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ABSTRACT

In cold regions, overhead line cables and their supporting structures are usually fully
exposed to atmospheric icing. In addition, rising temperatures due to climate changes are
expected to increase the risks associated with extreme weather events which in turn could
possibly increase the frequency and severity of storms such as winterddizzal ice

storms.

Atmospheric icing is one of the major problems in cold climate regions, which can
cause serious damage to transmission line structures, such as ovedmsaission
networks. Towers or pylons, usually steel lattice structures, reprasamportant part of

the cost of transmission lines.

Ice deposits on exposed structures can be the source of several mechanical problems
Ontransmissionine towers in particular, the loads due to heavy ice accretion, coupled with
wind-orrice loads, majead to aerodynamieffectsand cause structural damages, or failure

and eva cascading collapse of towers.

The present investigations mainly focused on the study of aerodynamic
characeristics of angle member icing. The objective is to understanthflienceof ice
accretion ondrag, lift and momentn respect to different ice profiles. In most the
previousexperimentalstudies ofice effects on aerodynamic characteristesrodynamic
bodiessuch as airfoils and wings wemeodeled, whereas in thissearch, the&e effects on
bluff bodiesis studied.

Experimentalmodek that explicitly considedifferentglazeice profiles by including
the thermaphysicalproperties of icaeluring accretionare proposedDrag, lift and moment
coefficient ofthoseangle membereproduced usingement molded glaze ice profilase

thus measured in a wind tunnel



The moded serve as a basis to study various criteria of atmospheric glagéaces
in terms of aerodynamiccoefficient ang aerodynamic forcesVarious tower section
geometrieswith glaze ice profilescan also be readily investigated usingsthenodes.
Severalaerodynamic scenarios of an angle mendrer simulatedn order to investigate
how variables including ice thicknessjuid water conten(LWC), draplet size distribution
(DSD) and Reynolds numbeffect thedrag, lift and moment coefficients ahicedangle

membersubjected to air velocity

Ice morphology of an angle member for different aerodynamic angles and different
model orientations aralsoexploredin order tostudy the flow characteristieffectsonice

accretion.



RESUME

Dans les régions froideges cables ds lignes de tranport et leursstructuressont
généralemengxposés au givrage atmosphérique. En outre, I'élévation des tempégatures
raison des changements climatiques devraient accroitre les risques associés aux
phénoménes météorologiques extrémes, quiedr tour pourraient éventuellement
augmenter la fréquence et la gravité des tempétes telles que les tempéieigede

hivernalestlestempétes deerglas

Dans les régionswu climat froid, le gvrage atmosphérique esh des probleme
majeus qui peut causer de graves dommages aux structdess lignesaériennesde
trangort d e | 6 ®n er g iLes pyl@riex dontrles structues sont normalement
composées deeillis métalliques, représentent une part importante du aigd lignes de

trangport

Les dépdbts de glace sur les structures exposées peuvent étre la source de plusieurs
problémes mécanique®lus spécifiquementus les ylénes ds lignes électriqus, les
chargesoccasionnées par une épaisse couchglat® coupléesavec cellexréées par le
vent, peuvent entrainedes chargesaérodynamiquegxcessiveset causer des dommages

structurauxdes brisou mémaun effondremenén cascade dgsylones

Cette recherchea principalement porté sur I'étude des caractéristiques
aérodynamiques desornieres sous l'effet dgivrage. L'objectif était de comprendre
I'influence de différents profils de glace sur ti@inée, la portance de moment
aérodynamiqueDans la plupart des études expérimentpfésédentesur leseffets de la
glace sur les caractéristiques aérodynamiques,corps profis telsdes ailesd @&vion ont
été modélisgalors quedans cette rechercheg sontes effetsde la glace sudes corps non

profilésqui ont ététudiés.



Des modeles expérimentaugnant explicitementcompte de différents profilsde
glace touten incluant les propriétés therrpbysique de la glacalurant I'accrétionont été
proposé. Les coeffidents de trainée,de portance etle momentdes profilsde glace

reprodui ts " moulésariure eorngre ont étérmesures en soufflerie.

