 3.17 Interface for non-equilibrium stage-stacking input
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Calculate the ambient inlet air psychrometric condition (wp, ®;). In this study , is
defined as the absolute humidity at the ambient inlet condition and , is defined as the
absolute humidity (water vapor content per unit dry air) at the saturation state. If water is
sprayed, calculate if saturation is reached before entering the compressor. If saturation is
reached, calculate how much water has vaporized and how much water will enter the
compressor in the liquid form. On the basis of calculated psychrometric condition, the
static temperature at the inlet of the first stage is determined. If air is saturated and/or
oversprayed, the temperature is set at the Wet Bulb Temperature (WBT); if air is not
saturated, the temperature is calculated using the energy balance of a mixture.

Calculate the total amount of water entering into each stage on the basis of upstream
condition and the inter-stage spray on each stage.

Density (p;) is calculated on the basis of static temperature (T;) and static pressure (P;)
from Eq. (3.34).

1+1; +g; +5
1+g1
Pm

pp=pi (TP )= (3.34)

+ fIVI + S1Vyg

Where,

f; = mass fraction of liquid water for P, and T;.

g = mass fraction of water vapor for P, and T;.

v; = liquid water specific volume at P; and T;. (From Steam Table)

vs = Superheated steam specific volume at P; & T,. (From Steam Table)

pm = Mixture density of air and water vapor = P1/(R;,T})

R = Gas constant for air and water vapor mixture = Ro/M,.

Ry = Universal gas constant = 8.314 kJ/kmole.K

M,, = Molecular weight of air and water vapor mixture = (28.965+18g;)/(1+g;)

fi and g; are calculated from Psychrometry. For T;, saturation pressure (Pg) is

determined from the steam table. ; is calculated from Eq. (3.35).
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0.622P
o = = (3.35)
Py —Pgy

If o, is larger than or equal to total amount of water per unit dry air in the current
stage, the air will not reach saturation; then,

g; = Total amount of water in stage 1, and f; =0

otherwise, g; = ®;/ (1 + Total amount of water in stage 1),

and f; = Total amount of water in stage 1 — g;.

Here, the total amount of water is normalized by dry air mass
If Pgy is larger than P;, the steam is superheated and the entire amount of water is
superheated, which means there is no liquid water or saturated steam (i.e. f; = g; = 0).
(Note: f, g and s are denoted for the liquid water mass fraction, water vapor mass
fraction and superheated steam mass fraction respectively. f, ¢ and s are used in
subscripts to denote the property values for liquid water component, water vapor
component and superheated steam component, respectively).
Mass flow rate (m;) is calculated from mass conservation (Eq. 3.36).
m; = p1A1 V) (3.36)

If the process is equilibrium, steps 7 and 8 are skipped.
The inlet condition at the first stage rotor is given as the static condition and the air is
assumed to be saturated due to inlet fogging (Fig. 3.18) for both equilibrium and non-
equilibrium cases. The droplet diameter is assigned uniformly at the fog sprayer first, and
the droplet diameter at the compressor inlet is recalculated based on the amount of water

evaporated for achieving saturation by the Eq. (3.37).

£l p'ltd'31t
mlet — mie mie 3.37
. (3.37)

d 3
fogger p fogger - fogger
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Figure 3.18 Calculation domain including the fog sprayer and 8-stage compressor

due to incompressible nature of water, p, ., ® p,,. and droplet at the inlet is assumed to

be unchanged until stage 1. Eq. (3.37) can be reduced to eq. (3.38).

f ~ 3d 13 (3.38)
ffogger dfogger
Where, f; = mass fraction of liquid water at first stage rotor inlet after saturation
frogeer = mass fraction of liquid water at the fogger
d; = droplet diameter at first stage rotor inlet after saturation
dfogeer = mass of liquid water at the fogger
p1 = water density at first stage rotor inlet
Progeer = Water density at the fogger = p;
The aerodynamic residence time is calculated from Eq. (3.39).
At =2 (3.39)
Vel,

Where, L; = Chord length at Stage 1 Rotor
Vel, = Relative Velocity at Rotor exit (Absolute Velocity is taken for stator)
Evaporation/Boiling time is calculated from Eq. (3.40).
Rp¢d;
8D, (Pl /Ty =Py [Ty )
prdihy

Jr[1+0.234Re |T; - T; )

[for P, > Pg,,, i.c. evaporation]

1, = (3.40)

[for P, < Pg,,, i.e. boiling]
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Where,R = Gas Constant for air = 0.287 kJ/kg. K

pr = water density (kg/m?) at T,

D, = Diffusion Coefficient (m?/s) = 2.26x107> (101.325/P;) (T,/273.15)
[Handbook of Chemistry, (1979)]

Pgs.c = Saturation vapor pressure at T, (kPa)

T¢= water temperature (K)

hg, = Latent heat of vaporization at T; (kJ/kg)

A1 = Thermal Conductivity of air (W/m.K) = (46.766 + 0.7143T,)x10™*
[Handbook of Chemistry, (1979)]

If the aerodynamic residence time is longer than the evaporation/boiling time, all
the water droplets are assumed to be evaporated or boiled; otherwise, the diameter of the

droplet in the next stage is calculated by Eq. (3.41).
s (2 (3.41)

Once the droplet diameter is calculated in the next stage, the amount of survived

liquid water mass can be determined from equation (3.42)

3 3
fis _ P1.5d§.5 ~ d1.35 (3.42)
fi o pdi g

(assuming p; = pj5)

The amount of newly evaporated water vapor is calculated by deducting this
remaining amount of water from the amount of water at the stage inlet. If the amount of
newly calculated water vapor becomes more than the amount of water needed to saturate

the air according to the local temperature and pressure, then the actually evaporated
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amount of water vapor is set to be the amount needed for saturation, and the actually

remaining liquid water and the droplet diameter are recalculated.

The mass flow rate from Eq. (3.36) remains constant throughout the process unless there
is any further interstage spray in downstream stage(s). If there is spray in other stage(s),
on the basis of amount of water in each stage, flow rate in each stage is updated. (Note,
for non-equilibrium method interstage spray is not allowed for calculation, because the
model assumes all the droplet with same diameter, whereas insterstage spray introduces
different diameter droplets, which cannot be tracked by this program)

Stator

Rotor Turning Angle = f; — B s

Figure 3.19 Rotor-stator staging

First Stage Rotor Inlet (Stage 1 in Fig. 3.19):

10.

Rotor inlet velocity is assumed coming in as a pure axial velocity (i.e. V| = V,;) without
the tangential component. The relative velocity (W;) is calculated from the velocity
diagram (Fig. 3.20) with the known tangential velocity U = nDN/60. Axial velocity

remains the same for the stator (i.e. V,; = V,15) for the design case, but the axial velocity
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changes for off-design cases (such as fogging and wet compression) to satisfy mass

conservation and other thermodynamic properties.

. V>\ .

Wul

A A

Figure 3.20 Velocity diagram

1. Moist air static enthalpy (h,) is calculated from Eq. (3.43).

hal +f1hfl +g1hg] +Sth1

h, =h,(T},P,)= (3.43)

1+1] +g +5
Where,
h,; = dry air enthalpy at T;. (From air property table)

hg = liquid water enthalpy at P; and T;. (From the steam table)

hg; = saturated vapor water enthalpy at T;. (From the steam table)

hg; = superheated steam enthalpy at P, and T;. (From the steam table)
s; = mass fraction of superheated steam for P; and Tj.

f1, g1 and s; are calculated from the procedure shown in step 5.

12. The stagnation enthalpy (ho,) for rotor is calculated from Eq. (3.44).
ho, =h, +1 V2 (3.44)
13. The stagnation temperature (To;) and stagnation pressure (Po;) for rotor are determined
by iteration:

(a) Guess a stagnation temperature (To;) and calculate the stagnation pressure (Po;)

from Eq. (3.45) using equivalent polytropic index for moist air.
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Y

Po, _[To | (3.45)
Py T

(b) Determine the stagnation enthalpies of all phases with guessed stagnation
temperature (To;) and stagnation pressure (Po;). Moist air stagnation enthalpy
(hoy) is calculated from Eq. (3.46).

hal +f1h0fl +g1h0g1 +Slh051

ho, = ho,(To;,Po;) = (3.46)

1+f1+g1+sl

f1, g1 & s are calculated from the procedure shown in step 5.

(©) Determine the moist air stagnation enthalpy from Eq. (3.46) and compare it with

the calculated stagnation enthalpy from Eq. (3.44). Repeat step (a) to (c) until

convergence.

First Stage Rotor Exit or Stator Inlet (Stage 1.5 in Fig. 3.19):

14.

15.

Determine the relative velocity angle (;5) from [3; and rotor turning angle (0) with Eq.
(3.47) by assuming the velocity follows the rotor surface contour and exits the rotor
without deviating from the tangent of the camber line (i.e. the flow angles are the same as
camber angles). The rotor turning angle (i.e. camber angle), 6, is known from the design

blade geometry.

31,5 = Bl + 6 (347)

Axial velocity (Va, s) at rotor exit is determined by iteration:

(a) Guess a rotor exit velocity (Vay s).

(b) Determine the other velocity components at the rotor exit from the tentative

velocity diagram (Fig. 3.21)
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Figure 3.21 Velocity diagram at rotor exit

A

(c) The specific isentropic work imposed on the rotor is calculated from:

Work ¢ = U(Vu, - Vu, 5) (3.48)
Since the flow is assumed to turn exactly the same angle as the camber turning
angle, the work produced is therefore the ideal (isentropic) work. Because in the
real process, the friction in the boundary layer or secondary flow will affect the
flow angle and requires more compressor work. The flow will leave the trailing

edge with a deviation angle.

(d) Determine the stagnation enthalpy at rotor exit as:

ho; 5 =ho; — Work, /n (3.49)

where, 1 is the stage isentropic efficiency or polytropic efficiency.

(e) The stagnation temperature (To; 5) and the stagnation pressure (Po, s) at rotor exit

is determined by iteration:

(1) Guess a stagnation temperature (To;s) and calculate stagnation pressure
(Poy 5) from:
kng
-

Note that stage isentropic efficiency, s, is used here instead of small-stage
efficiency, n,, because the calculation is cross over the entire stage instead

of an infinitesimal small element.
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16.

17.

18.
19.

(i1) Determine the stagnation enthalpies of all phases with the guessed
temperature (To; 5) and the calculated stagnation pressure (Po; s) from Eq.
(3.50). Moist air stagnation enthalpy (ho; s) is calculated from Eq. (3.46)
by changing the subscript from 1 to 1.5.
® Calculate the static enthalpy (h; 5) from Eq. (3.51).
h; 5 =ho;s _%VIZ.S (3.51)
(g2) Determine the rotor exit static temperature (T;s) and static pressure (P;s) by
iteration:
(1) Guess a static temperature and calculate static pressure by Eq. (3.45) by
changing the subscripts from 1 to 1.5.
(i1) Determine enthalpies of all phases with guessed temperature (T, s) and the
calculated static pressure (P;s) from Eq. (3.45). Moist air static enthalpy
(hy 5) 1s calculated from Eq. (3.43) by changing subscripts from 1 to 1.5.
(iii)  Calculate the moist air static enthalpy from Eq. (3.43) and compare it with
calculated static enthalpy from Eq. (3.51). Repeat step (i) to (ii) until

convergence.
) Density (p;5) is calculated from Eq. (3.34) on the basis of static temperature (T; s)

and static pressure (P, 5) shown in step 5.
(k) Calculate the mass flow rate from Eq. (3.52).

mys=pisAis Vis (3.52)
) Compare the mass flow rate from Eq. (3.52) with that from Eq. (3.36) of step 6

and repeat step (a) to (k) until convergence.

Determine the other velocity component at rotor exit from the velocity diagram (Fig.

3.21)
Torque, power and work are calculated from Eqgs. (3.53), (3.54) & (3.48).
Torque, = rh%(\/ul ~Vu, 5) (3.53)

Power; = Torque x (3.54)

Determine the stagnation enthalpy at rotor exit from Eq. (3.49).
At this point, although the stagnation temperature (To;5) and stagnation pressure (Po; s)

at the rotor exit has been calculated in step 15(¢e), they need to be updated with correct
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20.
21.

22.

23.

axial velocity obtained by Eq. (3.52) in step 15(k). Therefore, the stagnation temperature

(Toys) and stagnation pressure (Po;s) at rotor exit needs to be determined again by

iteration:

(a)

(b)

(©)

Guess a stagnation temperature (To;s) and calculate stagnation pressure (Po; s)
from Eq. (3.45) by changing subscripts from 1 to 1.5.

Determine the stagnation enthalpies of all phases with guessed temperature (To; s)
and the calculated stagnation pressure (Po;s) from step (a). Moist air stagnation
enthalpy (ho;s) is calculated from Eq. (3.46) by changing subscripts from 1 to
1.5.

Compare the stagnation enthalpy from step 19(b) with calculated stagnation

enthalpy from step 18 and repeat step (a) to (c) until convergence.

Calculate the static enthalpy (h; s) at rotor exit from Eq. (3.51).

Determine the static temperature (T, s) and static pressure (P s) at rotor exit by iteration:

(a)

(b)

(c)

Guess a static temperature and calculate static pressure by Eq. (3.45) by changing
subscripts from 1 to 1.5.

Determine static enthalpies of all phases with guessed temperature (T;s) and
calculated static pressure (P;s). Moist air static enthalpy (h;s) is calculated from
Eq. (3.43) by changing subscripts from 1 to 1.5.

Compare the moist air static enthalpy from step 21(b) with the calculated enthalpy

from step 20 and repeat step (a) to (b) until convergence.

Density (p;.s) is calculated on the basis of static temperature (T;s) and static pressure

(P;.5) from equation shown in step 5.

If the process is equilibrium, skip steps 23 and 24 .

Calculate the droplet temperature from Eq. (3.55)

Tf f
fCp, —= —+ = HA(T, - T, ) (3.55)

Where,

1

Cp¢= Specific Heat of Water (4.2 kJ/kg.K)

Ts = Droplet temperature (K) at stage 1

Tg s = Droplet temperature (K) at stage 1.5
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24.

§ndip, _ 6f
A = Surface area = nd; = 6175 P _ 6f,
Epldl pldl

H, = Heat transfer coefficient, which is formulated with Nusselt number as,

Nu, =2+0.6Re}’ Pr*

plvslipdl
Ly

Regy = Droplet Reynolds Number =

Vip = Slip velocity [which is 10% of local velocity according to Khan and Wang (2008)]
[The local velocity is the inlet absolute velocity for stator stages and inlet
relative velocity of rotor stages]

1, = Dynamic Viscosity of air (Pa.s) = (0.004823 T, + 0.3976) x 10~

[Handbook of Chemistry]

1Py
D,

Pr; = Prandtl Number =

Repeat step 8 to find the diameter of droplet and maximum possible amount of liquid

water in the second stage by changing the indices from 1 to 1.5 and 1.5 to 2.

Other Stage Rotor Inlet (Stage 1 in Fig. 3.19) with inter-stage fogging:

25.

26.

27.

If water is sprayed at the previous stator stage (Stage i-0.5), calculate if saturation is
reached before exiting the previous stator stage. If saturation is reached, calculate how
much water vaporizes, and how much water will enter the compressor in the liquid form.
Calculate air psychrometric condition (o, ®;) at the rotor inlet (Stage i). On the basis of
calculated psychrometric condition, the static temperature at the stage i rotor inlet is
determined. If air is saturated and/or evaporated, the temperature is set at WBT; if air is

not saturated, the temperature is calculated using the energy balance of a mixture.

Update the mass fractions of all components f;, g; and s;.

Since no heat or frictional loss are assumed over the stator stage, at the inlet or rotor stage

i, the stagnation pressure (Po; = Pois), stagnation enthalpy (ho; = hojs) and inlet

velocity angle (o = .05 — stator turning angle) are calculated from the previous stator
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28.

29.

30.

31.

inlet. When a loss in stator is assigned at the input, stagnation pressure is calculated on

that basis.

Static temperature, static pressure and inlet velocity and axial velocity at rotor inlet are

iterated:

(2)

(b)

(c)

(d)

(e)

®

Guess a static temperature (T;) and calculate static pressure (P;) by Eq. (3.45) by
changing subscripts from 1 to i.

Determine the static enthalpies of all phases with guessed temperature (T;) and the
calculated static pressure (P;) from Eq. (3.45). Moist air static enthalpy (h;) is
calculated from Eq. (3.43) by changing subscripts from 1 to i.

Density (p;) is calculated on the basis of static temperature (T;) and static pressure
(P;) from Eq. (3.34) shown in step 5.

Calculate the rotor inlet velocity (V) from Eq. (3.56).

h; =ho; -1V (3.56)
Calculate the axial velocity (Va;) from Eq. (3.57).

Va, = ViCOS(OLi) (3.57)
Find the flow rate (m;) from Eq. (3.58).

m; =p;A;Va; (3.58)
Compare this value with the flow rate calculated from Eq. (3.36) and repeat step

(a) to (f) until convergence.

Determine the other velocity components at rotor inlet from the velocity diagram Fig.

3.22. Find the static enthalpy from Eq. (3.43) by changing subscripts from 1 to i.

Density (p;) is calculated on the basis of static temperature (T;) and static pressure (P;)

from Eq. (3.34) as shown in step 5.

Find the other velocities for the stator from the velocity diagram (Fig. 3.22)
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Figure 3.22 Velocity diagram

If the process is equilibrium, skip steps 32 and 33.

32. Repeat step 23 to find droplet temperature in i-th stage by changing indices 1 to i-
0.5and 1.5 to i.

33.  Repeat step 8 to find the diameter of droplet and maximum possible amount of

liquid water in the next stage by changing the indices from 1 to i and 1.5 to i+0.5.

Other Stage Rotor Exit or Stator Inlet (Stage i+0.5 in Fig. 3.19) including inter-stage fogging :

Repeat step 14-24.

Figure 3.23 shows a part of output for equilibrium stage-stacking method.
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Velocity and Geometry Values

Stage # | U (m/s) | v (m/s) [va (m/s)va (ms| B () [w (mds) [wiu imis)[a @) | @ |

1 152,68 0 0 0 -59.48 177,23 -152.68 0 0,539
1.5 0 130,11 95.03 5,36 -33.88 114.47 -63.82 43.03 0.622
2 152,68 99.6 97.72 -3.94 -558.04 18461 -156.63 -2.31 0.64
2.5 0 135.14 105,49 d6.91 -32.44 122,62 -65.78 40.02 0,678
3 0 0 0 0 0 0 0 0 0

Other Important Values

Total  |absolute Blade Hub- [Chaord
Stage # |Pressure [Pressure | Tofal  |Absolute Heightlabsolute |Relative | Tip  [Leng.
ikPay kPay  [Temp 3{Temp &3 (m) | Mach # | Mach # |Ratio | {m)

101.7 .77 297,95 294,09 0,08 0.z262 0.51a 0.8 0.03

1.5 105.57 100.62 301.45 297.42 0.0832 0.37a 0,331 0.8136 0.027743
o 105.85 101.94 301.43 298,44 0.0802 0.287 0.532 0.8196 0.02675%
2.5 116,28 105.09 309,69 301.51 0.0746 0,387 0,351 0.8312 0.024573
3 116,23 0 0 0 0 0 0 0 0

Figure 3.23 Equilibrium stage-stacking output

Figure 3.24 shows a part of output for stage-stacking method with different non-

equilibrium data (e.g. droplet temperature, droplet density, residence time, evaporation time etc.).
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B Compressor Staging : Form L ]

Other Outputs

Tot Enth |Sta Enth [Amount | Flow f g 5 Area | Density
Stage #| (kg | Rklkqy |of water | (kgfs) (m#) | (kg/m=)
1 36,07 34.02 00242 2366 0.0075 0.0166/0 0,22902211 1,14771
1.5 52.82 44,35 0.0242 23.66 0.0046 0.0195 0 0.2117945 1,17544
2 5261 47.85 0.0242 23.66 0.0035 0.0205 0 02042777 1,18506
2.9 67,59 558,76 0.0242 23,66 0.0001 0.0240 0 0.1599165 1.20365
3 u] o 0.0242 u] 1] 1] 1] 1] u]

Non-Equilibrium Data

Res tirme |Eva time [Diameter | Density | Diff. Co K Hfg Td k)
Stage #| {ms) (s} | kafm3d | fm2fs) [0Sk ] k)
1 0.16927  0,35212  9.0911 299 0.0000254 002565 246591 288
1.5 0.21323  0,15783  F.73FT 995,53 0.0000247 002592 2460.38  290.34717
z 0.14493 0.12041  7.1106 997,58 0.000024%! 002599 245265 29302950
2.3 0.13409 001932  Z.4696 997,39 0.0000240 002621 2440.84 29603012

Figure 3.24 Interface for non-equilibrium stage-stacking output

Figure 3.25 shows the Flow diagram of the algorithm for the equilibrium method.
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Get T, Poi, hyi, from previous
stage, get Vi, Velocity angle
o and phase composition

Guess a static

temperature (T;

Calculate static pressure
(Py) using eq. (3.45)

tCalculate static enthalpy (h;)
and density (p;) from P; and T;

Calculate rotor inlet velocity
(Vj) using eq. (3.56)

Calculate axial velocity
(Vay) using eq. (3.57)

Calculate mass flow rate
(my) from Va;

Guess a stagnation

temperature (Toj+¢.5

Calculate stagnation
pressure (Poi.o5) using eq.

Calculate stagnation enthalpy
(hoi:0.5) from Poisos and Toiio.5

Compute the other velocities
from velocity diagram

Calculate the isentropic work imposed on|
rotor, Power, Torque and stagnation
enthalpy at rotor exit using eq. (3.49)

YES

Calculate static enthalpy
(hi+o.5) using eq. (23)

Calculate the other velocity
components from velocity diagram

Calculate density
from P; and T;

Guess a static

Calculate static pressure
(Pir0.5) using eq. (3.45)

Calculate static enthalpy
(hi+o.5) from Piios and Tiios

Guess a stagnation
temperature (Toj05

Calculate staghation pressure
(Pojio5) using eq. (22)

Calculate stagnation enthalpy
(hoi:.5) from Poj;os and Tojio.5

0i+0.5 VETY
close to ho from
eq. (3.49)?

NO

YES

Calculate static enthalpy
(hito.5) using eq. (23)

Guess an axial
velocity (Vajios)

Compute the other velocities
from velocity diagram

Calculate the isentropic work imposed|
on rotor and stagnation enthalpy at
rotor exit using eq. (3.49)

o

Calculate density from
Piios and Tivos

Calculate mass flow rate
(mj+o,5) from eq. (24)

Guess a static
temperature (Tiq5

\/i
Calculate static pressure
(Pir0.5) using eq. (3.45)

/i
Calculate static enthalpy
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Figure 3.25 Flow diagram of the algorithm for the equilibrium method
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CHAPTER FOUR
RESULTS AND DISCUSSIONS OF THERMODYNAMIC ANALYSIS

The computer program FogGT was ran for the Gas Turbine system first, where the
compressor, combustion chamber, turbine and fuel compressor are considered as a single unit

each.

4.1 Gas Turbine System with Fog Cooling for Burning Low Calorific Value Fuels

All the cases in the first batch are calculated by keeping the values of the following
parameter fixed: compression ratio (12), TIT (1400K), air mass flow rate (20K g/s), inlet pressure
(1atm), compressor isentropic efficiency (88% for both the main and the fuel compressors), and
turbine isentropic efficiency (88%). Methane is used as the fuel for the reference case. Two
different LCV fuels are used, and the performances are compared with the reference case. Four
different ambient conditions are considered: low temperature low humidity (ISO condition,
288.2K and 60% Rh), low temperature high humidity (288.2K and 90% Rh), high temperature
low humidity (313K and 60% Rh), and high temperature high humidity (313K and 90% Rh).
Although the condition of 313K (40°C) and 90% Rh is extremely rare to occur, it presents an
upper limit of the hot-and-humid condition that shows the minimum augmentation fog/overspray
can achieve at a hot environment. These ambient conditions are also applied as the inlet
condition for the fuel compressor. Although the fuel is usually preheated in practice, the heating
energy is also paid by some means. Therefore, using the ambient condition as the fuel
compressor inlet condition implicitly include all the energy required to compress the fuel to 25%
above the pressure in the combustor.

Four different fog cooling are analyzed including moist compression (unsaturated air),
compression with saturated air, 1% overspray and 2% overspray. More than 2% overspray is not
recommended (Yap and Wang, 2007). The results of the first batch are shown in Table 4.2.

The computations were performed by implicitly assuming that each case is matched with
a gas turbine that is specifically designed to meet the specifications of air mass flow rate, fuel
flow rate, pressure ratio, and TIT. This means that the sizes of the compressor, turbine, and
combustor, will be different from case to case if the same operating considerations are imposed

such as the surge margin of the compressor, the inlet guide vane angle, the component efficiency
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of compressor, turbine, and combustion chamber, the stagnation pressure losses, and the blade
cooling air, etc.

In the second batch (see Table 4.2), the TIT for the cases of burning LCV fuels is reduced
to match the net power output of NG fueled GT. With reduced TIT, the fuel flow rate is reduced
and the size of the gas turbine will become comparable to the NG fueled GT, so only modest

modification of the NG-fired GT is needed to burn the LCV fuels.

4.1.1 Heat Input from Natural Gas and Low Calorific Value (LCV) Fuels

Natural gas and two LCV fuels derived from biomass gasification are used in this study.

LCV1 is identical with LCV2 but is diluted with nitrogen. The compositions of the LCV fuels

are given in Table 4.1.

Table 4.1 Studied LCV fuels

LCV1 | LCV2 NG

(Compound Vol(%) | Vol(%) | Vol(%)
Methane (CHy) 7.00 11.15 100
Ethane (C;Hy) 0.08 | 0.13
Ethylene (C;Ha) 0.11 | 0.8
Benzene (C¢Hg) 0.14 0.22

Carbon-Dioxide (CO;) 14.60 23.2
Carbon-Monoxide (CO) 10.60 16.8

Hydrogen (Hy) 7.30 11.62
Oxygen (O,) 0.05 0.08
Water Vapor (H,0) 22.92 36.62
Nitrogen (N3) 37.20 0
Total 100.00 | 100.00 | 100.00

Low Heating Value (KJ/Kg) | 4,358 | 7,405 | 50,046

The heat input obtained from chemical reaction of the fuel with excess air can be obtained by the
following equation from Bathie (1998) using LCV-1 fuel as an example:

nH2H2 +n0202 +nH20H20+nCOCO+nCO2C02 +nCH4CH4 +HC2H6C2H6 +nC2H4C2H4
+nC6H6C6H6 +XDA.+x Hzo

—)(nco +nCO2 +nCH4 +2nC2H6 +2nC2H4 +6nC6H6 pOZ +(nH2 +nH20 +2nCH4 +3nC2H6

103



1 1 1
+2nC2H4 +3nC6H6 +X)H20+X D'A'_(EnHz —n02 +§nco +3nCH4 +35nC2H6

+3nc, +74nc, )0, (4.1)

where D.A. is the Dry Air (O, +3.768 N).

By equating the enthalpy of reaction on both sides, the value of X (the mole of Dry Air)
can be obtained. The mole of moisture (x) can be calculated from the psychrometric chart. The
mole numbers of all the reactants are basically the volumetric percentage of the gases.

The enthalpy of the reactants is,

Hye =3 (n;hir, ) (4.2)
The enthalpy of the products is,

Hy, = (n,hir ) (4.3)

From the value of X, the excess air percentage and fuel-air ratio (f') can be calculated. Hence, the
heat addition into the combustion chamber can be obtained as:
Gin = F(LHV) (4

and the thermal efficiency is obtained as,

_ WNet

Ny = (independent of mass flow rate) 4.5)

in

4.1.2 Fog/Overspray Effect on Compressor

Figures 4.1 and 4.2 show the compressor discharge temperature and compressor power
under four different ambient conditions, respectively. In both figures, a vertical saturation line is
drawn to clearly separate underspray from overspray regions. Figure 4.1 shows that the
compressor discharge temperature decreases with an increase of water spray but with a decrease
of ambient temperature or humidity. Increasing ambient relative humidity allows less water

spray to achieve saturation, so the compressor discharge temperature increases. Figure 4.2 shows
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the compressor power increases with an increase of ambient temperature or humidity, but
decreases with the increase of water spray due to increased air density as previously explained in

the theory.

Compressor discharge temperature (CDT) under
different ambient conditions
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Figure 4.1 Compressor discharge temperatures under different ambient conditions

Compressor power under different
ambient conditions
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Figure 4.2 Compressor power under different ambient conditions
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4.1.3 Fog/Overspray Effect on Fuel Compressor

Figure 4.3 shows the fuel compressor work using both NG and LCV fuels. Fuel
compressor work is significant for LCV fuels. As these fuels have less heating values, more mass
flow rates are needed to achieve the required heat input in the combustion chamber. When
natural gas is used, fuel compressor consumes about 4% of the main air compressor power
(about 2% of the gross power produced by the turbine). The effect of fog/overspray is negligible
on fuel compressor power in NG fired GT, as shown by overlapped curves in Fig. 4.3. The fuel
compressor power increases to 20-40% of the main air compressor power (or 10-16% of the

gross turbine power) when LCV-2 and LCV-1 fuels are burned respectively.

Figure 4.3 also shows that the fuel compressor power increases with the increase of
overspray percentage because more overspray requires more fuel (see Fig. 4.4) to achieve the
TIT value at 1400K. This is contrary to the descending power consumption trend of the main air
compressor when overspray is increased in Fig. 4.2. Effect of ambient temperature and relative
humidity on the required fuel compressor power is not significant because the ambient pressure
does not change. The only change takes place due to the ambient condition is air density, which

is considered in Eq. (2.22). The effect of fuel heating value is predominant.

Performance of fuel compressor LCV-1 with 288.2K & 60%Rh

' = =LCV-1 with 288.2K & 90%Rh
3600 - ; - W °
o ,;% LVl i3I & 60%Rh
2800 s | CV-1 with 313K & 90%Rh

2400 | Saturation Line A ——1LCV-2 with 288.2K & 60%Rh

— — LCV-2 with 288.2K & 90%Rh

1600 - ____ﬂ?,/\ﬁ - - - -LCV-2 with 313K & 60%Rh

————LCV-2 with 313K & 90%Rh

Power (KW)
[\e]
S
S
(e
L

800 7 A —— NG with 288.2K & 60%Rh
400 .
\< —-——-NG with 288.2K & 90%Rh
0 \ 1
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Rel Hum. <=10%0S 1% OS 2% OS|| - NG with 313K & 90%Rh

Figure 4.3 Fuel compressor power under different ambient conditions
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As more mass flow rate of LCV fuels are needed to provide sufficient energy as in the
NG cases, additional energy is needed to heat up the inert gases in the LCV fuels as shown in
Figure 4.5. The heating value of LCV-1 fuel is less than one tenth of the natural gas, and the
required fuel mass flow rate is about 17 times more than NG to achieve TIT = 1400K. The
heating value of LCV-2 fuel is about one seventh of the NG and the required fuel mass flow rate

is about 8 times more than NG to achieve required TIT.

Fuel flow rate =———LCV-1 with 288.2K & 60%Rh

_ jon Li = =LCV-1 with 288.2K & 90%Rh
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—/’4_/_/’{ - = =LCV-1 with 313K & 60%Rh

- ———LCV-1 with 313K & 90%Rh

5
S
!

—— LCV-2 with 288.2K & 60%Rh

— — LCV-2 with 288.2K & 90%Rh

N
(=)
B

- = = -LCV-2 with 313K & 60%Rh

Flow rate (Kg/s)

————LCV-2 with 313K & 90%Rh

g
S
!

—— NG with 288.2K & 60%Rh

0.0 — ‘
0% 100% {=> Overspray (OS) ||~ NG with 313K & 60%Rh

Rel Hum.  <=10%0S  1%0S  2%O0S NG with 313K & 90%Rh

\< - -—-NG with 288.2K & 90%Rh
1

Figure 4.4 Fuel mass flow rate under different ambient conditions for various fuels

4.1.4 Fog/Overspray Effect on Combustor

Figure 4.5 shows that the heat added into the combustion chamber from LCV-1 and
LCV-2 fuels is 46% and 23% more than NG, respectively. As heating value decreases for LCV
fuels, there are more non-combustible gases in the fuel to absorb the energy and suppress the
combustion temperature, so more heat addition is required to allow the combusted gas to reach
the desired TIT. LCV-1 consists of 37% N,, 23% water vapor and 11% CO,, and LCV-2 consists
of 37% water vapor and 17% CO,, which are all non-combustible gases. When the overspray
percentage is increased, more non-combustible water vapor is in the combustion gas to absorb

heat, so the required heat addition is further increased as overspray ratio increases (see Fig. 4.5).
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Heat added in combustion chamber LOV-1 with 288 2K & 60%Rh
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Figure 4.5 Heat added in the combustor under different ambient conditions
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Figure 4.6 Percentage of excess air under different ambient conditions
Heat addition is not very much affected by the ambient condition; lower ambient
temperature obviously requires more heat addition. Excess air reduces as overspray increases

(Fig. 4.6) due to increased water vapor acting as a temperature-suppressing diluent.

4.1.5 Fog/Overspray Effect on Turbine

Figure 4.7 shows turbine gross power increases up to 30% for using LCV-1 fuel and up
to 15% for using LCV-2 fuel from the NG fueled output because fuel mass flow rates are

significantly increased for using LCV fuels. Notice again, as previously discussed, the LCV fired
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GT size will be different from the NG-fired GT if the same operating condition (surge margin,
stagnation pressure loss, etc.) and component efficiencies are imposed. The gross turbine power
also increases as the overspray percentage increases. For example, an overspray of 2% increases

turbine power up to 4% for natural gas and 6% for using LCV fuels.
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Figure 4.7 Gross turbine power under different ambient conditions

The net output power is calculated by deducting the air compressor power and fuel
compressor power from the gross turbine power. Figure 4.8 shows that LCV fuels produce more
net output power than natural gas even though LCV fuels significantly increases fuel compressor
power 3.8 times for using LCV-1 and 6 times for using LCV-2 (see Fig. 7). When LCV fuels are
burned, fog/overspray cooling seems as effective in achieving net power enhancement as when
natural gas is burned. With saturated fogging, the net output power increases approximately 1-
2%. With 2% of overspray, the net output power increases as high as 20%. As the ambient
temperature increases, the net output power decreases; likewise increase of relative humidity
lowers the net output power but with less impact than from the increased ambient temperature.
Judging from the slopes of the curves in Fig. 4.8, rate of increase of net output power for
overspray is higher for higher temperature and higher humidity when either NG or LCV fuels are

burned.
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Figure 4.8 Net output power under different ambient conditions

Figure 4.7 shows that higher ambient temperature or humidity actually increases the
gross turbine power; in these conditions, however, both the air and fuel compressor powers
consumed are also increased (Fig. 2.2 & 2.3). As a result, the net effect favors larger net power

output at low ambient and humidity conditions.

4.1.6 Fog/Overspray Effect on Thermal Efficiency

For cases using LCV fuels, the thermal efficiency is approximately 10~16% (or 3 ~ 5
percentage points) less than using NG because the fuel compressor consumes a significant
auxiliary power. In the previous discussions, the influence of fog/overspray is -either
monotonously decreasing (such as compressor power and excess air) or monotonously increasing
(such as fuel compressor power and net power output). The trend of efficiency variation is not so
straightforward. Taking natural gas in Fig. 4.9 for example, the efficiency monotonously
decreases slightly as overspray increases at Ty, = 288.2K, whereas when T, increases to 313K,
the thermal efficiency increases slightly instead of decreasing as fog overspray increases. This
reversing trend of thermal efficiency indicates that applying overspray is more efficient at hotter

days. Since the thermal efficiency may slightly decrease or increase under fog/overspray
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conditions, considering the uncertainty of the current ideal model, fog/overspray should be

considered as a means to augment power output, but not necessarily efficiency.
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Figure 4.9 Thermal efficiency under different ambient conditions

4.1.7 Modifications of NG-fired GT for Burning LCV fuels

Although the above results show that using the LCV fuels produces more net output
power, as previously discussed, the present simulation requires to use bigger GT to burn LCV
fuels if the same operating condition (surge margin, stagnation pressure loss, etc.) and
component efficiencies are imposed as the NG-fired GT.

This simulation treats the combustor as a black box and assumes that the combustor is
functional when LCV fuels are burned. The actual combustion mechanisms are not modeled. In
this study, the pressure ratio is maintained at a fixed value of 12 by using the same compressor
but different turbines. The turbine could be modified by (a) increasing the tip/hub ratio, (b)
reducing the solidity (i.e. reducing the turbine blade numbers) but increasing the loading factor
of each blade, or (c) using the same airfoils but with different staggering angle and incidence
angle. Method (a) will increase the radius of the turbine. Method (b) can maintain the same size
of the turbine but needs to redesign the turbine airfoils in order to achieve the same turbine
performance. Method (c) keeps the same turbine airfoils but with degraded turbine performance
because the incidence angle and lift coefficient will be altered as the staggering angle is

compromised.
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In the real application when a commercial GT is used, the turbine nozzle area needs to be
opened (method C above) to maintain this fixed pressure ratio when LCV fuels are burned.
Otherwise, the flow may be choked at the first-stage turbine nozzle. Consequently, the pressure
will increase due to this choking condition as well as the increased friction in combustor and in
the non-modified turbine stages. When the compressor is working against a higher than designed
back pressure, it will operate off the design point with a reduced stability margin. Brun, et. al.
(2005) specifically discussed a simplified method to evaluate the principal factors that affect the
aerodynamic stability of a single shaft gas turbine’s axial compressor. Their analysis showed
that when inlet and interstage water injection is combined with other factors such as LCV fuels
and combustor steam injection, gas turbine compressor acrodynamic stability problems such as
rotating stall and flutter will likely occur. These aerodynamic instabilities can be directly linked
to blade high-cycle fatigue and possible catastrophic gas turbine failure. Furthermore, any water
injection into a gas turbine may affect the hot-section turbine parts life. Therefore, care must be
taken to employ inlet fog cooling when LCV fuels are burned. A companion paper by Roy and
Wang (2006) assesses the option of changing pressure and TIT to optimize a commercial GT
output power and efficiency when producer gases are burned.

If the NG-fired GT is to be used to burn LCV fuels and it is desired to minimize
modifications, it would be interested in studying the effect of reducing TIT on the GT
performance. Reducing TIT will decrease the work output and hence will reduce the load on
each blade. This approach will allow method (c) to be used by changing the stagger angle
without changing the airfoils. Figures 4.10 & 4.11 show the results of varying TIT (see data in
Table 4.3). An upper limit of 125% output power is drawn in Figs. 4.10 & 4.11 to represent the
two limiting factors: the maximum shaft power rating and the capacity of electric generators.
Both are designed with accepting 20-25% additional power output. (Note, some OEMs do not
recommend operating over 15% of the rated capacity.) The lower broken line is the designed
power output of the NG-fired GT.

In each case, the performance curves for dry compression and saturation compression
almost coincide. When LCV fuels are burned, all of the cases are within the maximum limit
except three LCV1 case are above the 125% limit. Take the Case of 288K, 60%RH with 2%
overspray for example, the net output power is unacceptable high (over 125%) to the NG-fired
GT. However, if the TIT is reduced to 1250K, the output power is comparable to the NG-fired
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GT. In this case, it is interesting to see that the net output power of LCV1-fired GT degrades
profoundly 27% as TIT decreases 150K, but the thermal efficiency only reduces less than 0.5
percentage point (Table 4.3).

Net power under different TIT for LCV-1
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Figure 4.10 Net output power under different TIT conditions for LCV-1

Net power under different TIT for LCV-2
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Figure 4.11 Net output power under different TIT conditions for LCV-2
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Table 4.2 Data for different cases for gas turbine system. All cases are conducted with a pressure
ratio 12, compressor and turbine adiabatic efficiencies of 88%, and 20Kg/s of air flow rate. The
power and thermal efficiency increases are compared with the first case (no fogging) in each
category separated with alternating gray shade. "Dry" means no fogging, but the airflow contains

moisture from the ambient.

o Comp. Cf)un?}lm Fuel Heat Excess Turb. Oljte;ut Therm Net Power Eff.
Case Description CIT (K) | CDT (K) | Power Power Flow Add. Air (%) Power Power |Eff (%) lncgease Incgease
KW | ey | (Ke) | (KW) &W) | %) ) %)
01 | NG-288.2K w. 60%Rh 288.2 625.5 | 6997 | 271 | 0.391 | 19544 | 198.0 | 13546 | 6278 |32.12 ---- ----
02 | NG-288.2K w. 60%Rh, Sat. 283.9 619.7 | 6982 | 274 | 0.395 | 19746 | 1949 | 13588 | 6333 |32.07| 0.87% -0.17%
03 | NG-288.2K w. 60%Rh, 1% OS 283.9 581.8 | 6775 | 292 | 0.420 | 21042 [ 176.8 | 13833 | 6766 |32.16| 7.77% 0.10%
04 | NG-288.2K w. 60%Rh, 2% OS 283.9 549.0 | 6653 | 308 | 0.444 | 22242 [161.8 | 14077 | 7115 |31.99| 13.33% | -0.42%
05 | NG-288.2K w. 90%Rh 288.2 629.0 | 7113 | 272 | 0.391 | 19588 | 197.3 | 13621 | 6237 |31.84 - o
06 | NG-288.2K w. 90%Rh, Sat. 287.2 628.7 | 7133 | 272 | 0.392 | 19613 [196.9 | 13631 | 6227 [31.75]| -0.16% -0.28%
07 | NG-288.2K w. 90%Rh, 1% OS 287.2 590.9 | 6926 | 290 | 0.418 | 20905 | 178.6 | 13876 [ 6660 [31.86| 6.78% 0.06%
08 | NG-288.2K w. 90%Rh, 2% OS 287.2 556.2 | 6758 | 307 | 0.443 | 22153 [162.9 | 14120 | 7055 [31.85] 13.12% 0.03%
09 | NG-313K w. 60%Rh 313.0 691.6 | 8244 | 283 | 0.375 | 18775 |210.2 | 14037 | 5510 |29.35 ---- ===
10 | NG-313K w. 60%Rh, Sat. 305.4 678.8 | 8155 | 289 | 0.384 | 19213 |203.1 | 14118 | 5674 |29.53| 2.98% 0.64%
11 | NG-313K w. 60%Rh, 1% OS 305.4 6394 | 7872 | 310 | 0.411 | 20572 | 183.1 | 14363 | 6182 |30.05| 12.20% 2.40%
12 | NG-313K w. 60%Rh, 2% OS 305.4 605.2 | 7685 | 329 | 0.436 | 21825 | 166.8 | 14607 | 6594 |30.21 | 19.68% 2.96%
13 | NG-313K w. 90%Rh 313.0 699.6 | 8648 | 288 | 0.382 | 19119 |204.6 | 14388 | 5452 [28.51 - o
14 | NG-313K w. 90%Rh, Sat. 311.2 696.2 | 8616 | 290 | 0.384 | 19237 [202.7 | 14408 | 5503 [28.60| 0.94% 0.32%
15 | NG-313K w. 90%Rh, 1% OS 311.2 656.5 | 8305 | 310 | 0.412 | 20621 | 182.4 | 14654 | 6039 |29.28( 10.77% 2.70%
16 | NG-313K w. 90%Rh, 2% OS 311.2 622.2 | 8096 | 330 | 0.437 | 21892 [166.0 | 14898 | 6472 [29.57| 18.73% 3.69%
17 | LCV 1-288.2K w. 60%Rh 288.2 625.5 | 6997 | 2894 | 6.619 | 28847 | 127.1 | 17639 | 7748 |26.86 - ===
18 | LCV 1-288.2K w. 60%Rh, Sat. 283.9 619.7 | 6982 | 2924 | 6.687 | 29146 | 124.8 | 17724 | 7817 |26.82| 0.90% -0.14%
19 | LCV 1-288.2K w. 60%Rh, 1% OS 283.9 581.8 | 6775 | 3116 | 7.126 | 31058 [111.0 | 18240 | 8348 |26.88 | 7.75% 0.08%
20 | LCV 1-288.2K w. 60%Rh, 2% OS 283.9 549.0 | 6653 | 3294 | 7.532 | 32829 | 99.6 | 18735 | 8787 [26.77 | 13.42% | -0.34%
21 | LCV 1-288.2K w. 90%Rh 288.2 629.0 | 7113 | 2901 | 6.634 | 28913 | 126.6 | 17723 | 7709 |26.66 ---- —
22 | LCV 1-288.2K w. 90%Rh, Sat. 287.2 628.7 | 7133 | 2904 | 6.642 | 28949 | 126.3 | 17738 | 7701 [26.60 | -0.11% -0.23%
23 | LCV 1-288.2K w. 90%Rh, 1% OS 287.2 590.9 | 6926 | 3096 | 7.080 | 30856 [112.3 ] 18254 | 8231 [26.68| 6.77% 0.05%
24 | LCV 1-288.2K w. 90%Rh, 2% OS 287.2 556.2 | 6758 | 3281 | 7.502 | 32698 | 100.4 | 18759 | 8721 |26.67 [ 13.12% 0.02%
25 | LCV 1-313K w. 60%Rh 313.0 691.6 | 8244 | 3020 | 6.358 | 27713 | 136.4 | 17969 | 6705 |24.19 - -
26 | LCV 1-313K w. 60%Rh, Sat. 305.4 678.8 | 8155 | 3090 | 6.507 | 28358 | 131.0 | 18141 | 6897 |24.32| 2.86% 0.52%
27 | LCV 1-313K w. 60%Rh, 1% OS 305.4 6394 | 7872 | 3309 | 6.967 | 30365 | 115.8 | 18672 | 7491 |24.67| 11.73% 1.97%
28 | LCV 1-313K w. 60%Rh, 2% OS 305.4 605.2 | 7685 | 3510 | 7.391 | 32213 | 103.4 | 19178 | 7983 |24.78 | 19.06% 2.43%
29 | LCV 1-313K w. 90%Rh 313.0 699.6 | 8648 | 3075 | 6.475 | 28220 | 132.2 ] 18391 | 6668 |23.63 ---- —
30 | LCV 1-313K w. 90%Rh, Sat. 311.2 696.2 | 8616 | 3094 | 6.515 | 28394 | 130.7 | 18436 [ 6727 [23.69| 0.88% 0.26%
31 | LCV 1-313K w. 90%Rh, 1% OS 311.2 656.5 | 8305 | 3317 | 6.983 | 30437 [115.3] 18972 | 7351 [24.15] 10.24% 2.20%
32 | LCV 1-313K w. 90%Rh, 2% OS 311.2 622.2 | 8096 | 3521 | 7.414 | 32313 | 102.8 | 19483 | 7866 |24.34( 17.96% 3.01%
33 | LCV 2-288.2K w. 60%Rh 288.2 625.5 | 6997 | 1531 | 3.277 | 24266 | 169.9 | 15443 | 6915 |28.50 - e
34 | LCV 2-288.2K w. 60%Rh, Sat. 283.9 619.7 | 6982 | 1547 | 3.311 | 24517 |167.2 | 15505 | 6976 |28.45| 0.88% -0.15%
35 | LCV 2-288.2K w. 60%Rh, 1% OS 283.9 581.8 | 6775 | 1648 | 3.528 | 26126 | 150.7 | 15875 | 7452 |28.52| 7.76% 0.09%
36 | LCV 2-288.2K w. 60%Rh, 2% OS 283.9 549.0 | 6653 | 1742 | 3.729 | 27616 [137.2 ]| 16235 | 7840 [28.39| 13.37% | -0.38%
37 | LCV 2-288.2K w. 90%Rh 288.2 629.0 | 7113 | 1534 | 3.284 | 24322 | 169.3 | 15522 | 6875 |28.27 - —
38 | LCV 2-288.2K w. 90%Rh, Sat. 287.2 628.7 | 7133 | 1536 | 3.288 | 24352 | 169.0 | 15534 [ 6866 |[28.19[ -0.13% -0.26%
39 | LCV 2-288.2K w. 90%Rh, 1% OS 287.2 590.9 | 6926 | 1637 | 3.505 | 25956 [ 152.3 | 15905 | 7341 [28.28| 6.78% 0.05%
40 | LCV 2-288.2K w. 90%Rh, 2% OS 287.2 556.2 | 6758 | 1735 | 3.714 | 27506 | 138.1 | 16270 | 7777 |28.27 | 13.12% 0.02%
41 | LCV 2-313K w. 60%Rh 313.0 691.6 | 8244 | 1597 | 3.148 | 23312 | 181.0 | 15859 | 6018 |25.81 - e
42 | LCV 2-313K w. 60%Rh, Sat. 305.4 678.8 | 8155 | 1634 | 3.221 | 23855 | 174.6 | 15982 | 6194 |2596| 2.92% 0.58%
43 | LCV 2-313K w. 60%Rh, 1% OS 305.4 639.4 | 7872 | 1750 | 3.449 | 25543 | 156.4 | 16360 | 6738 |26.38| 11.98% 2.20%
44 | LCV 2-313K w. 60%Rh, 2% OS 305.4 605.2 | 7685 | 1856 | 3.659 | 27098 | 141.7 | 16725 | 7184 |26.51 | 19.39% 2.71%
45 | LCV 2-313K w. 90%Rh 313.0 699.6 | 8648 | 1626 | 3.206 | 23739 | 175.9| 16243 | 5969 |25.14 - -
46 | LCV 2-313K w. 90%Rh, Sat. 311.2 696.2 | 8616 | 1636 | 3.225 | 23885 [174.2 | 16275 | 6023 [25.22] 091% 0.29%
47 | LCV 2-313K w. 90%Rh, 1% OS 311.2 656.5 | 8305 | 1754 | 3.457 | 25604 | 155.8 | 16655 | 6596 |25.76 [ 10.51% 2.46%
48 | LCV 2-313K w. 90%Rh, 2% OS 311.2 622.2 | 8096 | 1862 | 3.670 | 27182 [141.0 | 17023 | 7065 [25.99| 18.36% 3.37%
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Table 4.3 Design data for varying TIT. All cases are conducted with a pressure ratio 12,

compressor and turbine adiabatic efficiencies of 88%, and 20Kg/s of air flow rate.

The net

power of each case is graphed in Figures 13a and 13b to show the results of changing TIT. The

power and thermal efficiencies are compared with the first case in each category separated with

alternating gray shade.