Les modeélesiéveloppégpeuvent servir de base pourd ®t u effets dila glace
atmosphérique tels les cefficients aérodynamiques des forces aérodynamiques.
Différentes géométries de section mddnesavec des profils de glace peuvent également
étre plus facilement étudiés a l'aide de ces modéles. Plusieurs scénarios aérodynamiques
sont simulés afin diadier commentes variablestelsquel 6 ® p a i s glaeajatenele | a
en eau liquidela taille des gouttelettes & nombre deReynolds affectentles coefficients

de trainéela portanceetle moment d'ue corniére givrée soumiseudn écoulement dia

La morphologie de la glace accumulée sune cornierg pour différents angles
ddéoatt aque a@dfferénesodematigngde ls corniereestégakment explorée
afin d'®tudier | 0edufueshccratimde glaca.r am tres du

vV e



TABLE OF CONTENTS

AB ST RACT ..ttt eeeet ettt eteeaeeeeeesaateeaeeaeaaeeeeaeeeae s e e s s amnnraaeeeaeeaeaaannnnnn I
RESUME . ..ottt ememse ettt ettt emms e st e e s mmne st s et ren e ne s i
TABLE OF CONTENTS ....coi ittt iiiiicciitieees s e e s snnsssnnnsneeeeeneaaeeaeeeessmmmees V)
ACKNOWLEDGMENT ..ottt ettt mmne e e ebeeesenenans ix
LIST OF FIGURES:.... ..ottt eee et e e e s snesas e aeeeeeeeeeaaaeaeeessammneaaaeeeas Xi
LIST OF TABLES ... .ottt e e e Xiv
CHAPTER 1
INTRODUCTION
1-1-Problem definition............ueee e errer e 1
1-2-ReSearch ODJECHVES. .......iiiiii e ammenees 5
1-3-Originality and contributions to kawledge............ccuvviiiiiiiiiieeeiiieeeee e 6
=Y i aToTo (o] [0 |V 4
1-4-1-Wind tunnel calibration..............ccceoiiiiiiiscceecieieeee e eeeeeeceeeeeen e e e e e eeeeeeeen s
1-4-2-Natural Icing Event MeasuremMentS..........ccoeevvviiiiiieeee e mmme e 8
1-4-3- Natural ICIiNg SIMUIALION. ...t eeer et 9
1-4-4-AerodynamiC MEASUMEMEILS.......uuuuuueieieeeeeeceeereriiss s s e e e e e e eeeeeeesaeeesseeaaaaeaaas 10
1-4-5-An introduction to the use of the Particle Image Velocimetry (PIV) methadl0
1-5-TheSIS OrganiZatiOn...........cccciiiiiiiiiiiieeee e ee e e e e e e emnnnnne 11
CHAPTER 2
LITERATURE REVIEW
oo 13 1o o 1 13
2-1- AtMOSPNEIIC ICING......eeiiiiiiiiiiei e e e e eeeer e e e e e e e e e e e e e e e e e aaeernnne e 14
2-1-1- TYPES OF ICE ACCIELIOMN....ceviiiiiiiieee e 14
2-1-2- Accretions on transmMiSSION liNE tOWELS..........uuuuririririeiieeeiiriiieeeeeeeeeeeeeaeeeens 18
2-1-3- 1CE MOIPNOIOGY. .. i i it e e e e enenaan 20
2-2- Ice-related loads on transmission liN€ tOWELS..........coovvviiiieiiieeme e 22
2-2-1-1CE SNEAAING .....coiieeeeeeee e e e e e e e e e e e aeeer s 22
2-2-2- GAllOPING. ...ttt 23
2-2-3- AeOliaN VIDIatiON.........uuiiiiiiiiiiiiiiii et 23
2-2-4- ACTOAYNAIMIC fOICES. ....eiiiiiiiiiiiee e 24
2-3- Interaction between ice effects and wind load...............ccooiiiccc s 24
2-3-1- ACrOdYNAMIC fOICES. ....eiiiiiiiiiieee et 26
2-3-2- Flow field MeasSUre€mMENLS. ........oooiiiiiiiiieeiiieeee et 29
2-3-3- BlOCKAQE EffECES. ...ciiiiiiiiiieee e e 39
2-4- The effect of DSD and LWC on aerodynamic coefficients..............ccocevvvieemennns 41
@0} o T3 [F 1 (0] o P 50
CHAPTER 3
EXPERIMENTAL FACILITIES, TEST MODELS AND TEST PROCEDURES
(T oTo [¥]ox 1 o] o AU SORRRRRPY 45
3-1- Experimental FaCIHIES ........uuiiiiiiiiiieiee e s 46
3-1-1- CIGELE Atmospheric Icing Research Wind Tunnel (CAIRWT).................. 46



3-1-1-1- ConsStruction OFf CAIRW T . ... 47

3-1-1-2-General Layout of CAIRWT.......oooiiiiiiiii e 48
31-1-3CAl RWT6s Ma..n..Sy.s.tl.emsS.....cccoooiiiiiiiinnnneennnnnn. 49
3-1-1-3-1-FaN SYSEEIML..cceiiiiiiiiiiie e eeees s e e e e e e e e e ennnenes 49
3-1-1-3-2-Refrigeration SYSteM...........cciviiiiiiiiiiiieeeee e et e eeeeeannee 50
3-1-1-3-3-N0zzle Spraybar SYSIEML......ccceeieiiiiiiiiiiiiiceee e e 51
3-1-1-4-CoNtrol PANEL........ooiiiiiee et a e e e e e 52
3-1-1-4-1-Water Transfer SYStem.........ocoooeiiiiiiiiiiicce e 53
3-1-1-4-2-Air Transfer SYSIEM.........uuuuriiiiiiie e erer e 53
3-1-1-4-3-N0zzle Heating SYSIEM........cccuuiiiiiiiiiiiieeeiiiiieiee e eeeee e 53
3-1-1-4-4-Air Heating SYSIEML.......uuuiiiiiii et eeeeeeee e 54
3-1-1-5-Physical parameters of the aerosol clountipced in the wind tunnel......54
3-1-1-5-1-TeMPEIALUIE.....ccvuniieeiie e eeemee et e et e e e e e e aaaes 55
3-1-1-5-2-VEIOCIEY ...ttt 55
3-1-1-5-3-Relative and Absolute HUMIdity...............ovvvuviiiicccreeeeeceen 55
3-1-1-5-4-Liquid Water Content (LWEC)........uuuuiiiiiiiiiiiiiiceeeeeeeeeeee e 56
3-1-1-5-5-Droplet Size Distribution (DSD)...........ccovvvviviiiiiimmre e 56
3-1-1-6-CAIRWT related eqUIPMENT.........euviiiiiiiiiiiee e 57
3-1-1-6-1-Integrated System for Icing Studies by Droplets Meament
TECNNOIOGIES ...ttt e 57
3-1-1-6-2-Particle Image Velocimetry (PIV)........ouuuiiiiiiiiiee e 57
3-1-2- Low speed aerodynamicC tUNNEL.............eiiiiiiiiiiieeeieiiceee e 59
3-1-2-1- GeNeral [aYOUL............ouuuuiiiiie e eee e e e e e e e e e e e e eeaaaans 59
3-1-2-2- TUNNEl PAraMETEIS ... .coi ittt e e e eeeee e e e e e eeeas 59
3-1-2-3- Tunnel related equipment (External balance)...............cccoeeeeeeeveeeennnn. 59
K XS A 0T o =] 60
3-2-1-Wind effects on iCe aCCretiQn............oooveiiiiiiieene e 60
3-2-2- DSD and LWC effects on ice accretion and drag coefficient..................... 62
3-2-3- AerodynamiC MOAEIS............uuuuiiiiiie e 62
3-3- Test procedures and selecting experimental conditians.................ccveeeeeeeeenee. 66
3-3-1- Wind effects 0N iCe aCCretiONS.......coovveeei i e 66
3-3-2- DSD and LWC effects on ice accretion and drag coefficient..................... 67
3-3-3- AerodynamiC MEASUIEMEILS.......uuuuuiieeeeeeeeeceeeiiiee e e e e e e e e e e e e e e e eeeeaeeneeeeaeaeeees 68
@0} o T3 [F 1[0} o P 12
CHAPTER 4