Amb. | Rel. Net Net
Temp. |Hum.| TIT |Fogging| Fuel | Power | Efficiency | Fuel | Power |Efficiency
X)) | (%) | (K) (KW) (%) (KW) (%)
288.2] 60 [ 1400 Dry NG 6278 30.00 NG 6278 30.00
288.2] 60 | 1400 Dry |LCV 1| 7748 26.86 LCV2 | 6915 28.50
288.2[ 60 | 1350 Dry |LCV 1| 6966 26.74 LCV2 | 6295 28.36
288.2[ 60 | 1300 Dry |LCV 1| 6223 26.54 ILCY
288.2] 60 | 1400 Sat  |[LCV 1| 7817 26.82 LCV 2| 6976 28.45
288.2] 60 | 1350 Sat  |[LCV 1| 7032 26.70 LCV2 [ 6353 28.31
288.2| 60 [1300 Sat |[LCV 1| 6285 26.50 LCV 2| 5744 28.10
288.2] 60 | 1400 | 1% OS |[LCV 1| 8348 26.88 LCV 2| 7452 28.52
288.2] 60 | 1350 | 1% OS [LCV 1| 7539 26.78 LCV 2| 6813 28.41
288.2] 60 | 1300 | 1% OS [LCV 1| 6769 26.61 LCV 2| 6190 28.23
288.2[ 60 | 1250 | 1% OS |[LCV 1| 6038 26.37 LCV 2 | =mmmomm | mmmeeee
288.2]| 60 | 1400 | 2% OS |[LCV 1| 8787 26.77 LCV 2| 7840 28.39
288.2] 60 | 1350 | 2% OS |[LCV 1| 7955 26.67 LCV2 ]| 7185 28.28
288.2] 60 | 1300 | 2% OS |[LCV 1| 7164 26.51 LCV 2| 6548 28.11
288.2] 60 |1250 | 2% OS |[LCV 1| 6412 26.27 LCV 2| 5927 27.86
288.2[ 90 | 1400 Dry |LCV 1| 7709 26.66 LCV2 | 6875 28.27
288.2[ 90 | 1350 Dry |LCV 1| 6924 26.52 LCV2 | 6251 28.11
288.2[ 90 | 1300 Dry |LCV 1| 6177 26.30 ILCY 2
288.2] 90 | 1400 Sat |[LCV 1| 7701 26.60 LCV 2| 6866 28.19
288.2] 90 | 1350 Sat  |[LCV 1| 6915 26.45 LCV 2| 6241 28.03
288.2[ 90 | 1300 Sat |[LCV 1| 6167 26.23 LCV2 | --momm | -
288.2[ 90 | 1400 | 1% OS |[LCV 1| 8231 26.68 LCV 2| 7341 28.28
288.2[ 90 | 1350 | 1% OS |[LCV 1| 7421 26.55 LCV2 | 6700 28.14
288.2[ 90 | 1300 | 1% OS [LCV 1| 6651 26.36 LCV 2| 6076 27.93
288.2[ 90 | 1250 | 1% OS |[LCV 1| 5919 26.08 BeVe | e | e
288.2] 90 | 1400 | 2% OS [LCV 1| 8721 26.67 LCV 2| 7777 28.27
288.2] 90 | 1350 | 2% OS [LCV 1| 7887 26.56 LCV2 [ 7121 28.15
288.2] 90 [1300 | 2% OS |[LCV 1| 7095 26.39 LCV 2| 6482 27.96
288.2] 90 [1250 | 2% OS |[LCV 1| 6342 26.14 LCV 2| 5859 27.70
313 60 | 1400 Dry |LCV 1| 6705 24.19 LCV2 ]| 6018 25.81
313 60 | 1350 Dry |LCV 1| 5932 23.85 LCV 2 | =mmmomm | mmmeeee
313] 60 | 1400 Sat |LCV 1| 6897 24.32 LCV2 | 6194 25.96
313] 60 | 1350 Sat |LCV 1| 6116 24.00 LCV2 | -mmmomm | =mmeee-
313] 60 | 1400 | 1% OS [LCV 1| 7491 24.67 LCV 2| 6738 26.38
313] 60 | 1350 | 1% OS |[LCV 1| 6686 24.41 LCV 2| 6090 26.10
313] 60 | 1300 | 1% OS |[LCV 1| 5922 24.07 LCV 2 | =mmmomm | mmmeeee
313] 60 | 1400 | 2% OS [LCV 1| 7983 24.78 LCV2 | 7184 26.51
313] 60 [ 1350 |2%OS [LCV 1| 7155 24.55 LCV 2| 6520 26.27
313] 60 | 1300 |2%OS [LCV 1| 6369 24.25 LCV 2| 5874 25.94
313] 90 | 1400 Dry |LCV 1| 6668 23.63 LCV 2| 5969 25.14
313] 90 | 1350 Dry |LCV 1| 5876 23.22 ILCY
313] 90 | 1400 Sat  |[LCV 1| 6727 23.69 LCV 2 [ 6023 25.22
313 90 | 1350 Sat |LCV 1| 5932 23.30 LCV2 | -mmomm | =mmeee-
313] 90 | 1400 | 1% OS [LCV 1| 7351 24.15 LCV 2| 6596 25.76
313] 90 | 1350 | 1% OS [LCV 1| 6532 23.83 LCV 3| 5935 25.42
313] 90 | 1300 | 1%OS |[LCV 1| 5755 23.42 LCV 4 | -mmomm | mmmeee-
313] 90 | 1400 | 2% OS [LCV 1| 7866 24.34 LCV 2| 7065 25.99
3131 90 | 1350 |2%OS [LCV 1| 7023 24.07 LCV 2| 6387 25.69
313] 90 | 1300 | 2% OS |[LCV 1| 6225 23.70 LCV 2| 5729 25.31
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4.2 Analysis of Compressor Performance by Stage-to-Stage by Equilibrium Stacking
Method

The studied compressor has 8 stages. The ISO condition (59°F and 60% Relative
Humidity) is used as the design case, and the diameters (hub and tip diameters) are determined at
the design condition. The axial velocity (150 m/s) is designed as a constant value throughout the
compressor with the following parameters: rotor speed (12,000 RPM), rotor turning angle (12°),
inlet pressure (latm), and isentropic stage efficiency (92%). Note that the axial velocity for non-
baseline cases will change due to changed mass flow rate. The wet compression process is
represented by a cooling polytropic process with a polytropic index (k) of 1.36. A 2D
compressor airfoil geometry and stage setting at the mean radius are employed. The detailed
stator and rotor information are given in Table 4.7. All the general assumptions are listed below:
1. Constant inlet axial velocity (or inlet flow coefficient) -- The compressor is assumed to

behave as a constant-volume-flow-rate device at the inlet when the rotating speed is

fixed, so the inlet axial velocity maintains constant. When fogging is applied, the volume
flow rate at the inlet does not change although the mass flow rate increases due to
increased air density. Therefore, it is important to realize that the inlet velocity
maintaining a constant does not mean the mass flow rate maintains constant at the inlet.

Once the mass is determined at the inlet, the mass flow rate (plus the overspary mass)

maintains constant throughout the entire compressor, and the volume flow rate will

change at different stages.

2. The mean diameter was designed the same for all the stages.

3. All the losses are assumed to occur in the rotor. There is no loss in stator, and the stator
is assumed adiabatic (i.e. isentropic), so the stagnation property values are the same at the
inlet and exit of stators.

4. Property values (e.g. density, enthalpy) of mixture are calculated by mass-weighted
average method, similar to the process described by Young (1995).

5. Equation of state holds true for all conditions.

6. The system is assumed in thermodynamic equilibrium for droplet evaporation, i.e. water
evaporation is governed by only thermodynamics per saturation requirement in each

stage, although in reality, water evaporation is also governed by heat and mass transfer.
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7. The water droplets are assumed incompressible, so the multi-phase flow can be
represented by the polytropic process of moist air (dry air plus water vapor) with an
equivalent polytropic index, k. Klepper et al. (2004) showed that k is approximately 1.36

for a wide range of air water mixture.

Six cases are studied with the ISO condition being the baseline; one was studied on a hot
day, one was studied on the same hot day with saturated cooling, and the other three cases were

studied employing water spray in different locations at the inlet and inside the compressor:

Case 1:  Designed baseline case at ISO condition (288K and 60% RH).

Case 2:  Under hot weather at 300K and 60% RH

Case 2S: Saturated (0.245%) spray at the 1% rotor inlet at 300K and 60% RH.

Case 3: 2% overspray at the 1% rotor inlet at 300K and 60% RH

Case4: 2% over spray at stage 1 rotor inlet at 300K, 60% RH and 1% at stage 3 stator inlet
Case 5: 2% spray at stage 1 rotor inlet at 300K and 60% RH and 1% at stage 4 rotor inlet

In this study, the term "fogging" indicates the action of generating the fog. Depending on
the amount of the injected water, "saturated fogging" (Case 2S) implies the process of saturating
the air to 100% relative humidity and "overspray" implies the process of injecting more than the
water amount required to achieve saturated air. Strictly speaking, a 1% overspray implies the
amount water that weighs 1% of the dry air flow is injected in addition to the amount required to
saturate the air. However, for simplicity, overspay fogging also includes saturated fogging in this
study. For example, 2% water overspray with an ambient condition of 300K and 60% RH
implies that 0.245% water is needed to saturate the air and (2 — 0.245) = 1.755% is actually used
for overspray. In this study, “dry” air means no water vapor in the air (RH=0); “moist” air means
air contains water vapor but not water droplets (RH>0); and “wet” air means air contains water
droplets. The term “dry compression” has been used by industry to indicate compression of dry
or moist air with no water droplets. Although it is a misnomer because the air is not completely
dry, this study adopts it nonetheless by following industry practice.

In the simulation of the Case 1 (designed case), the axial velocity is kept as a constant in

each stage by adjusting the flow area (i.e. hub and tip diameter) The variation of hub and tip
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diameters in different stages is shown in Fig. 4.12. For the cases of inlet fogging or interstage
fogging, the designed geometry is unchanged; the local flow velocity vector, thermal properties,
rotor loading condition of each stage are calculated by the stage-stacking scheme. An example
showing the effect of fogging on velocity diagram is illustrated in Fig. 4.13 by juxtaposing the
velocity diagrams of Stage 2 in Cases 1, 2 and 3 for comparison. The following changes are

observed:

a. All the velocity directions and magnitude are changed. For example, the absolute rotor inlet
velocity changes from purely axial direction to deviating 0.42° for Case 2, —0.26° for Case
2S, and 1.975° for Case 3 from the axis. Interstage spray of Cases 4 and 5 further increases

the incidence angles until the water droplets evaporate.

b. The flow coefficient (¢ = V,/U) increases 3% for Case 2, decreases 2.3% for Case 2S, and
24% for Case 3, while the rotor work coefficient W increases 1.5% for Case 2, decreases

3.3% for Case 28, and decreases 17% for Case 3.
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Figure 4.12 Designed compressor tip and hub diameters (the numbers on the top of the curves

represent the stage numbers)
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Deviation of axial velocity

Deviation of axial velocity
for off-design

Figure 4.13 Velocity diagram for cases 1 and 2 in second stage

4.2.1 Effect on Static Temperature
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Figure 4.14 Static temperature variations: overspray induces an excessive reduction of static
temperature
Figure 4.14 shows the static temperature variation in different stages. The temperature for
Case 2 is higher than Case 1 in every stage. Saturated fogging (Case 2S) results in temperature
reduction in every stage from Case 2 with a reduction of 6°C, 2°C, and 3°C for the first three
stages and 2°C, 3°C, and 4°C for the final three stages, respectively. Overspray (Case 3)
significantly reduces the static temperature due to absorption of latent heat during water

evaporation. When 2% overspray is applied only at the entrance of the first stage, the
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temperature drops 6°C, 32°C, and 60°C in the first three stages respectively and maintains an
almost constant value for the first three stages before the completion of evaporating all the water
droplets.

When an additional 1% overspray is applied at the 3" stage stator (Case 4), the
temperature drops further to 30°C below the same stage temperature in Case 3 and 91°C below
Case 2. When an 1% overspray is applied at the 4™ stage rotor, the temperature drops further to

26°C below the same stage temperature in Case 3 and 76°C below Case 2.

4.2.2 Effect on Pressure, Pressure Ratio

Local pressure ratio variations of each stage are shown in Fig. 4.15. When overspray is
applied in the first stage (Case 3), the local pressure ratio experiences a significant drop from 1.4
to 1.1 due to excessive reduction of temperature. This is very different from the condition in
saturated fogging case (Case 2S), which the pressure ratio actually increases from 1.4 to 1.44.
Not until the third stage when most of the water droplets vaporize, does the local pressure ratio
of Case 3 outperforms Cases 1, 2 and 2S. A further spray of water at stage 3 stator in Case 4
keep the local pressure ratio low at stage 3, but the pressure ratio quickly increases afterwards.
Case 5 delays the additional spray to stage 4 rotor and shows a similar trend as in Case 4: the
local pressure ratio reduces immediately after spray due to excessive cooling and rises quickly

afterwards.

2.0

—o—Case 1
—a—Case 2
—a— Case 2S
—»%—Case 3
—x%— Case 4

Stage Pressure Ratio

Figure 4.15 Stage stagnation pressure ratio variation: overspray results in a reduction of local

pressure due to an excessive temperature drop, followed by a splurge of pressure rise
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Figure 4.16 Cumulative compressor stagnation pressure ratio variation

Figure 4.15 shows interesting local pressure ratio changes in response to local water
spray; whereas Fig. 4.16 shows the overall pressure ratio variations (the integration of the local
stage pressure ratio in Fig. 4.15) for all cases. The pressure ratios of no-fogging Cases 1 and 2
are lowest at 7.45 and 7.23, respectively. Saturated fogging, Case 2S, is shown to achieve the
highest overall pressure ratio (8.6), followed by Cases 3, 4, and 5 at 8.42, 8.0 and 7.9,
respectively. Increasing pressure ratio due to fogging tends to push the compressor operation

towards surge stalling line.

4.2.3 Effect on Density

Generally the density increases when fogging is applied due to reduced temperature and
the presence of moisture in the air. We are surprised to discover that this general rule only
applies to saturated fogging in dry compression; however, it does not apply to the wet
compression process with overspray. For example, Fig. 4.17 shows that the density unexpectedly
decreases with the overspray in Cases 3,4, and 5. A further investigation reveals the following
reason: When overspray is applied, temperature drops significantly (70 - 90°C) due to water
evaporation. This excessive temperature reduction results in a significant reduction in pressure.
Pressure usually reduces more than the temperature as it can be seen in the polytropic relation
that PT¥®V = Constant, i.e. P o« T®"" Take k = 1.36 for moist air for example, so k/(k-1) =

3.78, which means if the temperature reduces 10%, the pressure will reduce for 33%. Based on

121



the ideal gas law p ~ P/RT, the density reduces instead of increasing. Although the air receives
more water vapor when water droplets vaporize, the slightly increased density due to water
evaporation is not large enough to compensate for the density reduction due to temperature-

induced pressure reduction.

Density (kg/m?)

Stage #

Figure 4.17 Density variation

4.2.4 Effect on Velocity and Flow Coefficient

In the baseline case (Case 1), the axial velocity at each rotor inlet is designed as the same
value throughout the compressor. Recall that the algorithm assumes that the compressor
performs as a constant-volume flow rate device at the compressor inlet. Once the mass flow rate
is established at the inlet, the mass flow is conserved throughout the entire compressor, and the
volume flow rate will be adjusted according to the local flow area and density variations.
Therefore, all the cases have the same axial velocity at the inlet only. When the ambient
temperature rises in Case 2, the density reduces, so the mass flow rate reduces at the inlet. The
reduction of density (from Case 1 to Case 2) continues along the compressor results to an
increase of axial velocity in Case 2 as shown in Fig. 4.18. When saturated fogging is applied, the
above trend is reversed. The air density increases and mass flow rate increases at the inlet. The
increase of density (from Case 1 to Case 2S) continues along the compressor, which results in a

decrease of axial velocity as shown in Fig. 4.18. However, when overspray is applied, excessive
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cooling produces an appreciable reduction of pressure (Fig. 4.15), which in turn, results in a
reduction in density (see previous explanation in the section of density). Therefore, the air
velocity increases. The variation of inlet velocity at each stage is shown in Fig. 4.18. Significant
variations are found in Stages 2 to 5 in Cases 3, 4, and 5, due to the presence of interstage water
spray at these stages. Once the water droplets vaporize, the variation trend approaches those of
Cases 1 and 2. This velocity change is reflected on the flow coefficient (¢) variations in Fig.
4.19. When overspray is applied at the first stage, the flow coefficient continuously increases up
to Stage 3 for Cases 3, 4, and 5 as evaporation has not completed before Stage 3. Once the water
completely evaporates, the flow coefficient decreases and approaches Cases 2 and 2S in 6", 7",
and 8" stages. This trend is coherent with the results obtained by White and Meacock (2004).
They showed that the flow coefficient (¢) increases till third stage and then decreases and gets
lower than the dry compression. Combining the information obtained in Figs. 4.17 and 4.19, the
result shows that the flow coefficient must significantly increase to accommodate more mass
flow rate contributed by overspray especially when the density reduces, rather than increases,
after overspray is applied. Whereas, in saturated fogging (Case 2S), no additional mass is added
after the compressor inlet and density is persistently higher, so the flow coefficient is low. The

striking difference between the saturated fogging and overspray is clearly seen in Fig. 4.19.

Inlet Velocity (m/s)

Figure 4.18 Inlet velocity (actual magnitude) variations at each stage
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Figure 4.19 Flow coefficient (¢) variations. Note the striking difference between saturated

fogging (case 2S) and overspray (cases 3, 4 and 5).

4.2.5 Effect on Compressor Power

Changes in compressor power consumption and compressor blade loading are important
issues related to fogging. Specific work (kJ/kg) will be discussed separately first via work
coefficient (W), followed by stage and integrated power (kW) including the effect of increased
mass flow. Figure 4.20 shows the rotor work coefficient ('), which reflects the specific work
normalized by the rotational kinetic energy without including the effect of mass flow rate. This
value increases 5-10% when ambient temperature increases 12°C (21.6°F) in Case 2 and
decreases as expected when overspray is applied (Cases 3, 4 and 5). Since the rotor work
coefficient is deemed as the specific work of each stage normalized by the rotating kinetic
energy, the effect of additional water (vapor) mass is therefore not included. Although the inlet
velocity does not change for different cases due to the constant-volume flow rate nature of the
compressor, the mass flow rate changes, and therefore, the rotor work co-efficient changes from
the very first stage for different cases. It is puzzling to see that overspray reduces the stage work
in the early stages, but it significantly increases the work in the later stage. This is in contrast to
conventional wisdom that says fogging/overspray can reduce temperature and reduce the
compressor’s work. This issue will be further investigated and discussed later after the issue of

mass flow rate is examined.
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When mass flow rate is considered, the required compressor power is shown in Figs. 4.21
and 4.22. The curve patterns in Fig. 4.21 are similar to those in Fig. 4.20, but there are some
minor differences. For example, the rotor work coefficient of Case 2 in Fig. 4.20 is higher than
Case 1 because more specific work is required to compress hotter air based on an equal amount
of mass flow rate. Whereas, in Figs. 4.21 and 4.22 the power for Case 2 is almost the same as
Case 1 downstream of stage 2 because the hotter air in Case 2 carries less mass flow rate
(25.77kg/s for Case 2 vs. 26.91kg/s for Case 1) and requires less compressor power. The reduced
mass flow rate self-compensates the reduced compressor efficiency resulting in an almost
identical compressor power. Therefore, the effect of mass flow rate is not obvious for Cases 1
and 2 due to this self-compensation effect. Saturated fogging of Case 2S actually brings Case 2
from hot environment to an almost identical condition to ISO case with a mass flow rate of 26.25
kg/s and a power consumption of 7.905 MW, which is the second least among all cases. Similar
to its effect on the stage variation of rotor work coefficient (or specific work), overspray reduces
the stage power in the earlier stages (1 and 2) but significantly increases the stage power in the
later stages. The conventional belief that fogging can reduce the compressor power is violated in
the cases of overspray and comes as a surprise. A more thorough investigation is therefore
launched and described in detail below.

Figure 4.23 shows a traditionally textbook-like p-v diagram for an ideal Brayton cycle. If
the inlet temperature is cooled from state 1" to 1, the compressor specific work can be
qualitatively shown as the area enclosed by the curve and the ordinate axis and is reduced from
area 1'-2'-b'-a' to area 1-2-b-a. Indeed many papers have shown fogging/overspray reduces
compressor specific work such as the recent papers shown by Li and Zheng (2004), Payne and
White (2008), Bagnoli et. al. (2008 a, b) and Bianchi et. al. (2007) including the earlier study
presented by the author. After further investigation, the discrepancy is explained by the
following reason: the theoretical GT cycle diagram shown in Fig. 4.23 is plotted by assuming the
pressure ratio maintains at a constant value. In this study, the pressure ratios increase as fogging

is applied as shown in Fig. 4.16. Case 2S gives the highest pressure ratio of 8.6.
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Figure 4.21 Variation of compressor stage power
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Figure 4.22 Variation of compressor integrated power
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Fig 4.23: P-v diagrams for the Brayton cycle. (a) Inlet saturated cooling with a constant pressure
ratio. (b) Theoretical representation of cases 2, 3, 4 and 5. The shaded area represents the double

compression work due to the interstage spray.

For a clear illustration, Fig. 4.24 is plotted to show a theoretical representation of the
process of Case 3 (1-2" for inlet overspray) and Case 4 (1-c-d-2" for inlet overspray + interstage
spray) on a p-v diagram. It shows that compressor specific work actually increases due to the
extra area enclosed by the additional compressor discharge pressure for Cases 28, 3, 4, and 5. In

addition, especially for interstage cooling in Cases 4 and 5, extra work takes place due to the area
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enclosed by 1-c and d-2". The process c-d shows that the pressure drop is due to additional
evaporation. A portion of the shaded area represents the extra power needed for "recompressing"
the gas with reduced pressure due to local spray and should be counted twice. If this additional
power for pressure increase is more than the savings due to overspray, the total compressor
power will increase._This happens for Cases 3, 4, and 5 in this study, but not for Case 2S. The
actual process is shown in Figs. 4.24 and 4.25. Note that the p-v diagram shows the specific
work, which is independent of the mass flow rate, so the added mass due to fogging does not
enter into discussion here. The added mass due to water overspray will further exert a negative
impact on the compressor’s work as shown in Fig. 4.25. The difference of specific work and
power is revealed clearly in Case 2S, where the specific work (249 kJ/kg) is less than that of
Case 2 (251 kJ/kg), whereas the power for Case 2S (7.095 MW) is more than that of Case 2
(7.078) due to increased mass flow rate in Case2S.

This additional workload due to overspray also exerts an increased loading requirement
to the later stage of the compressor blades as previously shown in Fig. 4.20. In terms of the
velocity diagram, Fig. 4.18 shows and explains that axial velocity increases, as does the inlet
velocity at each stage, which increases the difference between the tangential components of the
inlet velocity. The increase of the tangential component of velocity can increase the workload of
local stage by 100% (e.g. see Stage 4 in Fig. 4.18). This significant increase of local blade
loading could possibly induce rotating stall and push the overall compressor operation toward the
surge limit.

Since both pressure ratio and compressor power increase after overspray fogging is
applied, it would be interesting to find out under which conditions, with or without fogging,
produce pressure more effectively by comparing the ratio of compressor power/ pressure ratio:
P./rp.

The data in Table 4.6 show the ratio of the compressor power to pressure ratios are 882,
894, 759, 868, 972, and 979 (kW) for Cases 1-5, respectively. Case 2S with the saturated fogging

at the GT inlet is most effective among the six cases. Interstage fogging is the least effective.
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Figure 4.24 P-v diagram illustration of actual wet compression processes of cases 2 and 3
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Figure 4.25 P-v diagram illustration of actual compression processes of cases 2, 3 and 4. (A

portion of the double compression work is qualitatively shown in Fig. 4.23)

4.2.6 Assessment of using a Constant Shape Factor and the Generalized Compressor

Performance Curve

As stated in Chapters 1 and 2 about the performance charts used by previous researchers

especially Bagnoli et. al. (2008), in this part of the study an assessment of the use of Shape
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Factors (SF) by calculating SF from the current results obtained from known compressor
geometry and settings was made. Recall that implementation of the SF approach is a non-
voluntary option because the compressor performance maps are deemed proprietary by the
manufacturers and generally not available to the public. The concept of SF was introduced by
Cerri et. al. (1993). The value of SF typically varies between -0.5 and 1. The negative SF values
are usually associated with transonic or supersonic stages. Since a detailed stage design for the
compressor is not available, an average SF value is usually assigned to all the stages of a
compressor. However, SF values are closely dependent on the characteristics of each compressor
and vary significantly. Guessing a SF value for a specific engine could incur a large uncertainty
and requires guidance from field test data such as the values shown by Muir et. al. (1989). Anill
assigned (or guessed) SF value will lead to misleading or even completely false results.
Therefore, continuously examining the approach to using SF and providing means to improve it,
if possible, are indispensable.

It should be noted that the SF parameter serves as a “tuning” unknown parameter which
is determined to minimize the mean square error between measured (or available) data on a gas
turbine and the corresponding data computed by the Cycle Program. Only one SF value is
determined for each compressor performance map. When calculate the potential changes of
pressure ratio, flow coefficient, and work function during wet compression, the same shape
factor of dry compression is assumed and is used for each stage such as by Eq. (4.6) below. This
practice implicitly assumes the compressor performance map does not change, and the operating
point of each stage during the wet compressor goes on an excursion within the same compressor
performance map of the dry compression. This assumption may introduce some errors because
Klepper et. al. (2004) showed the compressor performance maps changed with wet compression.
Since the change of local stage during wet compression has been calculated by using a constant
SP in several published papers, we can mathematically back calculate the SP if the operating
condition of the local stage is known. To this end, seeing what the SF values are at each stage of
this study is interesting. Although back calculating the SF for each stage is not the appropriate
way to interpret the function of SF, it is hoped the results of this study will shed some light into
the mysterious SF values and provide opportunities for improving the method of utilizing the

generalized compressor performance curve.
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The procedure for calculating SF value is shown below:

(a)  Shape Factor is formulated in equation (4.6),

* * * * J?
\V* _ \V;ax B (\Vmax _ll‘bwmax +SF(¢Wmax _1)_¢ ] (4.6)

*

[0, +sF(p;, ~1)-1]

This is manipulated as a quadratic equation of SF as:

a.SF?+b.SF+c¢c=0 4.7)

Where, a= -y

\Umax _1
W*max _W* * 2 * )2
o=z 0y, 1) =, -o).
Here, y = YV and o = LA [Where D denotes for Design Value]
D D

V¥ hax 18 the maximum value of all stages

* . .
(1)w is the ¢* value for maximum y* .«

According to Muir et. al. (1989) the SF values are between 0 and 1. The positive root,
which is less than unity found from Eq. (4.6), is acceptable for this study because the stages are
subsonic. Equation (4.6) is an empirical equation, so the SF value calculated from this equation
serves only as a reference value and is subject to further verification. In Eq.(4.6) the normalized
rotor work coefficient has to be greater than unity to find a solution for SF, otherwise Eq. (4.6)
no longer holds true. This is based on the design practice that the design point is optimized and
the off-design condition will require more compressor work. The condition of normalized rotor
work coefficient being greater than unity has made Eq. (4.6) not applicable when inlet or
interstage fogging is used, especially when the rotor work coefficient increases.