ICE SIMULATION AND WIND EFFECTS ON AN ANGLE MEMBER ICING
(T oTo [¥Tox 1o o AR 73
g I (oI 1 1| F= 11 o] o T 74
A-1-1-GlAZE ICE....c oottt e e e e e e e e e e ann e e e e e e 74
I ] o 1= o NS 77
4-2-Wind effects on horizontal angle member icing in the test section.................... 79
4-2-1-Sign convention and definition of the variables.................coiiicce s 80
4-2-2-ANQgle OF QACK. ........coiiiiiiii e 80
4-2-3-Side slip angle (Yaw angle)..........ooooioiiiiiiiieen e 89

Vi



o) | [T o =TT | = T 92
4-2-5-Estimation of Drag Coefficients of l€@overed Angle Bars for different angles of

AETACK ..ttt bttt ettt e e e e e e s 94
4-3-Wind effects on vertical angle member icing in the test section..................eeee.. 96
4-3-1- Sign convention and definition of the variables.............cccoooiiiiieeciicceeennn. 96
4-3-2- ANgle Of @ttaCK........cooiiiii e 97
4-3-3-Sideslip angle (Yaw angle)..........coioiiiiie e eeeeeee e Q9
e e o Lo |10 =TT | [ RS 100
(@] o[ 1153 o] o F PO PPPPPPPI 102
CHAPTER 5
THE EFFECT OF DSD AND LWC ON ICE ACCRETION AND DRAG COEFFICIENTS
oo 13 o 1o o 1S SRR 104
5-1- Sign convention and definition of the variables..............ccccooiiieeeiiiicicceeee. 105
5-2-DSD and LWC MEASUIEMENLS. ......uuuuuiiiieeeeeeeeeeeisaaseeeeeeeeeeeeeeeeannnsaeeeeeaaeeeeees 106
5-2-1-Streamwise and Vertical Variations of Median Volume Diameter (M&fi)
LWC Of the dropIetS.......cooiiiiiiii ettt emmee s 106
5-3-Ice Accretion Measurements on Towarg Model..............ceeeeeeiiiiicccciicceeeenn, 113
5-3-1-Streamwise and Vertical Variations of Ice Accretion on Angle Bat........... 113
5-3-2-Calculation of Drag Coefficients of IeEovered Angle Bars......................... 124
(@0} o T3 [F ][0} o 127
CHAPTER 6
INTERACTION OF WIND WITH A CEMENT ICE PROFILE ON AN ANGLE
MEMBER
oo 13 o 1o o 1SR 129
6-1-Sign convention and definition of the variables................ccooieeeeiiiiiiiee e 130
6-2-Reynolds number effeClS. ... 131
6-3-1Ce thiCKNESS EffECTS.....uiiiiiiiiiiiie e 138
6-4-Considering different ice Profil@s.............uuuuieiiiiiiiieeciiiie e 146
6-5-Different angle member profiles...........ooooooriiiiee 149
6-6-Droplet EffECTES........oviiiiiieeeee e 153
6-7-Effects Of projected ar@a..............uvvuuiiiiicceeeeie e 157
6-8-Drag from StaNard..............uuuuiiiiiiiiieeeiiii e 162
6-9-A€rodYNAMIC FOIMCES. ...uuuiiiiii i eeeeee e e e e 167
6-9-1- Drag Force per unit length...........ooooiicce e 167
6-9-2- Lift Force per unit [ength.............ooooiiiiiii e 169
(@0} o T3 [F £ (0] o 170
CHAPTER 7

AN INTRODUCTION OF USING PIV TECHNIQUE TO STUDY THE EFFECTS OF
ICE SHAPE ON THE VORTEX SHEDDING OF A CYLINDER

o T 13 o 1o o 1SR 173
T-1-TeSEMOUEIS.... .o e e e e e e e e et e e e eeenen 174
T-2-TESE PrOCEUUIE. ....ceiiiiiii e eeenssneeee e 175
7-3-EXperimental RESUILS........ccooiiiii e eeme e e e e e e e 177
(@0} o T3 [F 1 (0] o 182

vii



CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

o o Il 0 T [0 ] o 1 =, 184
8-2-Recommendations for future StUAY..........cooeeeeeiiiiiieeeii e 187
APPENDIX
APPENDIX A: CAIRWT LAYOUL.......cooiiiiiiiiiiiiiiie et e e e e e e s eeenine e e e e e e e e 189
APPENDIX B: CAIRWT Calibration ReSUILS.........cccuuiiiiiiiiiiieee e 196
APPENDIX C: Test Conditions and Results Raw Data...........c.cceviivieeniivnecivnnnn. 216
REFERENCE
LS (=] (=] [N 237

viii



ACKNOWLEDGMENT

This research was carried out within the framework of the NSERC / Hydébec
Industrial Chair on Atmospheric Icing of Power Network Equipment (CIGELE) and the
Canada Research Chair on Atmlespc Icing Engineering of Power Network (INGIVRE)
at the University of Québec at Chicoutimi (UQAC). The author would like to thank all the
sponsors of the CIGELE / INGIVRE for their financial support.

| would like to thank all who gave me the possibililycomplete this research. The
author also gratefully acknowledges his best appreciation of Professor Masoud Farzaneh,
his patience, guidance, encouragement and support of my research work. It was great to
have the privilege to work with him and learn fréws expertise in the past four years.

My special thanks to my edirector Dr. Pierre Van Dyke for his gentle instructions,
many technical discussions and suggestions throughout this project and of course reading
and editing my thesis.

Special thanks to Bfessor Frederic Legeron of the University of Sherbrooke for
providing access to the Aerodynamic low speed wind tunnel. | am also grateful to Mr.
Si mon Prudodéhomme, Ph. D. student of the Ci\
University who helped me wit the aerodynamidnvestigations of this research and

performed the aerodynamic tests at Sherbroo

| would also like to thank Dr. Laszlo Kolladniversity of HuddersfieldEngland, for

his guidance, encouragement and technical help during this research.

| would also like to thank the research colleagues, professionals and technicians in
CIGELE, for their support and help. These people include Pierre Camirand, Xavier
Bouchar d, maisanddenis Bldasson among many others. | am thankful for the
time they have taken with me. | am grateful to Mrs. Yvette Boulay for her precious efforts
and editorial help.


https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&ved=0CEsQFjAI&url=http%3A%2F%2Fwww.hud.ac.uk%2Fourstaff%2Fprofile%2Findex.php%3Fstaffuid%3Dsenglk&ei=x6x7Us29JaLAyAHUmIHoCw&usg=AFQjCNGP7s44PpPpjVjW_PPK-oFsvtedHw&sig2=RzWpzQDU8cmw_eATYaS0XQ&bvm=bv.56146854,d.aWc

| am pleased to have participated in the Ph.D. program offered by the Uniadrsity
Quebec in Chicoutimi, where | had the chance to develop my skills and find lengthy
friendships.

| also want to acknowledge my parents who were always my greatest source of
inspiration. Finally, | want to express my deepest thanks and appreciation vafeny

Ladan, for her patience, confidence, and moral support during my studies.



LIST OF FIGURES:

Figure 21: Ice accretion types (adapted from [3L]).......ccuuvrrvrmiiiiiiiccmeeeiinieeee e 17
Figure 22: Atmospheric ice accretion® dransmission line tOWers............cccccvvveeeeeees 19
Figure 23: Examples of a) aerodynamic body and b) bluff bodies........................... 25