The result shows the stage SF value varies between 0.55 and zero for Case 2S, between
0.95 and zero for Case 2 and between 0.6 and -0.05 for fogging Case 3 (See Table 4.6). The

negative SF value at stage 4 in Case 3 implies the air velocity is very high. The large variation of
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SF values from stage to stage and from case to case implies the conventional practice of selecting
a single SF value to represent one specific compressor, especially fogging/overspray, may not be
appropriate and requires improvement. Some of the values of SF are out of range in Table 4.6.
The approach of assigning a single SF value in employing the generalized compressor

performance curve will be a subject for future study.

4.2.7 Overall GT System Analysis

The unexpected result of both increased compressor specific power and total power due
to fogging raised our anxiety concerning finding out its impact on the overall gas turbine output
and efficiency. To this end, the pressure ratio obtained from the stage-stacking result is used as
input to the FogGT program Khan and Wang (2005 & 2006). In addition, the overall compressor
efficiency is calculated from Eq. (4.8) and used by Wang and Khan (2008a) and provided as an
input to FogGT.

rlgk—l)/k 1

Ne =T e — 4.8
r}()k—l)/kn 1 438)

In the meantime, the overall compressor efficiency obtained by Eq. (4.8) is also
compared with the isentropic compressor efficiency defined in Eq. (4.9) as the ratio of isentropic

compressor power (Pcg) and actual compressor power (P.) from stage-stacking result.

Pc

S 4.9
Nes P 4.9)

C

Since FogGT treats the compressor as a black box, the interstage fogging of Cases 4 and 5
cannot be adequately simulated before the stage-stacking scheme is fully incorporated into
FogGT. Hence, only Case 3 is submitted for GT system simulation. The overall GT system
performance and comparison between stage-stacking and non-stacking schemes are shown in
Table 4.4.

First, let us examine the difference between the stage-stacking and FogGT (non-stacking)

results of the overall compressor power. For Cases 1 and 2, the differences are small, at about
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2.2% and 0.74%, respectively. For overspray Case 3, FogGT underpredicts the compressor
power by about 6%. These differences are caused by minor differences of moist air specific heat,
which is kept as a constant value of 1.38 during stage-stacking calculation as well as in Eq. (4.8)
Nonetheless, FogGT, similar to the stage-stacking scheme, also calculates higher compressor
power (P;) and specific work (W.) for Case 3 than non-fogging cases (1 and 2). Although
ovespray requires more compressor power, it also produces higher pressure ratio. Therefore, to
fairly evaluate the compressor performance, comparison of the power consumed by raising per
unit pressure ratio is made. In Table 4.4, Case 3 shows improved compressor effectiveness by

about 3% from Case 2 (0.97MW vs. 0.94MW per unit pressure ratio).

Table 4.4 Comparison of stage-stacking and non-stacking results for compressor and the GT

system.
Cases Casel | Case2 | Case2S| Case3
Non-stacking 540.2 562.8 581.4 520.4
CET (K) Stacking 541.9 557.9 551.1 533.4
We (kJ/kg) [Non-stacking] 259.4 274.7 301.9 286.3
We (kJ/kg) [Stacking] 265.3 272.6 270.2 297.6
Specific Works |W; (kJ/kg) [Non-stacking] 11.39 11.52 12.57 13.72
W, (kJ/kg) [Non-stacking] 592.2 592.1 633.7 648.5
W (kJ/kg) [Non-stacking] 321.4 305.9 319.3 348.4
Non-stacking 6981 7078 7905 7497
P. (kW) Stacking 7139 7026 7093 7948
% of difference 2.26% | -0.74% | -10.3% | 6.01%
P; (kJ/kg) [non-stacking] 306.5 296.9 329.2 359.4
P, (kJ/kg) [non-stacking] 15935 15259 16594 16981
Non-Stacking 8648 7883 8360 9124
P, (KW) Stacking 8490 7936 9172 8674
% of difference -1.83% | 0.67% | 9.71% | -4.94%
Air flow rate (kg/s) 26.91 25.77 26.19 26.19
Inlet Air Density (kg/m’) 1.222 1.170 1.193 1.213
Fuel flow rate (kg/s) 0.5787 | 0.5484 | 0.5484 | 0.6059
Thermal Efficiency [Non-stacking] 29.86% | 28.73% | 30.46% | 30.09%
Overall From Pc/Pc 87.53 90.22 99.78 84.48
Compressor |From Eq.3 89.51 89.55 89.53 89.56
Efficiency (%) |% of difference 2.26% | -0.74% | -10.3% | 6.01%
Pressure Ratio [Stacking] 7.45 7.23 8.59 8.42
Power/Pressure Ratio (kW) [Stacking] 958.4 971.9 825.4 943.8

(Net output power = Turbine power -fuel pump power -compressor power)

In Table 4.4, the compressor efficiency defined by Eq. (4.8) shows the compressor
efficiency is not affected by overspray (89.55% vs. 89.56%). However, the isentropic efficiency
defined by Eq. (4.9) shows a significant decrease from 90.22% to 84.54% due to fogging. It
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seems puzzling why fogging results in such a big reduction of isentropic efficiency. A further
investigation discovered that the referenced isentropic power for each case is different because
the inlet temperature is different. The overspray case (Case 3) is based on a lower isentropic
power than nonfogging case (Case 2). Hence, the isentropic efficiency reduces. Therefore, the
most fair way for comparing the compressor effectiveness still goes back to the last row in Table
4.4, as Pc/p;.

Regarding the turbine output, both the specific turbine output work (W) and the total
turbine power (P;) increase, resulting in a significant net GT output power increase of 15.7% for
Case 3. Most people attribute the increased net GT output power to the increased mass flow rate
for overspray cases. Actually, most of the credit should be given to the specific network output
increase, which already contributes up to 14.1%. If the specific net output work were not
increased much, we then could conclude that the increased net output is attributed to increased
mass flow rate. Increased mass flow rate is not the major cause of increased GT output power
because increased mass flow rate also contributes to increased consumption of compressor
power. Despite the significant increase of GT net output power, the efficiency only increases 1.2
percentage points (or 4.7%). If the compressor power calculated by stage-stacking scheme is
used for output power and efficiency calculation, the output enhancement will be 9.35%, and the

thermal efficiency will be almost the same.

4.2.8 Comparison with Previous Studies in Compressor Power Consumption and Compressor

Efficiency for Wet Compression

The present result of reduced isentropic compressor efficiency due to wet compression is
consistent with Sanaye et. al. (2006) Abdelwahab (2006), and Roumeliotis and Mathioudakis
(2007), but inconsistent with Bagnoli et. al. (2008 a, b). The present result of increased
compressor power consumption due to wet compression is consistent with Bagnoli et. al. (2008
a) and Roumeliotis and Mathioudakis (2007), but inconsistent with Sanaye et. al. (2006)
Abdelwahab (2006). The present result of increased specific compressor power due to wet
compression, to the authors' knowledge, has not been presented by other researchers in the open
literature. A recap of previous studies are summarized below:

Bagnoli et. al. (2008 b) used the Shape Factor for the calculation, but they did not

mention the criteria for its selection. The shape factor determined the stage efficiency and
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constant shape factor were used for all stages. Their results showed that compressor power
increased with an increase of injected water and efficiency also increased with an increase of
injected water. Sanaye et. al. (2006) also used constant shape factor value to calculate each stage
performance and showed that the pressure ratio increases with an increase of injected water
amount. Their results showed that both the compressor efficiency and compressor power
decrease with an increase of injected water amount. Abdelwahab (2006) showed a shift in peak
efficiency to higher flow rates as well as deterioration in the peak efficiency as the water
injection rates increase. His results showed that stage speed increased due to water injection to
achieve higher design pressure ratio. Both the power reduction capability and the polytropic
efficiency decrease with the increase of the stage pressure ratio.

It is encouraging to know that the present results are supported by the recent experimental
results from Roumeliotis and Mathioudakis (2007). They showed that the compressor power
increased by water injection and the increased compressor power was linear with the quantity of
water entering the stage. As a result, the compressor isentropic efficiency decreases linearly with

the amount of water injected.

4.2.9 Summary on Equilibrium Method

Investigation on six fogging and non-fogging cases with equilibrium stage-stacking

scheme gives the following result:

(a) The compressor performance of saturated fogging (dry compression) is strikingly
differently from overspray (wet compression). The stage pressure ratio enhances during
all fogging cases as does the overall pressure ratio. With saturated fogging (no
overspray), the compressor achieves the highest pressure ratio and requires less specific
compressor work than without fogging. However, the results of overspray and interstage
spray unexpectedly show that both the specific and overall compressor power do not
reduce but actually increase. Analysis shows this increased power is contributed by
increased pressure ratio, and for interstage overspray, '"recompression" contributes to

more power consumption.
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(b)

(c)

(d)

(e)

()

(2

(h)

Saturated fogging (Case 2S) brings down the specific compressor work from a hot
ambient condition (Case 2); however, due to increased mass flow, the overall compressor
power increases.

It is unexpected to see that air density actually decreases, instead of increases inside the
compressor with overspray. Analysis shows that overspray induces an excessive
reduction of temperature which leads to an excessive reduction of pressure, so the
increment of density due to reduced temperature is less than decrement of air density
affected by reduced pressure as air follows the polytropic relationship. In contrast,
saturated fogging results in increased density as expected.

The compressor power/ pressure ratio values show that saturated fogging is most
effective in producing pressure ratio, whereas interstage fogging is least effective.

The local blade loading significantly increases immediately after the interstage spray. In
this study, a 2% interstage fogging can increase the local blade loading up to 100%. This
significant increase of local blade loading could induce rotating stall locally near the
spray location.

Overspray increases axial velocity, flow coefficient, the blade inlet velocity, the
incidence angle, and the tangential component of velocity. Saturated fogging results in
opposite phenomena.

Shape factor used in the generalized compressor performance curve varies throughout the
compressor stages in the present study. Therefore, using one single shape factor value
throughout the compressor may not be adequate, nor is it appropriate to use the same
shape factor value for both dry and wet compression.

Using the pressure ratio obtained from stage-stacking scheme to calculate the overall GT
performance shown non-stage-stacking system simulation could underpredict the

compressor power by about 6% and net GT output by about 2% in 1% oversprayed case.
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Table 4.5 Detailed stage-stacking data (pressures, temperature, velocity, flow coefficient, Mach
numbers and density) for all cases. (Shaded areas represent the stator in corresponding stage and

the non-shaded rows represent rotor stages.)

Stagnation Pressure (kpa) N Static Pressure (kpa) N Static Temperature (K) - Density (kg/m®
£ se 1| Case 2 [Case 28] Case 3 ed4] Cases 2T Case 1] Case 2 [Case 25[ Case sed | Case 5 S Case 1] Case2[Case 2S[ Case 3] Case 4] Case 5 £ e 1] Case 2[Case 28] Case “ase 4 se 5
1 5 15.1 6 6 6 1 0 3 1 1 1 1 88.0 4 4 4 1 25 174 6 1 1
1.5 57.4 7 4. 4. 1.5 B 2 7. 7 7. 1.5 5.2 B - - 1.5 4879 4 - 1 B 0 0
2 57.4 7 4 4. 2 7 7. 7 2 1.7 » » » 2 5656 4 .
2.5 11.7 7. 7. 2.5 K 4 2.5 8. X - 2.5 8561 7 -
3 11.7 7 7. 3 K 3 6 K 2 B 3 9717 yi 2845 4.
3.5 88 79. 4 B 3.5 4 5 3.5 80. K 9 . 3.5 2688 K 9 0
4 88 7! 4 4 5 B 4 B . 4 - K 2 7
4.5 71 K 7 4.5 -8 4.5 5. 6. 4 4.5 Wi K 8
5 7 75.7 S 7 5 0 3 5 9 5674
5.5 5.5 2 5.5 9. 1. 3 5.5 2 4 011 6811 |
6 5 7 6 4 8 4 6 4 7. 2 6 4 14 117 8 7705
6.5 B 5. N 6.5 9. 7 B 4 6.5 2. 66. i 6.5 7637 7 669 4 3437
7 5 575 7 517 524 6. 7 7. 72 7 8 795 5. 4531
7.5 689 7239 X 7.5 615 . 638 82. 7.5 5. 9 00. 7.5 049 358 Al 0636
8 7 [3 723.9 0.0 | 8 636 7 667 2 606.8 | 8 5 530.3 6 506 8 147 4 502 2 1882 |
8.5 861 831, K 893.7 . 835. 8.5 . 748 899. 796! 2. 7374 8.5 541 7.9 551 533. 8.5 634 63 Al .8 8047 |
Inlet Velocity (m/s) - Absolute Mach Number N Relative Mach Number N Flow Cocfficient (®)
£ e “ase 2 [Case 28] Case ase 4] Case Bl case1[Case2]Case 25[ Case 3 [ Case 4 [ Case 5| |° ase 1] Ca Case 25[ Case ed4]Cases] |° Case 1| Case 2 [Case 28| Case3 | Case 4 | Case s
1 5 00 5 0 5 1 4 31 5 1 3 4 4 4 1 5 52 52 2
1.5 40 4 9 1.5 07 1.5 1 0. 80, 1.5 5 K 61
2 57 9 7 9 2 22 2 91 9 2 5 64
2.5 .16 17. .59 17 2.5 88 K 2.5 1 91 2.5 .73
3 48 47. 4 7 4 3 3 5 5 3 7 79 7
3.5 35 15.1 . 5.12 3.5 3.5 0. 4 3.5 S 7 87 7
4 27 0 493 4 4 1 1 2 4 5 7 96 8
4.5 14 30 4.5 45 4.5 ¥ 7 733 N 4.5 B 53 B S 69 7
5 79 4 5 6 6 5 4 7 20 5 55 8 58 74 7.
5.5 93 1 5.5 3 S 1 5.5 25, S 544 98 5.5 .46 S 6
6 75 2 6 4 7 4 6 7 7 757 31 6 7 7 7
6.5 4 5 6.5 7 6.5 .5 .5 524 .5 5. 6.5 .46 .53 8
7 4 3 4.57 7 7 7 7 730 7 7 7 7 4 6
7.5 B 80.83 89. 9 97.21 7.5 5 413 1.5 .5 .5 [ 0.508 .4 52 5 7.5 45 .51 559
8 35.57 53 6 6594 8 7 5 3 1 8 7 707 707 699 72 7 8 6 3 577
8.5 K B 80.27 87. 92. 9345 8.5 3 401 1 3 8.5 504 492 492 476 49 502 8.5 .44 0. 541
Table 4.6 Detailed stage-stacking data (work, flow, shape factor) for all cases
Stage Stage Pressure Ratio Stage Rotor Work Coefficient St Stage Isentropic Power (KW)
8 Case 1] Case 2 |Case 2 Case 3| Case 4| Case 5 8 Case 1| Case 2 |Case 2§ Case 3| Case 4| Case 5| ““[case1 | Case 2|Case 2§ Case 3 | Case4 | Case S
1 1.398 | 1.368 ] 1.438 | 1.077 | 1.077 | 1.077 1 0.737 ] 0.718 ] 0.761 | 0.514 ] 0.514 | 0.514 1 ]-821.0]-766.4] -826.8| -567.9 | -567.9 | -567.9
2 1.355 | 1.345] 1.392 | 1.112 | 1.112 | 1.112 2 10.737 ] 0.747 | 0.766 | 0.612 | 0.612 | 0.612 2 |-821.0]-797.3|-832.3| -677.3 | -677.3 | -677.3
3 1.318 | 1.320 ] 1.350 | 1.655 ] 1.112 | 1.655 3 0.737 ] 0.768 | 0.761 | 1.119 ] 0.753 | 1.119 3 1-821.0]-818.9]-827.6] -1237.4| -832.5 | -1237.4
4 1.288 | 1.287 | 1.309 | 1.622 | 1.951 | 1.287 4 10.737 ] 0.764 | 0.748 | 1.239 | 1.577 | 1.162 4 ]-821.0]-815.4]-813.3]-1370.2]|-1760.7] -1297.2
5 1.263 | 1.263 ] 1.282 | 1.308 | 1.479 | 1.460 5 0.737 | 0.766 ] 0.749 { 0.778 | 1.086 | 1.041 5 1-821.0]-817.2]-813.9] -860.7 [-1213.0] -1161.8
6 1.242 | 1.242 | 1.258 | 1.291 | 1.314 | 1.321 6 | 0.737 ] 0.767 | 0.743 | 0.803 | 0.846 | 0.854 6 |-821.0]-818.7|-807.1| -888.5 | -944.1 | -953.8
7 1.223 | 1.223 ] 1.237 | 1.257 ] 1.275 | 1.283 7 0.737 | 0.764 ] 0.740 | 0.778 | 0.814 | 0.827 7 1-821.0]-815.1]-804.1] -860.1 | -908.6 | -923.1
8 1.208 | 1.206 | 1.218 | 1.235 | 1.244 | 1.248 8 0.737 | 0.764 ]| 0.737 | 0.769 | 0.789 | 0.795 8 1-821.0]-814.8]-800.9] -850.0 | -880.8 | -887.6
Stage Degree of Reaction Stage de Haller Number | Stage Shape Factor
8 Case 1] Case 2|Case 2§ Case 3| Case 4| Case 5 8 Case 1] Case 2|Case 2§ Case 3| Case 4| Case 5 Case 1| Case 2|Case 2§ Case 3 | Case 4 | Case 5
1 0.816 | 0.820 | 0.810 | 0.872 | 0.872 | 0.872 1 0.726 | 0.737 ] 0.712 | 0.854 | 0.854 | 0.854 1 N.A. [ NA. | NA. | NA. N.A. N.A.
2 | 0.816] 0.823 | 0.796 | 0.999 | 0.999 | 0.999 2 ]0.726 ] 0.726 | 0.703 | 0.850 | 0.850 | 0.850 2 N.A. e e -0.463 e &
3 0.816 | 0.817 ] 0.781 | 1.018 | 1.146 | 1.018 3 0.726 | 0.716 ] 0.698 | 0.671 | 0.835 | 0.671 3 N.A. [ 0.000 | 0.078 | 0.019 | -0.490 | 0.488
4 10.816] 0.810 | 0.770 | 0.870 | 1.056 | 0.926 4 10.726 ] 0.716 | 0.699 | 0.573 | 0.558 | 0.640 4 N.A. [ 0.717 | 0.104 | 0.000 | 0.000 | 0.000
5 0.816 | 0.807 | 0.762 | 0.798 | 0.871 | 0.857 5 0.726 | 0.715 ] 0.695 | 0.710 | 0.628 | 0.642 5 N.A. | 0.642 | 0.326 * * 0.079
6 | 0.816] 0.804] 0.756 ] 0.795 | 0.817 | 0.821 6 | 0.726 ] 0.713 | 0.694 | 0.694 | 0.692 | 0.693 6 N.A. | 0.524 | 0.448 & e 0.752
7 0.816 | 0.803 | 0.752 | 0.786 | 0.805 | 0.810 7 0.726 | 0.714 ] 0.693 | 0.699 | 0.697 | 0.695 7 N.A. | 0951 | 0.554 | 0.598 * 0.414
8 0.816 | 0.803 | 0.748 | 0.779 ] 0.796 | 0.800 8 0.726 | 0.714 ] 0.692 | 0.699 | 0.701 | 0.702 8 N.A. | 0951 o & o 0.304

* Out of range
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Table 4.7 Rotor-stator camber line geometries and stage information. Incidence angle i is for the

i-th rotor stage and deviation angle 9 is for the flow leaving i+0.5™ stator.

W, i i =Bl 1By |
N 81 = |Brs|—[Brs Stator E \2
/\“ 0,=B1s'— B !
hooN B1<0,p1'<0 ! T
[ 2' ™ Bis<0,Bis'<0 I NBisea_g ! :‘T’. S
----------------- T
i P
i i
| |
_________ ' "i"\"", T
| [ .
: - o) is = oy — o]
i \/ S1s = lous| — fou s
1 / — ot
Rotor | W, s ’ ins 9(;‘12 o=
Vis ars<0,05'<0
In every stages, 0; = 12° and 6, 5 = 35.25°
Hub to Tip Hub |B,"/ B850/ o' Case 1 Case 2 Case 2S Case 3 Case 4 Case 5
Stage Tip Diameter | Diameter " ijs/ " ips/ " ips/ " ips/ i/ ips/ i, /8, ips/
Ratio (m) (m) 3y s 35 Oy s 8.5 d1s 35
1 0.6357 | 0.5600 0.3560 | -62.47 | 0.00 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 { 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00
1.5 0.6906 | 0.5418 0.3742 | -50.47 | 35.25 | 0.00 [ 0.00 | 0.00 | -1.07 ] 0.00 | 1.41 | 0.00 |-12.53| 0.00 |-12.53] 0.00 |-12.53
2 0.7037 | 0.5376 0.3784 | -62.47 | 0.00 0.00 [ 0.00 | 042 ] -1.07 ] -0.27 | 1.41 | 1.97 |-12.53| 1.97 |-12.53] 1.97 |-12.53
2.5 0.7442 | 0.5252 0.3908 | -50.47 | 35.25 | 0.00 [ 0.00 | 0.42 ] -0.94] -0.27 | 3.39 | 1.97 |-22.55| 1.97 |-22.55] 1.97 |-22.55
3 0.7573 | 0.5212 0.3948 | -62.47 | 0.00 0.00 [ 0.00 | 0.96 | -0.94] -0.22 | 3.39 | 3.80 |-22.55| 3.80 |-22.55] 3.80 |-22.55
3.5 [0.7857 | 0.5130 0.4030 | -50.47 | 35.25 | 0.00 | 0.00 | 0.96 | -0.17 [ -0.22 | 5.10 | 3.80 |-15.30]| 3.80 |-30.55| 3.80 |-15.30
4 0.7977 | 0.5095 0.4065 -62.47 | 0.00 0.00 [ 0.00 | 1.30 ] -0.17] -0.30 | 5.10 | 5.02 |-15.30f 5.34 |-30.55] 8.28 |-15.30
45 [ 0.8181 | 0.5038 0.4122 | -50.47 | 35.25 ] 0.00 [ 0.00 | 1.30 ] 0.16 [ -0.30| 6.06 | 5.02 | 0.75 | 5.34 |-12.03| 8.28 | -9.65
5 0.8286 | 0.5009 0.4151 -62.47 1 0.00 0.00 [ 0.00 | 1.53 ] 0.16 | -0.39] 6.06 | 2.99 | 0.75 | 5.30 |-12.03] 6.41 | -9.65
5.5 ]0.8441 | 0.4967 0.4193 | -50.47 | 35.25 ] 0.00 [ 0.00 ] 1.53 ] 0.40 [ -0.39| 7.08 | 2.99 | 041 | 5.30 | -2.72 | 6.41 | -3.17
6 0.8531 0.4943 0.4217 | -62.47 | 0.00 0.00 [ 0.00 | 1.65 ] 0.40 | -0.59| 7.08 | 2.25 | 0.41 | 3.87 | -2.72 | 4.48 | -3.17
6.5 | 0.8651 | 0.4911 0.4249 | -50.47 | 35.25 1 0.00 [ 0.00 ] 1.65] 0.63 [ -0.59| 7.81 | 2.25 | 2.15 | 3.87 | -0.86 [ 4.48 | -1.60
7 0.8728 | 0.4891 0.4269 | -62.47 | 0.00 0.00 [ 0.00 | 1.70 | 0.64 | -0.77| 7.81 | 1.62 | 2.15 | 2.85 ] -0.86 | 3.28 | -1.60
7.5 | 0.8822 | 0.4867 0.4293 | -50.47 | 35.25 1 0.00 [ 0.00 ] 1.70 | 0.66 | -0.77| 8.43 | 1.62 | 3.17 | 2.85 ] 0.69 | 3.28 | 0.10
8 0.8888 | 0.4850 0.4310 | -62.47 | 0.00 0.00 [ 0.00 | 1.71 ] 0.66 | -0.97{ 8.43 | 1.16 | 3.17 | 2.17 ] 0.69 | 2.46 | 0.10
8.5 | 0.8963 | 0.4830 0.4330 | -50.47 | 35.25 1 0.00 [ 0.00 | 1.71 ] 0.65 [ -0.97| 894 | 1.16 | 4.12 | 2.17 | 1.70 | 2.46 | 1.10
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4.3 Analysis of Compressor Performance by Stacking Method by Non-equilibrium
Stacking Droplet Evaporation Method

The Non-equilibrium study uses the same compressor that was used for equilibrium
method. The ISO condition (60°F and 60% Relative Humidity) is used as the design case, and
the diameters (hub and tip diameters) are determined at the design condition. The axial velocity
(150 m/s) is designed as a constant value throughout the compressor with the following
parameters: rotor speed (12,000 RPM), rotor turning angle (12°), inlet pressure (latm), 0.5%
stagnation pressure loss occurred in each stator (which is different from equilibrium method) and
polytorpic small stage efficiency (92%). A 2D compressor airfoil geometry and stage setting at
the mean radii are employed. The detailed stator and rotor information are given in Table 4.13.
Eight cases are studied with the ISO condition being the baseline (design case); one was studied
on a hot day, one was studied on the same hot day with 2% overspray cooling and another was
studied with saturation cooling (Case 2S), and the other four cases were studied with same 2%
overspray cooling using non-equilibrium heat transfer model for droplet evaporation having four

different droplet diameters (10pum, 15um, 20pum and 30um for cases 4, 5, 6 and 7 respectively):

Case 1: Designed baseline case at ISO condition (288K and 60% RH).

Case 2: Under hot weather at 300K and 60% RH

Case 2S: Saturation spray at the 1st rotor inlet at 300K and 60% RH (Equilibrium).
Case 3: 2% (wt) spray at the 1st rotor inlet at 300K and 60% RH (Equilibrium).
Case 4: Case 3 with droplet diameter of 10 um (Non-equilibrium)

Case 5: Case 3 with droplet diameter of 15 um (Non-equilibrium)

Case 6: Case 3 with droplet diameter of 20 um (Non-equilibrium)

Case 7: Case 3 with droplet diameter of 30 um (Non-equilibrium)

In Case 1 (design case), the axial velocity is kept as a constant in each stage by adjusting
the flow area (i.e. hub and tip diameters). The variation of hub and tip diameters in different
stages is shown in Fig. 4.26. For the cases of inlet fogging, the designed geometry is unchanged;
the local flow velocity vector, thermal properties, rotor loading condition of each stage are
calculated by the stage-stacking scheme. An example showing the effect of fogging on the
velocity diagram is illustrated in Fig. 4.27 by juxtaposing the velocity diagrams of Stage 2 in
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Cases 1, 3 and 4 for comparison between equilibrium and non-equilibrium cases. The following

differences are observed:

a. All the velocity directions and magnitudes are changed. For example, the absolute rotor inlet
velocity changes from purely axial direction to deviating 0.39° for Case 2, 1.89° for Case 3,
and 1.94° for Case 4 from the axis.

b. The flow coefficient (¢ = V,/U) increases 2.7% for Case 2, 22.3% for Case 3 and 23.6% for
Case 3.

0.65 Tip —+—
Mean —@——

Hub, Mean and Tip Diameters (m

0 0.09 0.18 0.27
Flying Distance (m)

Figure 4.26 Designed compressor tip and hub diameters (the numbers on the top of the curves

represent the stage numbers)

Case | —m—m—— Deviation of axial velocity
Case3 ————————————= for non-equilibrium

Case 4

Deviation of axial velocity
for Fog Cooling

9* u

Figure 4.27 Comparison of velocity diagrams for cases 1, 3 and 4 in second stage (V, and W, for

cases 3 and 4 almost coincide)
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4.3.1 Effect on Droplet Size

Case 4 (10 pm)
Case 5 (15 pm)
Case 6 (20 pm)
""" Case 7 (30 um)

3*

N
(%)
L

ZOC

Complete S S o

Evaporation

6 7

Figure 4.28 Reduction of diameter for non-equilibrium cases (The approximate diameter of the

Droplet Diameter (um)
=) >
N /Y

W
I

droplet is shown)

----- Case 3 (Equil)

Case 4 (10 pm)
—&—Case 5 (15 pm)
—6—Case 6 (20 um)
—S— Case 7 (30 um)

Relative Humidity (%)

Figure 4.29 Variation of relative humidity for overspray cases
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Figure 4.28 shows the droplet diameter variation in different stages. Droplets of all the
cases evaporate completely before the compressor exit except Case 7. In general, evaporation is
faster in the later stages due to an increase of droplet surface area over volume ratio with smaller
droplets and increase of temperature. The water in Case 7 does not complete evaporation because
the residence time is short comparing to the required evaporation time. The smallest droplet

diameter found for this case is 11.2 um (Table 4.11).

4.3.2 Effect on Evaporation Rate

0018 ¢
N Case 3 (Equil)
F 0015 Case 4 (10 pm)
g : —e— Case 5 (15 pm)
A \\ —6— Case 6 (20 pum)
e ‘ —o— Case 7 (30 um)
S 0.009
&
5 0.006 -
z
2 0.003 A
g
—
0.000 :
12 3 4 5 6 7 8
Stages

Figure 4.30 Variation of remaining liquid water fraction (mass ratio of water over moist air) in

each stage for overspray cases

Evaporation rate depends on relative humidity, droplet size (diameter), water vapor
diffusion coefficient, heat transfer to droplet, and surrounding temperature etc. In the equilibrium
method, a sufficient amount of water is allowed to evaporate to achieve saturation (100% RH) at
the end of each stage until all the water evaporates as shown in Case 3 in Fig 4.29. Figure 4.29
shows the relative humidity variation along the compressor, while Fig. 4.30 shows the remaining
liquid water in the air. The status and composition of wet air can be clearly seen from the
information provided by these two figures and Table 4.12. For example, in Case 3, there is

sufficient water to achieve saturation until stage 3 (the third rotor); the water completely

142



evaporates at the end of stage 3.5 (the third stator), so the relative humidity is 100% for all stages
up to the third rotor. After the third stage, the relative humidity generally reduces due to
increased pressure and temperature in the later stages. For example, in the beginning of the
fourth stage, the pressure is 164 kPa and temperature is 339K, for which saturation vapor
pressure is 25.3 kPa and 0.113 kg of water per kg of air is needed to saturate the air, but only
0.0335 kg of vapor is available which gives a 30% relative humidity.

When non-equilibrium method is employed with the same conditions as Case 3, the result
is shown as Case 4 in Fig 4.28. In Case 4, water evaporates completely at the end of stage 4,
which is 'z stage later than Case 3. This implies that the result of using equilibrium method is
very close to the non-equilibrium method for droplet size of 10 um. However, when the droplet
sizes increase, it takes longer for water to completely evaporate. Cases 5 and 6 show 15 pm and
20 um droplets completely evaporate at stages 4.5 and 5.5, respectively. Again, droplets at
30um do not completely evaporate at the exit of the compressor. There is about 6% (0.001kg vs.
0.0175kg) of the initial amount of water remains with the final droplet diameter at around 11.2
um. This shows that the droplet diameter does not play any role in the equilibrium method, but

significantly affect the droplet evaporation rate in the non-equilibrium method.

3.6 Evaporation Time for Case 4
- - == - Residence Time for Case 4
' —&— Evaporation Time for Case 5
2.8 - -6 - -Residence Time for Case 5
S 94 —&— Evaporation Time for Case 6
E ”0 - © - Residence Time for Case 6
= —&— Evaporation Time for Case 7
% 1.6 @ - -O - ‘Residence Time for Case 7
E
=

Figure 4.31 Residence time vs. evaporation time for non-equilibrium cases (Residence time for

all four cases coincide with one another)
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Evaporation of droplet is characterized by particle’s aerodynamic residence time and the
time required for evaporation as described in the model development. When the droplets reside
inside a stage longer than the required evaporation time, all the droplets evaporate; on the other
hand, if the aerodynamic residence time is shorter than the evaporation time, droplets become
smaller and fly into next stage. Figure 4.31 shows the aerodynamic residence time are close
(between 0.1-0.2 ms) for all droplet sizes at all stages; whereas the evaporation time varies
significantly with the droplet sizes, roughly in proportional to diameter square (d*). For example,
at the first stage 30 um droplets require 3.6 ms to evaporate versus 0.4 ms for 10 um droplets,

which is almost 9-fold shorter.

4.3.3 Effect on Air and Droplet Temperature

575 - — — :Case 1 (ISO) Case 2 (Hot)
- = = = Case 3 (Equi) —=—Case4 (10 um)
—e— Case 6 (20 pm) —o— Case 7 (30 pm)

425 A

Air Static Temperature (K
et
W
L

325 A

4 Stagess

Figure 4.32 Air static temperature variations for all cases

Figure 4.32 shows the static temperature variation in different stages for all cases. The
temperature for Case 2 is higher than Case 1 in every stage. In Case 3, the temperature drops
6°C, 31°C, and 60°C in the first three stages respectively from Case 2 and maintains a relatively
constant value for the first three stages before the completion of evaporating all the water
droplets. Non-equilibrium method (Case 4) results in a very similar evaporation and temperature
reduction as equilibrium method (Case 3) except between stages 3 and 4 where the liquid
completely evaporates in Case 3 but not in Case 4. Cases 6 and 7 have slower evaporation, which

makes air temperature reduction less in the earlier four stages, but once all water evaporates and
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the vapor is superheated downstream of stage 4.5, the curves for equilibrium and all non-
equilibrium cases are almost coincided to one another, except Case 7 has a bit lower temperature
due to its unfinished evaporation.

Figure 4.33 shows the droplet temperature variation and the difference between droplet
and air temperatures. It is interesting to notice that the droplet temperature never catches up with

the air temperature.

545 - - - - Case 4 (Air Temp.)
—=— Case 4 (Water Temp.) 3
505 4 - - = - Case 6 (Air Temp.) B J
—o— Case 6 (Water Temp.) o
_ 4651 |= = Case 7 (Air Temp.) =7
5 —6— Case 7 (Water Temp.) 4
]
E 425 7 /2~ " Evaporation
g
2 385 A
£
=
345 A 2
Lo
Incomplete
305 7 Evaporation
265 T T T T T T T T
1 2 3 4 5 6 7 8

Stages

Figure 4.33 Air and droplet temperature variation for non-equilibrium cases

4.3.4 Effect on Velocity

In the design case (Case 1), the axial velocity, flow coefficient (d=V,/U) and the inlet
velocity at each rotor inlet is designed as the same value throughout the compressor by changing
the air passage cross-sectional area to satisfy mass conservation. However, when fogging is
applied, the air velocity increases significantly and then falls off to the values without fogging
after water droplets completely evaporate. The variation of inlet velocity at each stage is shown
in Fig. 4.34. Cases 1 and 2 only differ at the ambient temperature, so their inlet velocities follow
a similar variation trend with Case 2's inlet velocities a bit higher. Significant increase of
velocity occurs in stages 2 to 5 when fogging is applied in Cases 3 and 4. Both cases reach a
peak velocity of 250 m/s at stage 3 rotor inlet. The only major difference between Cases 3 and 4

is at stage 4 where equilibrium method (Case 3) predicts a complete liquid evaporation showing
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a continuous high velocity; whereas, Case 4 predicts only partial liquid evaporation with less

temperature reduction and less velocity increase.

240 - — —-Case 1 (ISO)
Case 2 (Hot)
- - - - Case 3 (Equil)
220 - ——Case 4 (10 um)
—o&— Case 6 (20 um)
- —6— Case 7 (30 um)
£ 200 - & o
z
=
; 180 ~
160 ~
140 ~ \ \ \ \ T T T
1 2 3 4 5 6 7 8
Stages

Figure 4.34 Inlet velocity variations for all cases
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=]
]
z
=2
=2

Figure 4.35 Flow coefficient variations for all cases
As the temperature drops due to fogging in Cases 3 and 4 (Fig. 4.32) the static pressure

also drops from Stages 2 to 5 (Fig. 4.36), which results in a reduction of density and an increase

in axial velocity to conserve the mass. This is also reflected in the flow coefficient increase in
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Fig. 4.35. On the other hand, due to slower evaporation of larger droplets in Cases 6 and 7,
temperature does not have any sudden drop, so these two cases have less drastic changes in
velocity and flow coefficient. Overall speaking, all the fogging cases (Cases 3-7) have higher
flow coefficients until 7th stage; afterwards their flow coefficients drop below Case 2. This
behavior is consistent with the results obtained by White and Meacock (2004), where they
showed that the flow coefficient (¢) increases till third stage and then decreased and eventually
got lower than the dry compression values.

Combining the information obtained in Figs. 4.32 and 4.35, the results show that the flow
coefficient must significantly increase to accommodate more mass flow rate contributed by
overspray especially when the air (not air-liquid mixture) density reduces, as shown in Fig. 4.36,
rather than increases after overspray is applied. The trend of decreased air density with overspray
fogging seems counter-intuitive initially, but this phenomenon has specifically explained earlier

n 4.2.3.

4.3.5 Effect on Pressure

800 1 — — Case 1 (ISO)
Case 2 (Hot)

700 - - - - - Case 3 (Equil)
Case 4 (10,m)

600 —=—Case 6 (20pm)
—o6— Case 7 (30um)
—o—Case 7 (30um)

Static Pressure (kPa)
B
(=)
(=)

200 ~

Figure 4.36 Stage static pressure variation for all cases
The static pressure distributions are shown in Fig. 4.36. Saturated fogging (Case 2S)

increases static pressure as expected, while overspray reduces the local static pressure due to

continuous water evaporation inside the compressor. Equilibrium method (Case 3) results in
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lower static pressure between stages 3 and 4, but ends up with a little higher pressure than non-
equilibrium cases.

Figures 4.39 and 4.40 show the local and accumulative stagnation pressure ratios. Again,
Case 2S (saturated fogging) is shown to achieve the highest overall stagnation pressure ratio
(8.54), which is noticeably above the stagnation pressure ratio from non-equilibrium Cases 4, 5,

6 and 7 with the values of 7.63, 7.58, 7.48 and 7.33, respectively (see Fig. 4.40 or Table 4.10).

---- Casel (ISO)
Case 2 (Hot)

- - - - Case 3 (Equil)
Case 4 (10 um)
—e— Case 6 (20 um)
—o— Case 7 (30 um)

Rotor Work Coefficient (¢)

Stages

Figure 4.37 Rotor work coefficient () variation for all cases
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Figure 4.38 Moist air density variation for all cases
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For Case 2, when ambient is hot, the local stagnation pressure ratio at the first stage drops
from 1.396 of the ISO condition (Case 1) to 1.366. At the last stage, the local stagnation pressure
ratio of Case 2 is 1.206 versus 1.208 of Case 1. When fogging is applied in Case 3, the local
stagnation pressure ratio experiences a significant drop from 1.4 to 1.0 at the first stage due to
reduced temperature, but the local stagnation pressure ratios of Stags 2-4 immediately rise above
1.6, indicating the rotors of these two stages work very hard as evidenced in their high work
coefficients (y) shown in Fig. 4.37. Not until the fifth stage, does the local stagnation pressure
ratio of Case 3 reduce to a level around 1.32, which is about 5% higher than Case 1.

When non-equilibrium method is applied in Case 4, the local stagnation pressure ratio is
higher than those calculated by equilibrium method in Case 3 at stages 1-3. An obvious
difference between Case 3 and 4 (or equilibrium versus non-equilibrium approaches) is between
Stage 3 and 4 where all liquid is predicted completely evaporated in Cases 3 but not yet in Case
4. This difference results in more cooling, lower static temperature (Fig. 4.32), lower static
pressure (Fig. 4.36), and lower density (Fig. 4.38) in Case 3, but higher local stagnation pressure
ratio between stages 3.5 and 5 than in Case 4. More liquid evaporated accompanied with low
overall density leads to more volume flow rate and hence higher inlet velocity (Fig. 4.34) and

flow coefficient (Fig. 4.35) for Case 3 between stages 3.5 and 4.

---- Casel (ISO)
Case 2 (Hot)

- === Case 3 (Equil)
Case 4 (10 pm)
.| =% Case 6 (20 pm)
.| —©— Case 7 (30 pm)

Stage Stagnation Pressure Ratio

Figure 4.39 Stage overall stagnation pressure ratio variation for all cases
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Figure 4.41 Cumulative stagnation compressor power variation for all cases

4.3.6 Effect on Compressor Power

The required compressor power (MW) is shown in Fig. 4.41 and the specific work
(kW/(kg/s) = kJ/kg) in P-v diagram is shown in Fig. 4.42. In contrast to saturated fogging which

actually reduces compressor power, overspray (Cases 3 versus Case 2) increases both specific
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compressor work by 8.65% due to increased pressure ratio and the total compressor power by
12.6% due to increased mass flow rate. This seemingly counter-intuition phenomenon was
explained in detail previously in 4.2.5 and is not repeated here. Basically, overspray increases
stagnation pressure ratio and the compressor work increases, which can be represented by the

area on the left of the compression curve on the P-v diagram.

1.0 4
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\ : 0.6
0.8 7 05
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A& \
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0.2 1 Case 3 (Equil
Case 4 (Non-Eq)
00 T T T T T 1

0 0.15 0.3 0.45 0.6 0.75 0.9
Specific Volume (nr/kg)

Figure 4.42 P-v diagram to show specific work for four cases

The specific work for Case 3 (272 kl/kg) is very close to Case 4 (271 kJ/kg). The total
powers for both cases are also very close (7.909 MW vs. 7.873 MW) because their mass flow
rates are identical (26.71 kg/s) as shown in Table 4.8. As the diameter increases from 10 um to
30 um, the specific work decreases from 271 to 263 kJ/kg. Since less power is used to produce
less pressure ratio, a fair way to compare the compressor performance is to compare the
compressor power per unit increase of pressure ratio (W./P;) in Table 4.8. As it can be seen,
equilibrium method (Case 3) predicts more efficient compression with W./P; = 1028 kW than
non-equilibrium Case 4 with W /P, = 1031 kW by assuming instantaneous water evaporation.
Case 28, having achieved W /P, = 830 kW, is the most effective in all cases due to its complete
evaporation before compression. This fact is revealed in Fig. 4.42, which shows the P-v curve of
Case 2s is situated at the leftmost of all the curves and requires the least amount of specific work

(248 kJ/kg) among all cases, although it produces the highest stagnation pressure ratio (8.54).
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Among the four non-equilibrium cases, Case 4 with 10 pm (smallest droplet) is most effective

among the 4 non-equilibrium cases and Case 7 (30 um droplet) is the least effective.

Table 4.8 Overall compressor performance and net gas turbine output power

Cases Mass flow Specific Comp. P, Comp. Power Net GT
rate (kg/s) | Work (kJ/kg) | Power (MW) /P (KW) Output (MW)
1 26.91 244 7.139 7.42 962 8.609
2 25.77 251 7.024 7.20 975 7.904
28 26.25 248 7.088 8.54 830 8.357
3 26.71 272 7.909 7.69 1028 9.039
4 26.71 271 7.873 7.63 1031 9.057
5 26.71 270 7.838 7.57 1035 8.971
6 26.71 268 7.780 7.48 1040 8.912
7 26.71 263 7.647 7.34 1042 8.912

The present result of increased compressor power consumption due to wet compression is

consistent with Bagnoli et. al. (2006), Roumeliotis and Mathioudakis (2007) and Wang and Khan
(2008a, b), but inconsistent with Abdelwahab (2006) and Sanaye et. al. (2006). It is encouraging
to know that the present results are supported by the recent experimental results from
Roumeliotis and Mathioudakis (2007). They showed that the compressor power increased by
water injection and the increased compressor power was linear with the quantity of water
entering the stage. As a result, the compressor isentropic efficiency decreases linearly with the
amount of water injected.

Although the compressor power consumption increases in the saturated fogging and

overspray cases, the total gas turbine net power increases nonetheless.
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Table 4.9 Detailed stage-stacking data (pressures, temperature, velocity, flow coefficient, Mach
numbers and density) for all cases. (Shaded areas represent the stator in corresponding stage and

the non-shaded rows represent rotor stages.)
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Table 4.10 Detailed stage-stacking data (pressure ratio, power, rotor work coefficient, deHaller

number) for all cases

Stage Pressure Ratio Stage Stage Power (KW)

Case 1] Case 2| Case 3] Case 4] Case 5] Case 6] Case 7 Case 1| Case 2| Case 3| Case4 | Case5 | Case 6 | Case 7
1.396 | 1.366 | 1.000 | 1.085 | 1.231 | 1.308 | 1.364 892.4 | 833.0 [ 634.5] 617.1 | 725.8 | 811.6 | 865.3
1.355 | 1.344 | 1.112 | 1.146 | 1.181 | 1.164 | 1.164 892.4 | 864.6 | 725.5| 725.8 | 885.1 | 897.5 | 918.2
1.318 | 1.319 | 1.651 | 1.652 | 1.444 | 1.365 | 1.356 892.4 | 889.8 [1346.0] 1562.8 | 1360.1 | 1155.1 | 1032.2
1.288 | 1.287 | 1.593 | 1.395 | 1.341 | 1.333 | 1.333 892.4 | 886.2 [1435.8] 1165.3 | 1038.3 | 1041.2 | 1011.4
1.263 | 1.262 | 1.311 | 1.321 | 1.327 | 1.316 | 1.292 892.4 | 888.3 [ 942.3 ] 962.5 | 9753 | 995.2 | 961.6
1.241 | 1.242 ] 1.291 | 1.295 | 1.298 | 1.305 | 1.278 892.4 | 889.9 [ 966.7 | 973.7 | 979.3 | 991.7 | 9743
1.223 | 1.222 | 1.258 | 1.260 | 1.263 | 1.267 | 1.254 892.4 | 886.1 [ 934.7 ] 939.9 | 944.8 | 953.0 | 949.2

8 1.208 | 1.206 | 1.234 | 1.236 | 1.238 | 1.241 | 1.234 8 892.4 | 885.8 [ 923.2 | 9259 | 929.0 | 934.6 | 935.1

Overall | 7.436 | 7.199 | 7.684 | 7.634 | 7.582 | 7.481 | 7.333 Overall | 7139 | 7024 | 7909 | 7873 7838 7780 7647

Stage

[ [a BN~

[ | n BN~

Stage Rotor Work Coefficient Stage de Haller Number

Case 1] Case 2| Case 3] Case 4] Case 5] Case 6] Case 7 Case 1| Case 2| Case 3| Case4 | Case 5 | Case 6 | Case 7
1 0.737 |1 0.718 | 0.528 | 0.513 | 0.604 | 0.675 | 0.720 1 0.726 [ 0.737 ] 0.846 | 0.855 [ 0.803 | 0.762 | 0.736
2 0.737 | 0.746 | 0.604 | 0.604 | 0.736 | 0.747 | 0.764 2 0.726 | 0.727 1 0.851 | 0.854 | 0.773 | 0.755 | 0.736
3 0.737 |1 0.767 | 1.120 | 1.300 | 1.132 | 0.961 | 0.859 3 0.726 [ 0.716 ] 0.666 | 0.592 | 0.615 | 0.668 | 0.696
4 0.737 1 0.764 | 1.195 | 0.969 | 0.864 | 0.866 | 0.841 4 [0.726 ] 0.716 | 0.586 | 0.652 | 0.688 | 0.691 | 0.695
5 0.737 | 0.766 | 0.784 | 0.801 | 0.811 | 0.828 | 0.800 5 0.726 [ 0.715] 0.709 | 0.705 [ 0.702 | 0.700 | 0.707
6 0.737 |1 0.767 | 0.804 | 0.810 | 0.815 | 0.825 | 0.811 6 10.726 [ 0.713 ] 0.694 | 0.693 | 0.693 | 0.692 | 0.698
7 0.737 | 0.764 | 0.778 | 0.782 | 0.786 | 0.793 | 0.790 7 0.726 [ 0.715] 0.699 | 0.699 | 0.699 | 0.698 | 0.701
8 0.737 1 0.764 | 0.768 | 0.770 | 0.773 | 0.778 | 0.778 8 0.726 [ 0.715] 0.699 | 0.699 | 0.699 | 0.699 | 0.702
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Table 4.11 Non-equilibrium data (Droplet temperature, diameter, evaporation/boiling time,

residence time) for all cases

Droplet Temp. (K) Droplet Dia.(um) Evap./ Boil. Time (ms) Residence Time (ms)
Stage Case 4] Case 5| Case 6| Case 7 Stage Case 4| Case 5| Case 6] Case 7 Stage Case 4] Case 5| Case 6| Case 7 Stage Case 4| Case 5| Case 6]/ Case 7
1 288.0 | 288.0 | 288.0 | 288.0 1 9.573 [14.359]19.145]28.718 1 10.3900]0.8775]1.5600( 3.5852 1 [0.1048]0.1048]0.1048(0.1048
1.5 | 289.9 | 289.5 | 289.2 | 288.7 1.5 | 8.666 |13.475]18.491]28.295 1.5 10.1753]0.3766]0.6440]1.4101 1.5 10.1460{0.1493]0.1511]0.1519
2 292.7 |1 291.8 | 291.1 | 289.8 2 8.647 [12.482]16.105]23.684 2 10.1475]10.2798]0.4349] 0.8602 2 10.0705]0.0731]0.0755{0.0771
2.5 [ 2945] 293.8 | 292.7 | 290.8 2.5 | 6.828 [10.727]14.641]22.598 2.5 10.1112{0.2423]0.4107]0.9277 2.5 10.1027]0.1080]0.1080(0.1080
3 297.7 | 297.3 | 295.9 | 292.9 3 6.828 | 8.841 ]12.569]21.243 3 ]0.0940]0.1497]0.2712]0.6985 3 ]0.0478]0.0521]0.0559(0.0593
3.5 [ 304.1] 302.2 ] 299.6 | 295.0 3.5 [4.790 [ 7.139 |11.200]20.321 3.5 ]0.0559{0.1116]0.2441]0.7715 3.5 10.0897]0.0860(0.0870]0.0898
4 351.0 | 319.0 | 308.6 | 299.0 4 10.000 | 3.415 | 8.986{19.101 4 10.0000]0.0278]0.1457{0.5778 4 10.0467]0.0488{0.0484]0.0495
4.5 3924 | 389.7 | 3184 | 302.6 4.5 0.000 | 7.345 ] 18.264 4.5 0.0000]0.1142]0.6375 4.5 [0.0747]0.0740]0.0742(0.0764
5 398.3 | 395.5 | 339.5 | 308.8 5 4.349 117.135 5 0.0426]0.4739 5 ]0.0426]0.0422]0.0415(0.0423
5.5 | 428.6 | 426.5 | 369.3 | 314.1 5.5 0.678 [16.352 55 0.0019]0.5207 5.5 10.0656]0.0652]0.0644]0.0656
6 433.9 | 431.8 [ 428.2 | 322.5 6 0.000 [ 15.288 6 0.0000]0.3837 6 10.0365]0.0363]0.0359{0.0361
6.5 | 463.9 | 462.2 | 459.4 | 329.6 6.5 14.551 6.5 0.4208 6.5 10.0573]0.0570[0.0566]0.0568
7 469.5 | 467.8 | 464.9 | 340.8 7 13.534 7 0.3106 7 10.0321]0.0319]0.0316{0.0316
7.5 | 497.7 ] 496.2 | 493.8 | 350.2 7.5 12.828 7.5 0.3411 7.5 10.0504]0.0502(0.0499]0.0498
8 503.5 | 501.9 | 499.4 | 364.7 8 11.854 8 0.2580 8 10.0282{0.0281]0.0279]0.0278
8.5 | 530.5 | 529.2 | 527.1 | 376.6 8.5 11.198 8.5 0.2910 8.5 10.0445]0.044410.0442]0.0440

Table 4.12  Phase data for comparison among equilibrium, different droplet size in non-

equilibrium cases

Liquid Water Fraction Water Vapor Fraction

Case 3 | Case4 | CaseS5 | Case 6 [ Case7 Case 3 | Case4 | CaseS | Case 6 | Case 7
1 [0.01754]0.01754]0.01754]0.01754{0.01754 1 ]0.01596]0.01596]0.01596{0.01596]0.01596
1.5 10.01282]0.01301(0.01450]0.01581]0.01678 1.5 [0.02069]0.02049]10.01901{0.01770]0.01673
2 10.01264]0.01293[0.01152]0.01044]0.00984 2 10.02087]0.02058]0.02199]0.02307] 0.02367
2.5 10.00610]0.00637(0.00731]0.00785] 0.00855 2.5 10.02741]0.02714]0.02619]0.02566] 0.02496
3 10.00610]0.00637(0.00410]0.00496] 0.00710 3 10.02741]0.02714]10.02941]0.02854]0.02641
0.00220]0.00216] 0.00351 | 0.00622 3.5 [0.03351]0.03131]0.03135{0.03000]0.02729

0 0.00024]0.00181]0.00516 4 10.03351(0.03351{0.03327]0.03170] 0.02835
0 0.00099]0.00451 4.5 10.03351/0.03351}0.03351]0.03252]0.02900
0.00021{0.00373 5 10.03351]0.03351]10.03351{0.03330]0.02978

0 0.00324 5.5 [0.03351]0.03351]0.03351{0.03351]0.03027
0.00265 6 [0.03351]0.03351]0.03351{0.03351]0.03086
0.00228 6.5 [0.03351]0.03351]0.03351{0.03351]0.03123
0.00184 7 10.03351]0.03351]0.03351{0.03351]0.03167
0.00156 7.5 [0.03351]0.03351]0.03351{0.03351]0.03195
0.00123 8 10.03351]0.03351]0.03351{0.03351]0.03227
0.00104 8.5 [0.03351]0.03351]0.03351{0.03351]0.03247

Stage

w2
W
(=)

(=)}

W
(=) (=] (=] (=) (=) () (=) (=) (=) [}
(=] (=] (=) (=] (<) (=) (=) () o)
(=) (=] (=] (o) (=) () () ()
(=] (=] (=] (=) (=) ()
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Table 4.13 Rotor-stator camber line geometries and stage information. Incidence angle i is for

the i-th rotor stage and deviation angle d is for the flow leaving i+0.5th stator.