Figure 24: Drag coefficient versus solidity ratio of tested tower madels................. 27
Figure 25: Comparison between the pressure distributions of a flat [@@ate ) and of a

circular cylinder forRe< 10 (Cp = 1.2) [48]...ccueeieiieireiieereeee e emeae, 30
Figure 26: Drag coefficients of various cylindrical shapes as a functidted#8]......... 33
Figure 31: CIGELE Atmospheric Icing Research Wind Tunnel..................ccvieeen 48
Figure 32: Layout of a Closed Singleeturn Wind Tunnel...........cccooeoiiiiiiiiieeeicieeeenn 49
Figure 33: CAIRWT'S Control Pani@..........cccuuiiiiiiiiieeeiiee e 52
Figure 34: Control Panel SYSEMS...........uuuuiiiiiiie i reeen e e e 53
Figure 35: Support used for horizontal ice simulation...................ccccoeee i, 6l
Figure 36: Support used for vertical ice simulation..............cccoovvvviee i, 61
Figure 37: Cement moulded ice profile for sample numberl to 7 from TaBle.3.......65
Figure 38: Positioning of the 3 Pitot tUDES.........ccoooeiiiiiiieee e, 69
Figure 39: The distance between the rig anel profile...........ccccooeriiiiiiiiiicce s 70
Figure 41. Glaze ice with icicles, a) Petigiviere SaintFrancois, b) Wind tunnel ice
simulation on angle MEMREL...........oo e an 75
Figure 42: Glaze ice, a) Mont Bélair, b) Wind tunnel ice sintigla ona rotating cylinder
................................................................................................................................. 76
Figure 43: Glaze ice, a) Mont Bélair, b) Wind tunnel ice simulation on an angle m&mhber

Figure 44: Rime ice, a) Mont Bélair, b) Wind tunnel ice simulation ormagle member8

Figure 45: Rime ice, a) Mont Bélair, b) Wind tunnel ice simulation on an angle mersber

Figure 46: Sign convention and definition for icing experiments.............cccc.eeeveeene. 80

Figure 47: A51xL9 ice accretionfor-a) U=dQ A ,U=cL.8.0.A.....cecovvveennn. 81

Figure48: A51xL9 ice accret.i.on..f.or..a)..U854A, b
Figure49 : A51xL9 ice accreti.on..f.ar..a)..083144A,
Figure 410: A51xL92 i ce accr et i o.n..pr.af.i.l.e..f.0r.84U0>180A
Figure 411: A51xL92 i ce accretion praof.il.e..f.or8U=270A
Figure 412: A51xL91 (aand b)and A51x-:9( ¢ and d) ice profiles
................................................................................................................................. 87

Figure 413: A51xL92 i ce structure for..U0z36.0A,8U=342A
Figure 414: The normalized ice mass per unit length for A51:48nd A51xL92......... 89

Figure 415: A51xL92 ice profiles for different sideslip angles.............cccccveiviieeeen. 90

Figure 416: A51xL92 i ce structure four..b=0A,..b825A an

Figure 417: Normalized ice masper unit length of A51xL9 and A51xL92 for different

SIAESIIP ANGIES. ... .o e ettt e e e e e e e e as Q1
Figure 418: Ice profiles of AS1xL for different rolling angles.............ccccceeeiiiiiieeee 92
Figure 419: Accreted ice top view of A51xL9 for different rolling angles................. 93

Figure 420: Normalized ice mass per unit length of A51xX1. @nd A51xL92 for different
rolling
Figure 421: Drag estimation based on standard 1SO12494 for A5Ddred A51xL92.96