Wy i i =B — Byl !
N 81 =IBusl— IBuisl Stator ! vV,
7 01 =B1s' - B !
TN Bi<0. By <0 ; 7
fr Bis<0,Bis'<0 P I S
__\Z__E _____________ S ! T T
| 1 s
1 1
1 1
: B'is :
: ] 5 .
| - ——-N_--_ —————————
--------- A
! Brs<_ o' )
! \/ 5;5: lotrs| = Jo s
1 / . 15= o5 —ay
Rotor i Wis s @ <0,0,<0
Vis a15<0,05' <0
In every stages, 6; = 12° and 0, 5 = 35.25°
Hubto| Tip Hub | Chord | B,'/ o'/ Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
Stage T1|? Dia. Dia. |Length ' s, irs/ i /5, irs/ i\/5, ips/ s irs/ " irs/ i/ 8, ips5/ i/5, i/
Ratio | (m) (m) (cm) | Bis 05 S5 35 8.5 S5 O O1s d15

1 0.636 | 0.560 | 0.356 | 3.400 [ -62.47| 0.00 | 0.00 [ 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 [ 0.00 ] 0.00 | 0.00
1.5 1 0.691 | 0.542  0.374 | 2.794 | -50.47| 35.25 | 0.00 | 0.00 | 0.00 | -1.07{ 0.00 ]-11.76] 0.00 |-12.54] 0.00 | -7.59] 0.00 { -3.55] 0.00 | -0.97
2 0.703 ] 0.538 | 0.378 | 2.658 [ -62.47| 0.00 | 0.00 | 0.00 | 0.39 [-1.07] 1.89 |-11.76] 1.94 |-12.54] 3.22 [ -7.59] 4.26 [ -3.55] 4.98 | -0.97
2.5 | 0.744 | 0.525 | 0.391 | 2.240 | -50.47| 35.25 | 0.00 | 0.00 | 0.39 [ -1.01| 1.89 |-22.01] 1.94 [-22.91] 3.22 [-12.14] 4.26 [ -7.68 | 4.98 | -4.28
3 0.757 1 0.521 ] 0.395 | 2.111 [ -62.47] 0.00 | 0.00 [ 0.00 | 0.93 [ -1.01] 3.76 |-22.01] 3.83 |-22.91]| 6.54 [-12.14] 5.82 [ -7.68] 4.47 | -4.28
3510786 ] 0.513 [ 0.403 | 1.833 | -50.47| 35.25] 0.00 | 0.00 | 0.93 | -0.24 | 3.76 |-14.31] 3.83 | -6.74| 6.54 | -2.55| 5.82 [ -3.63] 4.47 | -2.80
4 0.797 1 0.510 | 0.406 | 1.721 [ -62.47] 0.00 | 0.00 | 0.00 | 1.28 [-0.24| 4.79 |-14.31] 4.92 | -6.74] 5.34 [ -2.54] 5.05 [ -3.63] 3.84 | -2.80
4.5 1 0.818 | 0.504 | 0.412 | 1.529 | -50.47| 35.25 | 0.00 ] 0.00 [ 1.28 | 0.10 [ 4.79 ] 0.40 | 4.92 | -0.60| 5.34 | -1.17| 5.05 | -2.17| 3.84 [ -1.15
5 0.828 | 0.501 | 0.415 | 1.434 [ -62.47| 0.00 | 0.00 [ 0.00 | 1.51 [ 0.10 | 2.94 | 0.40 | 3.19 | -0.60] 3.49 [ -1.17] 3.92 [ -2.17] 3.16 | -1.15
5510844 1 0497 [ 0419 | 1.292 | -50.47 35.25] 0.00 | 0.00 | 1.51 | 0.34 [ 2.94] 0.37 ] 3.19 | -0.08 | 3.49 | -0.47] 3.92 [ -1.20] 3.16 | -0.75
6 0.853 | 0.494 | 0.422 | 1.212 [ -62.47] 0.00 | 0.00 | 0.00 | 1.64 [ 0.34 | 2.22 | 0.37 | 2.41 | -0.08] 2.61 [-0.46] 2.94 [ -1.20] 2.75 | -0.75
6.5 | 0.865 | 0.491 | 0.425 | 1.106 | -50.47] 35.25] 0.00 | 0.00 | 1.64 | 0.58 | 222 ] 2.18 | 241 | 1.81 | 2.61 | 1.44] 2.94 ] 0.83 | 2.75 | 0.73
7 0.873 | 0.489 | 0.427 | 1.039 [ -62.47| 0.00 | 0.00 [ 0.00 | 1.69 [ 0.58 | 1.60 | 2.18 | 1.74 | 1.81 | 1.88 [ 1.44 ]| 2.11 [ 0.83 ] 2.21 | 0.73
7.5 1088210487 [ 0429 ] 0.957 | -50.47| 35.25] 0.00 { 0.00 | 1.69 | 0.61 [ 1.60] 321 ]| 1.74 ] 294 [ 1.88 | 2.64 | 2.11 [ 2.14] 221 | 1.75
8 0.889 | 0.485 ] 0.431 | 0.901 {-62.47] 0.00 | 0.00 [ 0.00 | 1.70 [ 0.61 | 1.13 ] 3.22 ] 1.25]2.94 ] 1.37 [ 2.64 ]| 1.56 [ 2.14 ]| 1.77 | 1.76
8.5 | 0.896 | 0.483 | 0.433 | 0.836 [ -50.47] 35.25] 0.00 | 0.00 | 1.70 [ 0.60 | 1.13 ] 4.16 | 1.25] 3.90 ] 1.37 [ 3.63 | 1.56 [ 3.20 ] 1.77 | 2.61
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4.4 Comparison between Equilibrium and Non-equilibrium Method

This paper compares the results of thermal equilibrium and non-equilibrium methods for
overspray fogging through stag-stacking scheme with given mean-line blade and §-stage

compressor configurations. The results are summarized below:

1. Saturated fogging achieves highest pressure ratio augmentation and reduces compressor
power consumption; whereas overspray actually increases both the specific and overall
compressor power for both equilibrium and non-equilibrium cases. Nevertheless, the net
GT power output increases with saturated or overspray fogging.

2. Non-equilibrium method differs from the equilibrium method due to the change of
evaporation rate. Droplet size doesn't play a role in equilibrium approach, but plays a
major role in affecting the result in the non-equilibrium case. For small droplet size of 10
um, the droplet evaporation rate is fast, so the non-equilibrium method predicts close
results as the equilibrium method. Larger droplets lead to slower evaporation, reduction
of pressure ratio, and less effective compressor performance than the smaller droplets.

3. Equilibrium method predicts that wet compression increases axial velocity, blade inlet
velocity, incidence angle, and tangential component of velocity. Non-equilibrium
methods predict a similar trend except with lesser increments as the droplet size
increases.

4. In the present study, the equilibrium method predicts that all the water droplets evaporate
completely at the end of stage 3, while the non-equilibrium approach predicts that the
completion of evaporation delays; but all droplets completely evaporate in the
compressor except approximately 10% of the biggest droplets (30um) escape from the
COMpressor.

5. Saturated fogging increases air density; however, both equilibrium and non-equilibrium
methods predict that wet compression actually reduces air density in the earlier 70% of
the compressor.

6. Non-equilibrium predicts small droplets relax the load in the earlier stages, but increases

the load in the later stages. Larger droplets show less load changes.
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CHAPTER FIVE
NUMERICAL MODEL AND RESULTS OF CFD SIMULATION
The 3-D, time-averaged, transient Navier-Stokes equations as well as equations for mass
conservation, energy conservation, and species transport are numerically solved. The governing

equations for conservation of mass, momentum, and energy are given as:

op O

P (bu.)= 5.1
ot i OX, (pu,)=5., 1)
0 0 . opP ¢ —

a(puj)+_8xi (puiuj)z pg; __ij +—6Xi (tij - pu'; uj)+ Fj (5.2)
0 0 0 oT -
E(pcpT)%ra—Xi(pcpuiT)za—Xi(ka—Xi-pcpui TJ+HCD+Sh (5.3)

where 1j; is the symmetric stress tensor defined as

ou. A
T, =y — +—au‘ —ZSiA Quy (5.4)
! ox, ox; 3 'ox,

The source terms (Sn, F; and S;) were used to include the contributions from the
dispersed phase (water droplets in this study). p® is the viscous dissipation and A is the heat
conductivity.

In wet compression with fog cooling, water droplets evaporate as water vapor, which is
then transported to its surrounding flow through mass diffusion and convection. The flow
mixture consists of three main components: water vapor (H,O), oxygen (O,) and nitrogen (N3).

The equation for species transport is

9 5 ? oc, ——
a(pCj)Jrg(puiCj):aT[iji-puiCJJJrSj (55)

i i

where C; is the mass fraction of the species (j) in the mixture, and S; is the source term for this

species. D is the diffusion coefficient.

Notice the terms of pu'ju'j, pcyuT', and pu'; C'; represent the Reynolds stresses,

turbulent heat fluxes and turbulent concentration (or mass) fluxes, which need be modeled

properly for a turbulent flow. The Reynolds number of the main flow (based on the duct height
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and the inlet condition specified later) is about 400,000 in this study. Therefore, turbulence

model needed to be included.

5.1 Turbulence Models

Selection of an appropriate turbulence model is important because the current state-of-
the-art turbulence modeling has been formulated based on different flow structures. None of any
turbulence models can predict all the flow well. In two similar studies related to tiny water
droplet transport in mist film cooling by Wang and Li (2007) and mist impinging jet cooling by
Wang and Dhanasekaran (2008), they both concluded that, among six different turbulence
models investigated, the Reynolds Stress Model (RSM) delivered the best performance, followed
by RNG and standard k-& model. Other models included k-m and the shear-stress transport (SST)
k-® model. Without going details of each model, in short, RNG k-¢ model was derived using
renormalization group theory (Choudhury, 1993). It has an additional term in the g-equation to
improve the accuracy for rapidly strained flows. It uses the effective viscosity to account for
low-Reynolds-number effects. Theoretically, this model is more accurate and reliable than the
standard k-¢ model. The standard k- model is an empirical model based on transport equations
for the turbulence kinetic energy (k) and the specific dissipation rate (), which can also be
considered as the ratio of ¢ to k (Wilcox, 1998). The low-Reynolds-number effect is accounted
for in the k- model. The SST model is mixture of the k- model and the k-¢ model: close to the
wall it becomes the k- model while in the far field the k- model is applied (Menter, 1993). The
RSM model provides a second-moment closure of Reynolds stress tensor to account for
anisotropic and nonequilibrium turblent flow with multiscaled integral and dissipation length
scales. Based on the above two studies, although RSM delivered the best prediction, this study
select the k-¢ model based on the following reason: the results of k-g¢ were within 10%
difference from RSM but only required approximately one tenth of the computational time.

Therefore, only the formulating of k-€ model is described below.

The standard k-&¢ model, based on the Boussinesq hypothesis, relates the Reynolds

stresses to the mean velocity as
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ou. 8'-1]‘ 2
-pu.u'. = — 14— [—=Z=Dpkd.. 5.6
P T “‘[ax ax) 3P0 0

] i

where k is the turbulent kinetic energy, and L is the turbulent viscosity given by
w=pCuk*/¢ 5.7
where C,, is a constant and ¢ is the dissipation rate. The equations for the turbulent kinetic energy

(k) and the dissipation rate () are:

0 0 0 n, | ok

—(pk )+ — k)=— | —|+G, - 5.8
~ (oK) o (pu k) o Hu ijaxl . —PE (5.8)
) ) ) u, | o € g’

O oe)+ -2 (pue)= 2| [ ] % e g Eoc, pl 5.9
~ (be) o (Y o Hu GSJ&(J G Cap (5.9)

The term Gy is the generation of turbulence kinetic energy due to the mean velocity gradients.
The turbulent heat flux and mass flux can be modeled with the turbulent heat

conductivity (A¢) and the turbulent diffusion coefficient (D), respectively.

—_ oT p, oT
cu.T'=-\A —=-—Cc —+—r 5.10
Py i e * Pr, 0x, (5.10)
—_— oC p, oC
u. C'=-—pD =——t 5.11
Pt P " ox, Sc, 0x, 1)

The constants Cy¢, Cyq, C,, Ok, and o used are: Ci;= 1.44, Cy; = 1.92, C, = 0.09, o =
1.0, o, =1.3 as shown by Launder et. al. (1972). The turbulence Prandtl number, Pr;, is set to
0.85, and the turbulence Schmidt number, Sc, is set to 0.7.

5.1.1 Enhanced Wall Function

The above k-¢ model is mainly valid for high Reynolds number fully turbulent flow.
Special treatment is needed in the region close to the wall. The enhanced wall function is one of
several methods that model the near-wall flow. In the enhanced wall treatment, the two-layer
model is combined with the wall functions. The whole domain is separated into a viscosity-

affected region and a fully turbulent region by defining a turbulent Reynolds number, Re,,

Re,=yk”/v (5.12)
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where k is the turbulence kinetic energy and y is the distance from the wall. The standard k-¢
model is used in the fully turbulent region where Re, > 200, and the one-equation model of
Wolfstein (1969) was used in the viscosity-affected region with Re, < 200. The turbulent
viscosities calculated from these two regions are blended with a blending function (0) to

smoothen the transition.

Mt,enhanced = 0 At + (1 - 9) 1 (513)

where L is the viscosity from the k-¢ model of high Reynolds number, and p; is the viscosity
from the near-wall one-equation model. The blending function is defined so it is equal to 0 at the
wall and 1 in the fully turbulent region. The linear (laminar) and logarithmic (turbulent) laws of
the wall are also blended to make the wall functions applicable throughout the entire near-wall

region.

5.2 Dispersed-Phase Model (Water Droplets)

5.2.1 Droplet Flow and Heat Transfer

Based on the Newton’s 2™ Law, droplets motion in the airflow can be formulated by
l’l’lpde/dt=2F=FD+Fg+FP+FP+FO (514)

where m,, is the droplet mass, and v, is the droplet velocity (vector). The right-hand side is the
combined force acted on the droplets, which are Fp (drag force), F, (gravity and buoyancy
force), Fp (pressure force), Fs (Saffman lift force), Fo (Other forces). The following are the
parameters for magnitude order of various forces for the present study. The density p, and size d,
of particle are 998.2 kg/m® and 10um, respectively. The air density p, is 1.23 kg/m’, and its
dynamic viscosity coefficient p are 1.85x10” kg/(m-s). The average value of pressure gradient
Op/0Ox is about 3.2% 10* Pa/m. The value of (ua-up) is near 60 m/s, where u, and u, the velocity of
particle and air, respectively; the average value d(u,-u,)/dt is about 60,000 m/s>. f(Rep) ~ 3.2.
Taking the above conditions into account, the magnitude order of various forces can be acquired

following Wang et. al.’s (2007) study.
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Fp = -3nd p(u, —u, J(Re, )= 3.4x1077
F, =Lnd3(p, —p, g~ 5.1x10712

_1_p30P 11
FP —g’)’[dpa—x~l.7x10

1

ou, |2

oy

~2.3x10°%

1
F, =1.61(up, 22 (u, —uJ

where, g is the gravitational acceleration, Re, is the droplet Reynolds number and f(Re,) is the

correction factor for Stokes-drag force, which are expressed as,

Rep:M and f(Rep):CD&
n 24
According to the Stokes law for Re < 1, ¢, Re,/24 =1. There are many models to
formulate the term Cp Re,/24 for higher particle Reynolds number, which are
already discussed in Chapter 2.3.3.
Without considering the radiation heat transfer, droplet’s heat transfer depends on

convection and evaporation as given in the following equation.

dm
m_ c d—T:ndzh(Tw -T)+—L"h (5.15)
dt dt

pp fg

where hy, is the latent heat. The convective heat transfer coefficient (h) can be obtained with an

empirical correlation from Ranz et. al. (1952):

Nu, =%= 2.0+0.6Re)’ Pr®” (5.16)

where Nu is the Nusselt number, and Pr is the Prandtl number.
The mass change rate or vaporization rate in Eq. (5.15) is governed by concentration

difference between droplet surface and the air stream,

dm 5
- dtp =nd’k (C,-C,) (5.17)

where k. is the mass transfer coefficient, and C; is the vapor concentration at the droplet surface,
which is evaluated by assuming the flow over the surface is saturated. C, is the vapor
concentration of the bulk flow, obtained by solving the transport equations. The values of k. can

be given from a correlation similar to Eq. (5.16) by Ranz et. al. (1952).
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Sh, = ];d =2.0+0.6Re’°Sc"™ (5.18)

where Sh is the Sherwood number, Sc is the Schmidt number (defined as v/D), and D is the
diffusion coefficient of vapor in the bulk flow.
When the droplet temperature reaches the boiling point, the following equation can be

used to evaluate its evaporation rate given by Schiller et. al. (1933):

dmp 2 >\’ 0.5
=] 120+ 046Re] Yin[l+c, (T, -T)/h, J/c, (5.19)

where A is the gas/air heat conductivity, and ¢, is the specific heat of the bulk flow.

Theoretically, evaporation can occur at two stages: (a) when the temperature is higher
than the saturation temperature (based on local water vapor concentration), water evaporates, and
the evaporation is controlled by the water vapor partial pressure (Eq. 5-17) until 100% relative
humidity is achieved; (b) when the boiling temperature (determined by the air-water mixture
pressure) is reached, water continues to evaporate (Eq. 5.19). After the droplet evaporates due to
either high temperature or low moisture partial pressure, the vapor diffuses into the main flow

and is transported away by convection.

5.2.2 Mixture's Properties

The current study deals with a mixture including O,, N,, H,O vapor and liquid H,O. The
mixture's properties are calculated by mass-weighted average. As the gas mixture is
compressible, the density of the mixture is formulated based on the idea gas law as,

P+P,
p:—"% (5.20)
RTY
Zi:Mi

where, P = Local static pressure
P,, = Operating pressure
R = Universal Gas Constant (8.314 kJ/kmole.K)
T = Static temperature
Y; = Mass fraction of species i

M; = Molecular weight of species i
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However, the existence of incompressible liquid water makes the mixture a non-ideal gas
mixture of O,, N, H,O vapor as a gas with liquid H,O. The gas-liquid density is calculated as,

1 1
z L Yliq Hy0 " Ygas mixture

p= (5.21)

i Pi PligHy0 P gas mixture
Specific heat of the mixture is calculated as a mass fraction average of the pure species

heat capacities as,
Cp =Y YCp; (5.22)
i
Constant dilute approximation is used to find mixture's diffusion coefficient as,

_1=X

X
2p

jo i ij

D

(5.23)

X; = Molar fraction of species 1

Property values for water saturation used in FLUENT are not precise enough to cover the
temperature region for this study. By default, the water vapor pressure is limited from 284K to
425K and there were no data points between 284K and 273 K. For any condition with a
temperature below 284K, the calculation has given an unrealistic result with temperature
distribution lower than the web-bulb temperature during evaporation.

For example, in the original database, if the vapor pressure at 5°C (278K) is required, the
program extrapolates from the closest two temperature points by default and gives 604 pascal,
which is,

284278 _ 1329 — Py = P, =604 Pa [Psa = Saturation pressure]

295-284 26581329

But according to the steam property table, this value is 872.1 pascal, which is 31% off. The
deviation becomes worse when temperature is lower than 278K. According to the extrapolation
in the original database, the saturated vapor pressure at 273.01K is 1.2 pascal, whereas the actual
value is 611.3 pascal. The added data points significantly improve the accuracy of the predicted

results. Piecewise linear manner is selected to interpolate all property values.
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Table 5.1 Additional water property added to the FLUENT database

Data No. Temperature (K) | Vapor Pressure (Pa)
1. 273.01 611.3
2. 278 872.1
3. 284 1329
4. 295 2658
S. 307 5316
6. 315 7974
7. 325 13289
8. 340 26579
9. 356 53158

10. 373 101000
1. 393 202000
12. 425 505000

5.2.3 Stochastic Particle Tracking

The turbulence models discussed above can only obtain time-averaged velocity. Using
this velocity to trace the droplet will result in an averaged trajectory. In a real flow, the
instantaneous velocity fluctuation would make the droplet move around this averaged track.
However, the instantaneous velocity is not simulated in the current computation because the
turbulence is modeled in time-averaged terms. One way to simulate the instantaneous turbulent
effect on droplet dispersion is to "improvise" the random turbulent fluctuation by using the
stochastic tracking scheme. Basically, the droplet trajectories are calculated by imposing the
instantaneous flow velocity (u+u’) rather than the average velocity (u). The velocity

fluctuation is then given as:

——\ 0.5
u' = C(u'zj = ¢(2k/3)"? (5.24)
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where C is a normally distributed random number shown by Kuo et. al. (1986). This velocity
will apply during the characteristic lifetime of the eddy (t.), which is a time scale calculated from
the turbulent kinetic energy and dissipation rate (t. = 0.3 k/¢). The time scale varies from case to
case and it is essential that an adequate time scale be provided in the calculation. A typical value
in this study calculated from empirical formula (0.3 k/e) is about 0.05 seconds. After this time
period, instantaneous velocity will be updated with a new C value until a full trajectory is
obtained. When the stochastic tracking is applied, the basic interaction between droplets and
continuous phase stays the same, which is accounted by the source terms in the conservation
equations. The source terms are not directly but rather indirectly affected by the stochastic
method; so formulation of the source terms is not affected by implementing the stochastic
tracking method. For example, the drag force between a water droplet and the steam flow
depends on the slip velocity calculated by the averaged Navier-Stokes equations. When the
stochastic tracking method is used, a random velocity fluctuation is imposed at an instant of
time, and the drag force will be calculated based on this instantaneous slip velocity. The source
term associated with this instantaneous drag force enters into the momentum equation without
any additional formulation. For a steady-state calculation, the “instant of time” means “each

iteration step.”

5.3 Droplet Dynamics
5.3.1 Droplet Breakup

A literature review on droplet breakup has been conducted in Chapter 1 Section 1.1.3.1.
In this study, the Taylor Analogy Breakup (TAB) model is used which was developed by
O’Rourke and Amsden (1987). This method was based upon Taylor's analogy between an
oscillating and distorting droplet and a spring mass system, where the spring surface tension
forces, droplet drag force and droplet viscosity forces were made analogous to restoring,
external, and damping forces as shown in Eqs (5.25) and (5.26). The equation governing a

damped, forced oscillator is,

dx d’x
Fsp —kst—dSpEZmdt—z (525)
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where x is the displacement of the droplet from its spherical undisturbed position. The
coefficients of this equation are taken from Taylor's analogy:

When the droplet oscillations grow to a critical value of Weber number, droplets break up
into a number of child droplets. In the work of O’Rourke and Amsden (1987), the critical value

for Weber number is 6.

5.3.2 Droplet Coalescence

A literature review on droplet breakup has been conducted in Chapter 1 Section 1.1.3.2.
O'Rourke's model is used in this study and described here. The probability of two droplets
colliding is derived from the point of view of the larger droplet, called the collector droplet and
identified below as the number 1. The smaller droplet is identified in the following derivation as
the number 2. The calculation is in the frame of reference of the larger droplet, so the velocity of
the collector droplet is zero. Only the relative distance between the collector and the smaller
droplet is important in this derivation. If the smaller droplet is on a collision course with the
collector, the centers will pass within a distance of '4(d;+d,). More precisely, if the smaller
droplet center passes within a circle centered around the collector of area Vam(r;+r,)?
perpendicular to the trajectory of the smaller droplet, a collision will take place. This disk can be
used to define the collision volume, which is the area of the aforementioned disk multiplied by
the distance traveled by the smaller droplet in one time step, namely Yam(r;+12)? Vi At, where Vi
is the relative velocity between the two droplets. The algorithm of O'Rourke uses the concept of
a collision volume to calculate the probability of collision. Rather than calculate whether or not
the position of the smaller droplet center is within the collision volume, the algorithm calculates
the probability of the smaller droplet being within the collision volume. It is known that the
smaller droplet is somewhere within the continuous-phase cell of volume V. If there is a uniform

probability of the droplet being anywhere within the cell, then the chance of the droplet being

166



within the collision volume is the ratio of the two volumes. Thus, the probability of the collector

colliding with the smaller droplet is,

— n(dl + d2 )2 VrelAt

Py
4y

(5.27)

Eq. (5.27) can be generalized for parcels, where there are n; and n, droplets in the
collector and smaller droplet parcels, respectively. The collector undergoes a mean expected
number of collisions given by

nzn(dl + dz )2 VrelAt
4y

= (5.28)

The actual number of collisions that the collector experiences is not generally the mean
expected number of collisions. The probability distribution of the number of collisions follows a

Poisson distribution, according to O'Rourke, which is given by,
P(n)=¢ " — (5.29)

where n is the number of collisions between a collector and other droplets.

5.3.1 Droplet Erosion

A literature review of particle erosion on surface was conducted in Chapter 1 Section
1.1.3.3. In this study, the rate of erosion (kg/m’s) is formulated considering all the factors
described in the chapter 1 as,

m Kf(o)VSina -V, )"

R = A

- (VSino > V) (5.30)

0 (VSina < V)

Where, K is a Material constant, o is the impact angle of the particle path with the wall face, f(a)
is a function of impact angle, V is the relative particle velocity, V,, is the critical velocity below
which erosion does not take place, n is a constant, and Ay, is the area of the cell face at the wall.
VSina is the normal component of the droplet velocity, which is responsible for erosion and was
shown by Nesic (1991). Nokleberg and Sontvedt (1998) used this model and found the erosion

tests gave peak erosion rates 2-3 times larger than calculated. They reasoned that this large
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difference was contributed by the variations of surface geometry, particle sharpness and
reflection velocities after several impacts in the chokes. They suggested the value of f(a) in a
piecewise linear manner between three data points for ductile materials as: f(0°) = 0, f(20°) = 1.0,
and f(90°) = 0.3 and two points linear relationship for brittle materials between f(0°) = 0 and
f(90°) = 1.0.

Haugen et. al. tested a total of 28 materials at impact angles of 7.5°, 22.5° and 90° with
test velocities at 22, 55, and 320 m/s. Impact angles 22.5° and 90° are selected in this study since
maximum erosion is achieved at those angles for ductile and brittle materials, respectively. Their
study provided the value of K = 2x10” and n = 2.6 for steel. The value of f(o) and n are
completely dependent on the eroding material; it does not bear any relationship with the type of
particles. Bowden and Field (1964) showed that the stress pulse produced by high-speed liquid
impact is intense and of a duration of only 1 or 2us. On the other hand, a solid-to-solid impact
has, by comparison, a much longer impact time of the order of hundreds of microseconds. Based
on this discovery, it is assumed in the present study that the K value for the liquid droplets is
about two orders of magnitude less than solid’s K value. Therefore, K is selected as 2x10™,
which is 1/100™ of the steel’s K value. n is selected as 2.6 and f(a) is modeled by the piecewise
linear approach between three data points: f(0°) = 0, f(20°) = 1.0, and f(90°) = 0.3 as stated in the
previous paragraph. The critical velocities for erosion initiation for different materials were
reported by Bitter (1963a, b) and the critical velocity for steel was 0.668m/s. Erosion model built
in the FLUENT is a solid particle erosion model, which is not fit for the current application with
liquid erosion, so an user defined function (UDF) is written and is incorporated into the

FLUENT program.

5.4 Numerical Method

The commercial software package FLUENT (version 6.2.16) from Ansys, Inc. is adopted
for this study. The simulation uses the segregated solver, which employs an implicit pressure-
correction scheme and decouple the momentum and energy equations according to FLENT
manual (2005). The SIMPLE algorithm is used to couple the pressure and velocity (Patankar,
1980). Second order upwind scheme is selected for spatial discretization of the convective terms
and species. Lagrangian trajectory calculations are employed to model the dispersed phase of

droplets. The impact of droplets on the continuous phase is considered as source terms to the
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governing equations. After obtaining an approximate flow field of the continuous phase (airflow
in this study), droplets are injected and their trajectories are calculated. At the same time, drag,
heat and mass transfer between the droplets and the airflow are calculated.

Iteration proceeded alternatively between the continuous and discrete phases. Twenty
iterations in the continuous phase are conducted between two consecutive iterations in the
discrete phase. Converged results were obtained after the specified residuals are met. A
converged result renders mass residual of 107, energy residual of 10°, and momentum and
turbulence kinetic energy residuals of 10™. These residuals are the summation of the imbalance
for each cell and scaled by a representative of the flow rate. Typically, 200-300 iterations are
needed in initial time steps, and after 20 time steps (i.e. 6,000 iterations), 20-30 iterations are
needed to obtain a converged result in each time step, which took about 2~3 hours on a 2.2 GHz
Pentium 4 personal computer. To allow accurate transfer of information across the sliding mesh
interface, the iteration time step must be at least less than 50% of the time required to pass one
mesh.

For 3-D analysis, typically, 400 to 500 iterations are needed to obtain a converged result
in each time steps, which takes about 90 hours in a cluster of 9 parallel computers of each 2.8
GHz Pentium 4 personal computer. The transient time step is set for 0.1 millisecond for a total of
100 steps. For 3600 RPM rotating speed, this gives a total period of 0.01 second with a progress
of 30 pitch passing. The time step is set in such a way that it becomes shorter than the time
requires for the rotor to rotate a single pitch, which is 33.33 ms. Otherwise the discrete phase

data won’t be continuous in two consecutive pitch passings.

5.5 Two-Dimensional Analysis

5.5.1 Geometrical Configuration

The geometries of the compressor rotor and stator airfoils are taken from Hsu and Wo
(1998) with a chord length of 0.06m, a gap distance of 6 mm, and a blade pitch of 42 mm, as
shown in Fig.1. The whole computational domain (area A-B-C-D-E-J-I-H-G-F) is divided into
four sub-domains including the inlet sub-domain (area A-B-G-F), the rotor sub-domain (area B-

C-H-G), the stator sub-domain (area C-D-I-H) and the exit sub-domain (area D-E-J-I). The width
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of all the sub-domains are the same as a blade pitch of 42mm. Length of inlet and exit sub-
domain are 60 mm each. The inlet and exit sub-domains are rectangular, and the other two sub-
domains consist of two vertical straight lines and two repeated curves (e.g. BC and GF in the
rotor sub-domain and CD and HI in the stator sub-domain). Here BC and CD are formed
following the centerline of the rotor-stator flow passage. GH and HI are the repetitions of BC
and CD, respectively. The inlet fogging is simulated at 4 spray locations uniformly spaced at s,

%, ¥, 7s inlet between A and F.

Po;, = 101325 Pa A B
4). Gap —>» («— C; —>

To, = 301.5 K b ~.0.006m ~006m | D E
>

V, =56 m/s i c

F 2
— G /_‘ i
Re =387,000 fr Blade pitch J
i I =0042m
Ve=Smis T & y
T,=288K  — > &

B <«—0.06 m—>
M,, = 0.026 kg/s — -

Rotor Blades (Moving) Stator Vanes (Stationary)

Blade mean
diameter = 0.5 m U=94.72 m/s

Figure 5.1 Computational domain

5.5.2 Boundary Conditions

5.5.2.1 Continuous Phase

The stagnation condition of the inlet main flow is assigned as 1 atm air at 301.5K (static
temperature is 300K), and 60% RH (or with the absolute humidity at 0.01369 kg/kg dry air)
moving at a uniform velocity of 56 m/s. The inlet condition is assigned by fixing the total

pressure as 101,325 Pa and total temperature at 301.5K, as shown in Fig. 5.1 and the exit
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condition is assigned by fixing the static pressure as a value that will give the inlet velocity of 56
m/s. Since the exit static pressure is not known, iteration will take place to try different exit
pressures until the inlet velocity reaches an average value of 56 m/s. Under these assigned
conditions, the inlet static pressure, static temperature, and velocity will be calculated cell by cell
and will not be uniform. There was an attempt to assign a uniform velocity at the inlet. However,
if a constant velocity were assigned as the inlet condition, the total pressure would be calculated
cell-by-cell and would not be uniform, which is not consistent with reality. Rotor rotates at 3600
RPM with the translational velocity of 94.72 m/s. The turbulent intensity is assigned as 1% for
both 2-D and 3-D analyses.

The computed mass flow rate is 2.645 kg/s per unit width. This amount (2.645 kg/s) is then
used to calculate the amount of water, which is 1% and becomes 0.02645 kg/s. However, the air
mass for fogging case is not just 1% more, because the inlet density increases due to the change
of inlet temperature and pressure, which makes the mass flow rate of air as 2.658 kg/s without
water.

The backflow (reverse flow) temperature, if any, is set to 310 K. All the walls in the
computational domain are adiabatic and have non-slip velocity boundary condition. BG, CH and
DI are the interfaces between the consecutive sub-domains. The surface A-B-C-D-E is repeated
upon the surface of F-G-H-I-J and is used here as periodic boundary, i.e. the data is calculated at

A-B-C-D-E are used at F-G-H-I-J as the input.

5.5.2.2 Sliding Mesh Data Transfer

BG, CH and DI are the stationary-sliding interfaces between the stationary and moving sub-
domains. The calculated data at the exit of the inlet stationary domain (CH) is transferred via the
sliding mesh algorithm to the inlet of moving rotor subdomain, and the similar transfer of data is

passed between moving rotor subdomain to the stator subdomain. The meshes are shown in Fig.

5.2
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Figure 5.2 Meshes for (a) rotor (overall), (b) stator (overall), (c) leading and trailing edges of

rotor and (d) leading and trailing edges of stator
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5.5.2.3 Dispersed Phase

The droplet size is uniformly given as 10 um. Although in the real spray applications the
water droplet sizes posses a nonuniform distribution, for the purpose of an easy tracking of
droplet size variations during the course of evaporation, using uniform droplet size provides a
convenient controlling tool. The effect of droplet sizes can be compared between the Sum and
10um cases. The mass ratio of water droplet over airflow is 1%, which is 0.02645 kg/s at 288K.
The effect of turbulent dispersion on droplet trajectories is calculated by tracking a number of
trajectories with the stochastic method.

The boundary condition for droplets at the walls is assigned as either reflected, trapped,
or maintaining as a liquid film. Usually, when the wall temperature is 28°C (=50°F) above the
water saturation temperature (i.e. at 28°C superheat), the water droplets do not stick to the wall
surface; it reflects from the surface. This situation occurs in the later stages of the compressor,
but not in the first stage as simulated in the present study. However, since the blade surfaces
moved very fast, the impact force may bounce off the droplets when the droplets collided with
the surface. In the meantime, the water droplets can also stick to the surface and form a liquid
film. Since all three conditions could occur in the real application, this study employed both
reflected and filmed boundary conditions at separated cases and the results are compared. The
results of the trapped condition should be between the results of reflected and filmed conditions
because it assumes water droplets to evaporate when they hit the surfaces. At the outlet, the
droplets just simply escape from the computational domain. The model is associated with break-
up and coalescence model to see the effect of these models on droplet.

Structured O-mesh is applied to the boundary layer region of rotor and stator and
unstructured triangular meshes are constructed outside the boundary layer region, as shown in
Fig 5.2(a), (b), (c) and (d). The cells near the leading edge and trailing edges of rotor and stator
are the densest.

In the inlet and exit sub-domains, cells are the coarsest. Inlet and exit sub-domains have
12,000 cells each and rotor and stator sub-domains have 30,000 cells each. The total number of

cells for 2D cases is 88,000.
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5.5.3 Results and Discussions of 2D cases

5.5.3.1 Studied Cases
1. Baseline case: No fogging. Moist air compression (conventionally called dry compression)
with the stagnation condition of the ambient air at 301.5K, 60% RH, and 1 atm pressure.

2. Fog cooling case: Ambient condition is the same as the baseline case with 1% overspray of

water.

In this study, the term "fogging" indicates the action of generating the fog. Depending on
the amount of injected water, "saturation fogging" implies the process of saturating the air to
100% relative humidity and "overspray" implies the process of injecting more than the water
amount required to achieve saturated air. Strictly speaking, a 1% overspray implies the amount
of water that weighs 1% of the dry air flow is injected, in addition to the amount required to
saturate the air. However, for simplicity, overspray fogging also includes saturation fogging in
this study. For example, 1% water overspray with an ambient condition of 300K and 60% RH
implies that 0.245% water is needed to saturate the air, and (1 — 0.245) = 0.755% is actually used
for overspray.

The term "moist air compression" indicates that no liquid is in the air and the air humidity is

not zero. "Wet compression" means liquid droplets present in the air during compression.

5.5.3.2 Static Temperature

The result of static temperature distribution is shown in Fig. 5.3. The baseline case has
an mass-weighted average exit temperature of 305.6K. Wet compression reduces that to 305.1K
with 10um water droplets. The baseline case shows locally higher temperature at the stagnation
points near the blade's leading edge, over the pressure side of the rotor, and at the trailing edge of
the stator. In the non-fogging baseline case, the temperature becomes low on the suction side of
the rotor due to local acceleration. Overspray cools the entire domain, specially the outlet sub-
domain. Due to the thermal response time needed for water droplets to evaporate, the cooling
effectiveness is more pronounced in the later part of the domain, which is more obvious in the

entropy distribution (Fig. 5.4).
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Figure 5.3 Static temperature distribution (a) non-fogging baseline (b) overspray fogging
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Figure 5.4 Entropy distribution (a) non-fogging baseline (b) overspray fogging

5.5.3.3 Static Pressure

The static pressure distribution over the rotor is shown in Fig. 5.5. Overall, the wet
compression produces lower static pressure on the rotor. Overspray produces a bit higher
pressure ratio (1.059) than the baseline case (1.057). Droplet evaporation reduces the static
temperature, which reduces the static pressure also, that is why the pressure enhancement is not

appreciable here in this stage, which is also revealed in Fig. 5.6, where the pressure distribution
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over the rotor is shown. More enhancement of pressure is expected in later stages, which is not

simulated here.
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(b)

Figure 5.5 Static pressure distribution (a) non-fogging baseline (b) overspray fogging.
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Figure 5.6 Static pressure distribution over the rotor (baseline and fogging pressures almost

coincide each other)

5.5.3.4 Velocity

The axial velocity is set to 56 m/s at the rotor inlet. The velocity distribution is shown in
Fig. 5.7. The exit axial velocity at the rotor is approximately 53.4 m/s without fogging and 53.5
m/s with fogging. Due to increased volume flow rate from evaporated water, the exit velocity
increases from 56.2 m/s without fogging to approximately 57.9 m/s. Figure 5.8 shows the
velocity distribution over the stator in a magnified view. It is clear from the figure that a
boundary layer is forming over the stator suction and pressure sides. The velocity on the pressure

seems slow, but no separation is found.
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Figure 5.7 Velocity vector (Relative velocity is plotted in the rotor-subdomain area) (a) non-

fogging baseline (b) overspray fogging.
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Figure 5.8 Velocity profile over the stator for baseline case.

5.5.3.5 Hydrodynamic Response Time, Slip Velocity and Thermal Response Time

The interaction between the discrete phase and the continuous phase involves heat
transfer, mass transfer, and body forces. All these models are built around the relative velocity
(i.e. slip velocity) between the droplet and the main flow. According to the drag law and particle
response time (Eq. 2.44), the piecewise calculation (dashed line in Fig. 5.9) conducted by hand
verifies the CFD result, which provides more detailed variations of slip velocity along the flow
path. It is seen that the slip velocity almost becomes zero before reach the rotor inlet at x = 0.
The droplets reach approximately 98% of the air velocity within a millisecond, which is right
before they reach the rotor inlet. Once the droplets enter the rotor sub-domain, they are subjected
to local acceleration and deceleration (or pressure gradients) as seen from increased relative
droplet Reynolds number in Fig. 5.10. The slip between droplets and mainstream continuously
involves and varies in the stator sub-domain due to local pressure gradients in its curved passage.
Eventually, the slip velocity again is reduced once the flow exits the stator sub-domain and
enters the straight passage of the exit sub-domain. Most of the droplet relative Reynolds numbers

are less than 15.
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Figure 5.11 Droplet thermal response

Theoretical calculation of thermal response time is more complicated than the calculation
of hydrodynamic response time because the temperature and velocity is coupled in Eq. (2.47).
Equation (2.47) has been used for piecewise hand calculation to verify the CFD result as shown
in Fig. 5.11. The hand calculation shows the droplet temperature is approximately 1°C off from
the mainstream flow bulk temperature before entering the rotor sub-domain; while the CFD
result provides a more detailed variation of droplet temperature along the path and predicts the
droplet temperature is approximately 2°C below the air temperature before reaches rotor. The

hand calculation and CFD result are consistent.

5.5.3.6 Liquid Concentration
The effect of liquid evaporation is seen from the distributions liquid concentration shown
in Fig. 5.12. Saturation is not reached at the exit. This means that the droplet thermal response

time was longer than the duration of time for most of droplets flying through the entire domain.

182



0.50 -2.00
m e
0.46

0.44
0.42
0.40
0.38
0.36
0.34
0.32
0.30
0.28
0.26
0.24
0.22
0.20
0.18
0.16
0.14
0.12
0.10

Figure 5.12 Distribution of concentration (kg/m?) of liquid water

5.5.3.7 Droplet Breakup and Coalescence

In the present compressor stage study, the difference with and without considering
breakup and coalescence is noticeable, but not remarkable. Figure 5.13(a) shows droplets size
distribution without considering breakup and coalescence in a range of 10 to 25um. To clearly
show the effect of breakup and coalescence, the overspray is increased to 4%, as shown in Fig
5.13(b). It is clear from the figure that the droplets experience coalescence before they reach the
rotor due to collisions induced by turbulent dispersion downstream of sprays. The droplets
reduce sizes due to evaporation before reaching the rotor, but once they enter the rotor domain,
coalescence takes place and droplets size increases due to local acceleration and deceleration of

the flow field.
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Figure 5.13 Droplet diameter (m) distribution (a) with break-up and coalescence (b) without

break-up and coalescence.

5.5.3.8 Droplet Erosion

The blade material used in the current CFD simulation is ductile metal (steel). The largest
erosion rate is predicted as 4.23 x 10” (kg/m*-s) or 0.2873 (kg/m’-yr), which is approximately
equivalent to a loss of 17 um thickness of metal layer per year if the compressor runs for the
whole year without any pause. The largest erosion takes place near the rotor trailing edge and

stator leading edge.
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Figure 5.14 Erosion (kg/m?s) distribution on the rotor trailing edge and stator leading edge (The

relative position of rotor and stator is not ture)

5.5.3.9 Comparison of Different Rotor-Stator Relative Positions

Static pressure distribution (for overspray cases) for different rotor-stator relative
positions (rotating part of the compressor) is shown in Fig. 5.15 for 4% overspray. In each sub-
figure, the percentage shown is the percentage of one pitch distance (0.042m) traveled by the
rotor. It is found that the static pressure achieved the maximum rise at the 0% position in Fig.
5.16(d) because this position produces the least blockage to the airflow. On the other hand, the
75% position produces the least amount of pressure rise due to the maximum blockage. The
pressure ratios at 0%, 25%, 50% and 75% position are 1.067, 1.05, 1.038 and 1.032,
respectively. Temperature distribution (Fig. 5.16) is consistent with pressure due to air

compression. Less flow blockage results in more effective compression and higher temperature.
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Figure 5.15 Pressure distribution at different rotor-stator relative positions.
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5.5.3.10 Comparison of Different Wall Boundary Conditions for Droplets

As explained before, there are three representative types of wall boundary conditions for
water droplets including reflect (the droplet bounces back when it touches the wall), film (the
droplet accumulates on the wall), and trap (the droplet evaporates as soon as it touches the wall).
Since the trap condition fall between the reflect and the film models, the current study conducts a
comparison between using the reflect and the film boundary conditions. The comparison shows
the difference at the exit of the domain is negligible (Table 5.2) although the wall temperature
distribution in Fig. 5.17 shows film boundary condition made the pressure side a bit cooler near

the fore body of the airfoil. .

Table 5.2 Comparison of different droplet wall conditions

Wall Boundary Conditions Reflect Film
Inlet Static Pressure (Pa) 99656 99659
Exit Static Pressure (Pa) 105426 | 105466
Inlet Static Temperature (K) 300.39 300.39
Exit Static Temperature (K) 304.36 304.43
Inlet Relative Humidity (%) 100.3 100.3
Exit Relative Humidity (%) 86.5 86.2
Water Concentration at inlet (kg/m’) 0.2216 0.2314
Water Concentration at exit (kg/m’) 0.0341 | 0.0364
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Figure 5.17 Comparison of temperature distributions on the rotor wall for two different types of

droplet wall boundary conditions: "Reflect" verses "Film."

It should be noted that the 2-D analysis studied in this study does not include important
factors of secondary flow and centrifugal force, which could exert additional effects on the
droplet dynamics. But 2-D analysis is a good starting point, especially for validation of some
important droplet dynamics, like response time, variation of different boundary condition,

variation of different rotor-stator position.
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5.6 Three Dimensional Analysis

5.6.1 Geometrical Configuration

Figure 5.18 shows the meshes of inlet, rotor and stator of the 3D computational domain.
The mesh number is reduced for clarity. The geometries of rotor and stator are adopted from
Hsu and Wo (1998) and 2% of the tip clearance for rotor is imposed here according to Chima
(1998) and Gerolymos and Vallet (1999). Figure 5.19(a) shows the periodic meshes of inlet,
rotor and stator, and Fig. 5.19(b) shows the close-up view of one pitch of inlet, rotor and stator.
Structured mesh is used in the inlet sub-domain and on the blade surfaces; hexahedral meshes are
used in rotor and stator sub-domains. Nine hundred thousand meshes are used as the coarse grid
for both the baseline and fogging cases, and 1.7 million meshes are used as the finer grid only for

baseline. Finer grid is not used for fogging due to limitation of existing computer capacity.

Figure 5.18 Meshes for rotor and stator. (The mesh number is reduced for clarity.)

(a) Periodic Meshes
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(b) Close-up view of one pitch of inlet, rotor and stator
Figure 5.19 Overall and close-up 3D meshes

Figure 5.20(a) shows how the computational domain has been divided into three sub-
domains, namely inner sub-domain, rotor sub-domain and stator sub-domain. This figure also
shows the selected surfaces for analysis and discussion including three radial surfaces (y-z planes
at 25%, 50% and 75% of blade height respectively), three axial surfaces (x-y planes in the
middle of each sub-domains) and one vertical circumferential surface (x-z plane) slicing through
the middle of the pitch. The radial surfaces are named as radial-25, radial-50 and radial-75; axial
surfaces are named as the developing-plane, rotor-plane and stator-plane, and the x-z vertical
slicer is named as the pitch-plane. Twelve cross marks at the inlet of the domain show the
locations of water injection. The domain extends axially from z = 0 to z = 0.18m, radially from x
=—-0.45m to x = —0.36m and circumferentially from —3.6° to +3.6° (or an angular span of 7.2°)
for one pitch. A total of 50 pairs of rotors and stators is modeled by applying the periodic

boundary on one pitch.

The equations for three radial surfaces are shown in Eq. (5.31).

X2+ y? =[-0.45+0.25 x ( 0.45 - 0.36)]? (5.31a)
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X2+ y2 = [-0.45 + 0.50 x ( 0.45 — 0.36)]? (5.31b)
X2+ y2 = [-0.45 + 0.75 x ( 0.45 — 0.36)]? (5.31¢)

Water is sprayed atl2 points (4 radial x 3 circumferential), which are equally distant in
radial and longitudinal directions at the inlet as shown in Fig. 5.20(a). 4 radial locations are s, ¥s,
¥s and 7% distance from hub to tip. One of the 3 circumferential location is at the y = 0 plane and
the other two planes are at —2.4° and +2.4° from the y = 0 plane. Some more radial planes (which
are not shown in Fig. 5.20.b) aligned to the spraying points are adapted to analyze the water
concentration distribution. These planes are represented by the equations and named as radial-

12.5 (eq. 5.31d), radial-37.5 (eq. 5.31e), radial-62.5 (eq. 5.31f) and radial-87.5 (eq. 5.31g):

X2+ y? = [-0.45 + % x (0.45 — 0.36) (5.31d)
X2+ y? = [-0.45 + % x (0.45 — 0.36) (5.31¢)
X2+ y? = [-0.45 + % x (0.45 — 0.36)] (5.31f)
X2+ y? = [-0.45 + % x (0.45 — 0.36)] (5.31g)

The planes for three axial surfaces (maroon, orange and brown) are at z = 0.03, z = 0.09,
and z = 0.15 respectively. These axial surfaces are axisymmetric to y = 0 plane and shown in Fig.
5.20(a).

The equation for the pitch —plane (broken pink line) is y = 0.
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Rotor Sub-domain

Inlet Sub-domain

Figure 5.20(a) Selected surfaces for analysis and discussion (3 radial, 3 axial and one

circumferential plane). The cross marks show the water injection locations.
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Figure 5.20(b) Specially Selected surfaces for analysis of concentration and secondary flow

(The cross marks show the water injection locations)

Figure 5.20(b) shows four new radial planes, which are radial-12.5, radial-37.5, radial-62.5
and radial-87.5, colored as orange, green, cyan and royal blue respectively. Two more planes are
adopted for the analysis of secondary flow, which are colored as purple and brown in Fig.
5.20(b). Purple plane is perpendicular to the stator at 20% of its chord length from the leading
edge and named as the stator-perpendicular plane, which can be represented by the equation y +
V3 x = 0.236. The brown plane is an axial plane (z = 0.165), which lies very close to the exit and

named as the close-to-exit plane.
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5.6.2 Boundary Conditions

5.6.2.1 Continuous Phase

The stagnation condition of the inlet main flow is assigned as 1 atm air at 304.2K (static
temperature is 300K), and 60% RH (or with the absolute humidity at 0.01369 kg/kg dry air)
moving at a uniform velocity of 91 m/s. The inlet condition is assigned by fixing the total
pressure as 101,325 Pa and total temperature at 304.2 K, and the exit condition is assigned by
fixing the static pressure as a value that will give the inlet velocity of 91 m/s. Since the exit static
pressure is not known, iteration will take place to try different exit pressures until the inlet
velocity reaches an average value of 91 m/s. Under these assigned conditions, the inlet static
pressure, static temperature, and velocity will be calculated cell by cell and will not be uniform.
There was an attempt to assign a uniform velocity at the inlet. However, if a constant velocity
were assigned as the inlet condition, the total pressure would be calculated cell-by-cell and

would not be uniform, which is not consistent with reality.

The chilled water at 288K (58°F) is atomized and injected at a velocity of 25 m/s. The
calculated mass flow rate is 0.4639 kg/s per pitch, which is used to find the amount of water,
0.004639 kg/s, for 1% overspray fogging case.

The static pressure (96.07 kPa) at the inlet and shown in Table 5.3 is a mass-weighted
average static pressure, and the calculated total pressure at the exit is mass-weighted average as
well. Since there are 50 rows of blades, the rotational periodic (or cyclic) boundary condition is
set to simulate 50 rows of rotors and stators. The total mass flow rate for the entire compressor

inlet is (0.4639 x 50) = 23.195 kg/s for fogging. The mass flow rate (m = pAV)) is calculated, as

shown below:

Inlet pressure = 96.07 kPa,
Inlet temperature = 299.89K,
Gas constant for air = 0.287 kJ/kg.K

P 96.07

—=— " -1.1038kg/m’
RT 0.287x299.89

The air density at inlet is, p, =

At the inlet, the inlet diameter is, d; = 0.72m and the outer diameter is, d, = 0.9m.
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The inlet area therefore is A = g(df, ~d? ) = §(0.92 -0.72° ) =0.229m’

Inlet velocity is, V =90.85 m/s and the mass flow rate is,

m=pAV =1.1038x0.229x90.85 =23.2kg/s

The backflow (reverse flow) temperature (if any) is set to 310 K. All the walls (rotor and
stator) in the computational domain are assigned as adiabatic with the non-slip velocity boundary
condition, i.e zero velocity at all walls. As the compressor has 50 rows of blades, the included
angle between two consecutive blade rows is 7.2°. Again, all the parameters are set with
rotational periodic boundary conditions, which carry the information from the downward edge to

the forward edge along the rotating direction.

5.6.2.2 Disperse Phase (Water Droplets)

The water droplet size is uniformly given as 10 um. Although uniform distribution of the
droplet size is not consistent with a real atomized nonuniform droplet distribution, it is easy to
visualize and track the variation of droplet size due to evaporation, break-up and coalescence.
The mass ratio of mist over airflow is 1%, which is 4.639 mg/s at the inlet. Mist is injected at 4
radial locations in three longitudinal locations and uniformly distributed between the hub and tip
at the inlet plane, as shown by 12 cross marks in Fig. 5.20(a). The boundary condition of droplets
at walls is assigned as “reflect”, which means the droplets elastically rebound off once reaching
the wall. Typically this occurs when the wall temperature is typically 50°F superheated above the
saturation temperature. However “film” boundary condition is also tested for comparison. The
wall film boundary condition allows liquid droplets to deposit on the wall surface and form a
liquid film based on certain criteria (surface tension, surface superheat, Weber number etc., see
details below). If the wetting criteria are not satisfied, the droplets will be reflected back from
the wall. The true boundary condition lies in between these two models.

At the outlet, the droplets just simply flee/escape from the computational domain. The
simulation also incorporates droplets breakup, coalescence and erosion. The erosion model built
in the FLUENT is a solid particle erosion model, which is not fit for liquid erosion, so an UDF
(User Defined Function) was incorporated with Fluent model, which has already been described

earlier in Section 5.3.1.
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5.6.3 Results and Discussions

5.6.3.1 Pressure

Compressor’s static pressure increases from 96 kPa to 110 kPa with a static pressure ratio
1.146 for the baseline case as shown in Fig. 5.21(a). The lowest static pressure (suction peak) at
86 kPa is found on the suction side of the rotor near the leading edge. The stagnation pressure in

the range of 110 and 120 kPa is found at the stagnation region of rotor shown in Fig. 5.21(b).
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Figure 5.21 (a) Static pressure distribution for baseline case in different radial planes
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Figure 5.21 (b) Stagnation pressure distribution on the rotor surface for baseline on suction

surface, leading edge, and pressure surface.

As fogging is applied, compressor’s static pressure increases from 96 kPa at inlet to 110.5
kPa with a static pressure ratio of 1.151, a bit higher than baseline case. When fogging is applied,
the stagnation line has not been shifted significantly. The stagnation pressure ranges from 110 to
120 kPa at the stagnation line. The isobar contours for the fogging case and baseline case do not

any significant difference.
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Figure 5.21 (d) Stagnation pressure distribution for fogging case across the rotor surface
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5.6.3.2 Static Temperature

The temperature distribution without and with water spray is shown in Figs. 5.22(a) and
(b). For baseline case (dry air with 60% relative humidity without fogging), a wide range of
temperature distribution is noticed. Inlet portion is almost constant (300K — 301K) everywhere.
Temperature significantly drops to 290°C at the leading edge of suction side of rotor due to
strong acceleration and pressure drop downstream of the stagnation region (see Fig. 5.21a).
Temperature increases from 290K to 311K along the suction side and from 305K to 311K along
the pressure side. As expected, the static pressure is higher on the pressure (convex) side and
lower on the suction (concave) side as shown in Fig. 5.21(a), and due to the nature of
compression, air temperature is higher on the pressure side and lower on the suction side (Fig.

5.22). The average temperature is 313.5K at the exit (as shown in Table 5.3).
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X
Figure 5.22 (a) Static temperature distribution for baseline case (no fogging) on three radial

planes and the hub surface
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Figure 5.22 (b) Temperature distribution for fogging case on different radial planes and hub

surface

For the fogging case (Fig. 5.22b), temperature drops a little from baseline case.
Temperature is higher on the pressure side and lower on the suction side for both the rotor and
stator for the fogging case. Temperature reduces to 313K at the exit. The minimum temperature
of 309K is shown at the radial-25 and hub surfaces near the exit. The general trend in the fogging
case shows the temperature decreasing from the hub towards the tip in the rotor passage and in

the opposite direction in the stator passage (i.e. lower near the hub).

5.6.3.3 Velocity

The velocity distribution in Fig. 5.23(a) shows that the inlet velocity at rotor is 91 m/s,
which does not vary too much with fogging as shown in Fig. 5.23(b). The exit velocity at the
rotor is approximately 135 m/s for both the cases like the 2-D case. There is a secondary flow

moving from the pressure side towards the suction side.
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202



247.00
. 234.85 \

222,70 \\'\%
210.55
198.40
186.25
174.10
161.95
149.80
137.65 .
125.50 %‘\
113.35
101.20
89.05
76.90 Radial-50 Plane

64.75
52.60 [
40.45 yA

28.30
16.15
4.00 m/s

Radial-75 Plane

Radial-25 Plane

Inner sub- —— Rotor sub- Stator sub-
domain domain domain

Figure 5.23 (b) Projected horizontal velocity vector for fogging case on different radial planes

5.6.3.4 Slip Velocity and Reynolds Number

Water droplets are injected at the inlet with the velocity of 25m/s along with the
continuous phase (air) flowing at a velocity of 91m/s. Initially the droplets have a slip velocity of
-66m/s, which keeps decreasing (i.e. tends to zero) along the domain. This slip velocity affects
the droplet Reynolds number and the associated drag and droplet evaporation rate. The variation

of droplet Reynolds number is shown in Fig. 5.24. The droplet Reynolds number starts at around
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15 at the inlet and reduces to almost zero at the end of the inlet sub-domain. As soon as the
droplets enter the rotor sub-domain, they accelerate due to additional momentum from the
rotational motion of the rotor and the induced centrifugal motion. As a result the droplet slip
velocity increases from 0 to 40 m/s (as they move from leading to trailing edge of rotor) and a
few particles are found to have a slip velocity more than 100m/s (droplet is faster than the air in
rotor subdomain). Therefore, a slip Reynolds number in the range of 0 to 80 is observed. When
the droplets enter the stator sub-domain, the slip velocity again decreases (as low as 5 m/s) and

results in reduced droplet Reynolds number down to 7.
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Figure 5.24 Water droplet trrace with droplets’ relative Reynolds number

5.6.3.5 Coefficient of Pressure

Figure 5.25(a) shows the contour of pressure coefficient [(P-Po)/(*2pv?)] on three radial
planes in the fogging case and fig. 5.25(b) shows the pressure coefficient variation across the
rotor and stator. It is obvious that the pressure side has higher pressure and suction side has less
pressure. Only one line near the tip region in Fig. 5.25 (b) shows relatively low pressure on the

upper plane of the rotor pressure side due to the pressure leakage across the tip clearance.
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Figure 5.25(a) Contour of pressure coefficient on rotor and stator surfaces on three radial planes

for the fogging case
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Figure 5.25(b) Variation of pressure coefficient across rotor and stator surfaces
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5.6.3.6 Droplet Breakup and Coalescence

Droplet breakup and coalescence are considered in this study. Water droplet evaporation
can occur anywhere in the domain. Some droplets can be seen completely evaporated near the
trailing edge or the stator Fig. 5.26(a). Droplet coalescence and break-up usually occur as a result
of droplet collisions due to flow field changes through, for example, local
acceleration/deceleration, centrifugal force, scattered movement of droplets or even turbulent
dispersion. Turbulent dispersion is noticed from the very beginning in the inlet domain, so the
probability of collisions starts immediately after the water droplets are injected. Figure 5.26(b)
shows the droplet diameter distribution without breakup and coalescence. Comparison between
5.26 (a) and (b) clearly shows the effect of including coalescence and breakup models. It is
obvious to observe that the droplet diameter does not increase without incorporating the

coalescence model.
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Figure 5.26(a) Water droplet trace with diameter (showing coalescence and evaporation)
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Figure 5.26(b) Water droplet trace with diameter without droplet breakup and coalescence

To help examine the occurrences of droplet breakup and coalescence, four groups of
droplet sizes are picked in Fig. 5.26(a) for discussion including 10um (smallest), 12.6pum (small),
14.4 (big) and 15.9um (biggest). When two 10um droplets coalesce, they become a small droplet

with a diameter of 12.6pum [: w3/i10)3 +(10)p = 12.6J, one 12.6pum droplet coalescesing with one

10um droplet or three 10um droplet make a big droplet of diameter 14.4um

[= 3(12.6F+ (0P =3/(10F +(10F + (10) = 14.4Jand one 14.4um droplet coalescesing with one

10um droplet or two 12.6um droplet coalesce make the biggest droplet (at the exit)

[: 3(14.4p+(10p =3/(12.6F+(12.6F =14.4J. Maximum coalescence is noticed in the topmost

stream at the inlet-domain. Some big droplets and a few big droplets presents close to the

pressure side of the stator.
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Figure 5.27(a) Accumulation (encircled) of droplets to the blade walls (Top view of Rotor and

Stator subdomain)
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Figure 5.27(b) Secondary flow moving towards the suction surface at 20% chord length from the
stator leading edge (The main flow is going away from the viewer perpendicularly; the plane of

projection for velocity in this figure is the purple plane shown in Fig. 5.20b).
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Figure 5.27(c) Secondary flow near the stator exit. (The main flow is going away from the
viewer perpendicularly; the plane of projection for velocity in this figure is the brown plane

shown in Fig. 5.20b).

Figure 30 shows the liquid droplet concentration. At this periodic position, most of the
liquid droplets hit the suction side and leave the pressure side uncooled. A little upward (radial)
movement of the droplets (especially in the topmost stream) is seen in the rotor sub-domain
(shown by a red arrow in Fig. 5.26a) and at the beginning of the stator sub-domain probably due

to the secondary flow motion.
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Figure 5.28(a) Liquid concentration on four different radial planes
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Figure 5.28(b) Liquid concentration on four different axial planes
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5.6.3.7 Droplet Erosion

Figure 5.29 (a) shows the erosion on the blade surface and the maximum erosion is
quantified as 1.348x10"" kg/m?s, which is equivalent to 0.5mm loss of material in one year given
that the compressor runs 24 hours in 365 days in a year. Based on current model, this erosion is
pretty serious. According to the boundary conditions, the spray is arranged at four equidistant
locations in radial direction. It is noticed that four eroded areas are seen on the suction side in the
rotor trailing edge, which are corresponding to the four radial droplet injection locations. CFD
animation movie shows that the water droplets hit the rotor blade most at the trailing edge of the
suction side. A snap shot can be seen in Fig. 5.27(a). Some droplets also hit on the rotor suction
side near the leading edge and cause some erosion as shown in Fig. 5.29 (a). Some droplets hit

the stator's pressure side before leaving the domain (as shown by the secondary flow in Fig.

5.27¢) and results in some erosion close to the trailing edge of the stator pressure side.
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Figure 5.29 (a) Blade erosion on suction side of rotor and pressure side of stator. (The blade at

the left is the rotor and the other is the stator. Red arrows show the flow direction.)
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Figure 5.29 (b) Blade erosion on pressure side of rotor and Suction side of stator. (The blade at

the left is rotor and the other is stator. Red arrows close to the surfaces show the flow direction)

Erosion on stator occurs mostly on the leading edge of the stator pressure side, as the
rotor splashes the droplets towards the pressure side of the stator, which is seen from flow
animation movie. The trailing edge of the rotor pressure side has also shown some erosion (Fig.

5.29 b).

5.6.3.8 Comparison of Obtained Results between Stacking Method and CFD Model

Comparison is made between the Stacking method and the CFD model, the results show
good agreements in the baseline cases, but noticeable differences in the fogging cases. The major
reason is caused by the assigned inlet condition difference. In the stacking method, the air is
assumed fully saturated at the compressor inlet after a sufficient duct length to evaporate the

droplets downstream of atomizers; whereas, in the CFD model, the water spray is placed in the
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CFD domain inlet which is very close to the compressor inlet and give insufficient time for
droplets to evaporate to reach saturation state at the compressor inlet. This above difference
results in lower temperature and hence lower pressure at the studied flow passage in the stacking
method than in the CFD model. For example, the pressure ratios are 1.05 vs. 1.11 for the fogging
cases. For 3D cases, the FogGT result shows that the remaining water at the exit is 37%, whereas
CFD result gives this value as 94%. This big difference could be caused by more than the effect

of inlet condition and requires further study to examine in details of the droplet evaporation

models.
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Figure 5.30 Velocity diagrams for rotor and stator for 3D baseline and fogging cases
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Table 5.3 Comparison between the stacking method (with FogGT) and the CFD model for 2D

and 3D cases

Cases
Parameters Unit | Location Baseline 2D Fogging 2D Baseline 3D Fogging 3D

CFD | FogGT | CFD | FogGT| CFD | FogGT| CFD | FogGT

Rotorinlet | 99.32 | 99.32 | 99.29 | 99.29 | 96.07 | 96.07 | 9594 | 95.94

Static pressure kPa | Statorinlet | 103.44 | 103.77 | 103.47 | 101.05 | 105.55 ] 107.30 | 105.83 | 99.91
Stator exit | 105.40 | 105.76 | 105.47 | 101.60 | 109.98 | 112.17 | 110.55 | 101.29

Static pressure ratio Rotorinlettof -\ ooy 1065 | 1062 | 1023 | 1145 | 1168 | 1152 | 1.056

stator exit

Rotor inlet | 101.15 | 101.13 | 101.15 | 101.22 | 101.12 | 100.72 | 101.00 | 100.91

Total pressure kPa | Statorinlet | 107.69 | 107.55 | 107.71 | 102.39 | 117.02 | 117.44 | 117.42 | 103.05
Stator exit | 107.16 | 107.52 | 107.23 | 102.39 | 115.61 | 117.36 | 116.15 | 103.04

Total pressure ratio Rotorinletto] -y 450 | 1063 | 1.060 | 1012 | 1.143 | 1165 | 1.150 | 1.021

stator exit

Rotor inlet | 299.83 | 299.83 | 299.61 | 293.81 [ 299.89 | 299.89 | 299.56 | 293.71

Static temperature K Stator inlet | 303.60 | 304.07 | 303.31 | 295.26 | 309.31 | 310.69 | 309.05 | 297.03
Stator exit | 305.55 | 305.73 | 305.13 | 295.68 | 313.52 | 314.66 | 313.21 | 298.10
Rotor inlet | 301.39 | 301.38 | 301.19 | 295.31 | 304.18 | 303.97 | 303.85 | 297.66
Total temperature K Stator inlet | 307.08 | 307.20 | 306.78 | 296.29 | 318.31 | 318.82 | 318.09 | 299.46
Stator exit | 306.98 | 307.17 | 306.57 | 296.29 | 317.98 | 318.75 | 317.62 | 299.45

Rotor inlet | 55.98 55.98 56.21 56.21 90.85 90.85 90.81 90.81

Axial velocity m/s | Statorinlet | 55.39 | 55.24 | 55.49 | 5591 91.40 | 91.13 91.39 95.74
Stator exit | 53.80 | 53.60 | 53.93 55.40 | 9326 | 91.49 | 92.76 | 98.34

Rotor inlet | -0.01 0.00 -0.01 0.00 0.88 0.00 0.04 0.00

Tangential velocity | m/s | Statorinlet | 62.63 57.13 62.48 56.82 98.65 91.06 98.87 87.92

Stator exit 4.44 3.67 4.52 3.31 11.65 4.69 11.15 0.90
Rotorinlet | 1.1402 | 1.1482 | 1.1408 | 1.1791 | 1.1038 | 1.1102 | 1.1036 | 1.1395

Density kg/m?| Statorinlet | 1.1727 | 1.1829 | 1.1742 | 1.1922 | 1.1767 | 1.1968 | 1.1811 | 1.1691
Stator exit | 1.1874 | 1.1991 | 1.1897 | 1.1964 | 1.2075 | 1.2354 | 1.2150 | 1.1791
Rotor inlet | 2.6450 | 2.6995 | 2.6612 | 2.7836 | 0.4639 | 0.4620 | 0.4628 | 0.4740
Mass flow rate kg/s | Statorinlet | 2.6450 | 2.6995 | 2.6614 | 2.7836 | 0.4639 | 0.4620 | 0.4644 | 0.4740
Stator exit | 2.6450 | 2.6995 | 2.6636 | 2.7836 | 0.4639 | 0.4620 | 0.4654 | 0.4740

Remained liquid water] % At the end NA NA 78.97 60.53 NA NA 93.79 36.74

* Domain is not extened through here
+ The radial velocity is not considered in FogGT

---- These are 2-d cases
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CHAPTER SIX
CONCLUSIONS

6.1 Summary

A thermodynamic model was developed first to analyze the wet compression in the
whole gas turbine system, which was followed by the wet compression analysis performed by
aero-thermodynamic stage-stacking model with thermally equilibrium and non-equilibrium
models, and finally, a CFD model was developed to simulate the wet compression process with
water droplets in a single stage axial flow compressor both in 2D and 3D. The CFD model is a
viscous, turbulent, and unsteady flow model with a full coupling between the droplets (tracked
by Langrangian method) and the airflow (formulated with Eulerian method). An in-house
developed code, FogGT, and a commercial code FLUENT were used in the stage-stacking
method and CFD simulation, respectively.

The stage-stacking method started with designing an eight-stage axial compressor for
ISO ambient condition as the design case. Then the same compressor geometry (design case)
was used for different off-design cases starting with a hot case, followed by saturation, overspray
and inter-stage spray cases. Overspray up to 2% were analyzed in this method for both thermally
equilibrium and non-equilibrium cases, which were compared later. However inter-stage spray
was not analyzed in non-equilibrium cases. Distributions of temperature, pressure, humidity,
density and aerodynamic parameters were studied in the equilibrium method. The same
parameters were also studied in non-equilibrium method, and in addition, variations of droplet
diameters and droplet temperature were studied, which were not needed and hence were not
included in the calculation of equilibrium method.

In the CFD simulations, the airflow field was solved first to study the moist air (or dry
compression) with 60% relative humidity. Water droplets, with 1% of the air mass flow rate.
were then introduced, and the flow field was recalculated with the aerodynamic and heat transfer
interactions with the droplets using species transport equations coupled with energy and
momentum equations. In addition, droplet dynamics was simulated, including droplet collision,

break-up and coalescence. Specifically, the concerns on the potential compressor blade erosion
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were investigated by incorporating a modified liquid erosion model in the CFD simulation. The
2-D CFD results were analyzed and extended to 3-D wet compression.
Application of GT inlet fogging with GT fired with low calorific value alternative fuels

derived from biomass or coal were also investigated. The conclusions are summarized below.

6.2 Conclusions

1. Inlet fogging applied to LCV-fueled GTs:

* LCV fuel fired gas turbine systems introduces more power consumption of fuel
compressor (10-15% of turbine power) comparing with natural gas fired one (2%). As
heating value for LCV fuel has more incombustible gases, they need more heat (25-45%)

in combustion chamber to achieve the desired turbine inlet temperature (TIT).

 LCV fuels produce more net output power than natural gas, even though LCV fuels
significantly increases fuel compressor power consumption. When LCV fuels are burned,
saturated fogging achieves an increase of net output power approximately 1-2%, while
2% overspray achieves 20% net output enhancement. As the ambient temperature or

relative humidity increase, the net output power decreases.

* For LCV fuels, the thermal efficiency is approximately 10~16% (3~5 percentage points)
lower than using natural gas. Burning LCV fuels lead to small change in thermal
efficiency irrespective of a large increase in net power output, due to increased demand
of additional heat input to make up the sensible heat required for increased fuel flow rate

including incombustible gases.

2. Stage-stacking wet compression analysis
* Thermodynamic analysis shows that compressor power increases with the increase of
ambient temperature and decreases with the increase of water spray due to increase of air
density at the inlet given that the pressure ratio remains same. But stage-stacking scheme
surprisingly shows that even though the density increases at the inlet, it decreases than

the hot ambient condition in later stages because decrease of temperature (due to inlet
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evaporation) reduces pressure faster than temperature, which results in the decrease in
density according to polytropic relation (Pv* = Constant). This fact is supported by the

results obtained from both equilibrium and non-equilibrium stage-stacking method.

Stage-stacking analysis for both equilibrium and non-equilibrium methods show that the
pressure ratio increases with the increase of water spray, which leads to the increase in
compressor power with overspray --- a result that is contradictory to the conventional
belief that inlet fogging reduces compressor power. Nonetheless, the net GT output

power increases with fogging.

Saturated fogging achieves the highest pressure ratio augmentation and reduces
compressor power consumption; whereas overspray actually increases both the specific
and overall compressor power for both equilibrium and non-equilibrium cases. Saturated
fogging is found to be the most effective way of wet compression according to the ratio
of power to the pressure ratio, followed by overspray at the inlet. Interstage spray

achieved the worst performance.

The stage-stacking equilibrium method predicts that all the water droplets evaporate
completely at the end of stage 3, while the non-equilibrium approach predicts that the
completion of evaporation delayed; but all droplets completely evaporate in the
compressor except approximately 10% of the biggest droplets (30um) escaped from the

compressor.

The local blade loading significantly increases immediately after the interstage spray. A
2% interstage fogging increases the local blade loading up to 100%. This significant
increase of local blade loading induces rotating stall locally near the spray location.
Overspray increases axial velocity, flow coefficient, the blade inlet velocity, the
incidence angle and the tangential component of velocity, although the changes are very

little.
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Shape factor is a value used to approximate the overall compressor performance;it is not
adequate to apply it (the same value) to each compressor stage to evaluate the wet
compression effect. Nor is it appropriate to use the same shape factor value for both dry

and wet compression.

Non-equilibrium method differs from the equilibrium method due to the change of
evaporation rate. Droplet size doesn't play a role in equilibrium approach, but plays a
major role in affecting the result in the non-equilibrium cases. For small droplet size of
10 pm, the droplet evaporation rate is fast, so the non-equilibrium method predicts close
results as the equilibrium method. Larger droplets lead to slower evaporation, reduction

of pressure ratio, and less effective compressor performance than the smaller droplets.

3. CFD analysis

Wet compression results obtained from CFD model shows a slight increase in the
pressure ratio, which is consistent with the stage-stacking method. Considering the
increase in the mass flow rate, wet compression results in shifting the operating point of

the compressor toward the surge line.

The droplet slip velocity affects the droplet Reynolds number and the associated drag and
droplet evaporation rate. The droplet Reynolds starts decreasing and reduces to almost
zero at the end of the inlet sub-domain both in 2D and 3D cases. As soon as the droplets
enter the rotor sub-domain, they accelerate due to additional momentum from the
rotational motion of the rotor and the induced centrifugal motion. When the droplets enter

the stator sub-domain, the slip velocity again decreases down to very small number.

The transient results of different rotor/stator relative positions in 2D model show low

airflow blockage produces more effective compression and higher temperature rise.

Different types of droplet boundary conditions (e.g. reflect and film) in 2D model show

their effect on results is negligible.

219



» Droplet break-up and coalescence are shown throughout the domain for both 2D and 3D

cases.

* Droplets are accumulated near the rotor pressure side and stator suction side due to the

secondary flow in those regions found in 3D model.

* The CFD erosion model predicts that the most eroded area occurs in trailing edge of the
rotor suction side and a little in the leading edge of the stator pressure side. The largest
erosion rate in 3D is predicted as 1.348 x 107 (kg/m?-s), which is approximately
equivalent to a loss of 0.5mm thickness of metal layer per year as the worst scenario if
the compressor runs without any downtime. The maximum predicted erosion rate
obtained from 2D model is much smaller than 3D one, which gives almost 17um removal
of metal per year. The 2D model has a lower velocity at the inlet, and that leads to less

erosion in the 2D case.

» Comparison is made between the stacking method and the CFD model; the results show
good agreements in the baseline cases, but noticeable differences in the fogging cases.
The major reason is caused by the assigned inlet condition difference. The stacking
method assumes the air reaches saturation at the rotor inlet after a sufficient traveling
time from the fogging location; whereas the CFD method starts spray only a short
distance upstream of the rotor inlet. This difference results in lower temperature and
hence lowers pressure at the studied flow passage in the stacking method than in the CFD

model.

6.3 Recommendations for Future Work

Wet compression is a popular and economic power augmentation technique, but it still
needs more research in a number of different areas. All the problems ought to be fully

investigated and validated by experiments. Some recommended future work is shown below:
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Experimental work of wet compression on the compressor only (not with turbine) is
recommended to be studied first, followed by the entire GT system.

Complete CFD performance analysis for the entire compressor

A wet-compression performance map needs to be developed and compared with dry

compression. Experiments should follow to validate the results.

A droplet evaporation model needs to be studied in detail and improved.
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