Xi



Figure 422: Sign convention and definition for icing experiments.............c.ccceevveeen. 97
Figure 423: A51xL4 ice mass per unit length for different angles of attack............. 98
Figure 424: A51xL4 ice accretion for three different angles of attack..................... Q9
Figure 425: A51xL4 ice accretion for a) b=6A,
][0 [OOSR PPPPPPN 100
Figure 426: A51xL4 ice mass per unit length for different rolling angles............... 101
Figure 427: A51xL4 iceaccretion profiles for different rolling angles..................... 102
Figure 51: Sign convention and reference Paiit.........ccccooeeeeiiiiccceeeee e 105
Figure 52: MVD variations along the streamwise directiory a1 0.07 M................... 108
Figure 53: LWC variations along the streamwise directiog alii 0.07m..................... 110
Figure 54: MVD variations along the vertical direction at X = 0.5.mM........ccccceeennn... 111
Figure 55: LWC variations alonghe vertical direction atx = 0.5.m..............cccceeee 113
Figure 56: Mass per unit length,,2300 kPa, B= 300 kPa and ¥ 25 m/s................. 115
Figure 57: Side view of the iced horizontal angle ba#=800 kPa, = 300 kRu........... 116
Figure 58: Front view of the iced horizontal angle bar=B00 kPa, &= 300 kPa........ 117
Figure 59: Top view of the iced horizontal angle bax=B00 kPa, &= 300 kPa.......... 118
Figure 510: Mass per unit length,2300 kPa, = 200 kPa and ¥ 12 m/s................ 119
Figure 511: Side view of the iced horizontal angle ba800 kPa, = 200 kPa....... 120
Figure 512: Front view othe iced horizontal angle bar,#300 kPa, = 200 kPa......121
Figure 513: Top view of the iced horizontal angle bat=B00 kPa, = 200 kPa........ 121
Figure 514 Mass per unit length fora¥ 25 m/s and/a= 12 M/S......cccceeeeiiiiiiiiiiiies 122
Figure 515: Accreted vertical angle bara¥ 25 M/S.........cooovviviiiiiiiiiiicne s 123
Figure 516: Accreted vertical angle bara¥ 12 m/S...........ccoovviviiiiiiiiiee e, 124
Figure 61: Sign convention andedinition of variables.............cccooooiiiiiieann. 131
Figure 62: Aerodynamic coefficients of SA51 with respect to Reynolds number...133
Figure 63: Aerodynamic coefficients of SE&3 with respect to Reynolds number...134
Figure 64: Aerodynamic coefficients of SE&5 with respect to Reynolds number...135
Figure 65: Aerodynamic coefficients of SE&6 with respect to Reynolds number...136
Figure 66: Aerodynamic coefficients of SB&7 with respect to Reynolds number...137
Figure 67: Ice thickness effects on aerodynamic coefficients forG2%and S25852....139
Figure 68: Ice thickness &cts on @" and C}, for S25G1 and S2852..................... 141
Figure 69: Ice thickness effects on aerodynamic coefficients forG3hnd S54G4....143
Figure 610: Ice thickness effects @b" and CJ, for S52G3 and S5%G4.................. 145
Figure 611: Aerodynamic coefficients for different ice profiles, Air velocity: 5 m/s147
Figure 612: Ice thickness inthewinddaet i on, t, of di f f.erl48nt i c
Figure 613: G" and C§, for different ice profiles............cccooviiieeii 149
Figure 614: Aerodynamic coefficients for two different angle menmtrefile: S25G2 and
ST 3 S 1 TP 151
Figure 615: G"and CJ, for two different angle member profile: SZ&® and S5455.152
Figure 616: Aerodynamic coefficient for two differe®SDs. S51G3 and S54G5....... 154
Figure 617: Droplet effects on € and CJy ........coviiiiiiiiii e, 156
Figure 618: Aerodynamic coefficients of S833 for two projected areas................. 158

Xii



Figure 619: Aerodynamic coefficients of S835 for two projected areas................. 159

Figure 620: Aerodynamic coefficients of S836 for two projected areas................. 160

Figure 621: Aerodynamic coeffients of S51G7 for two projected areas................. 161

Figure 622: Drag force formulation for different angle of attacks. Adopted from ISO
I TP PR 163

Figure 623: Drag coefficient from 1SO12494 for a windwatirection........................ 165

Figure 624: Normalized drag coefficient obtained from 1ISO12494 and experimental tests

fOr S5EG3, G5, GB ANU G7.uu.evniiiiiii e e eremr e e e e e e e aaas 166

Figure 625: Drag force of different ice profiles compareto @ me mber f168r V &
Figure 62 6 : Drag force of different ice 188 ofi |l e

Figure 627: Lift force of different ice profile compare to bare member fé& V 5 ...h¢9s
Figure 62 8 : Lift force of different ice.)gGofile
Figure 7#1: Accretion cylinders with a) bare profile, and b) profile with ice accretioneshap

............................................................................................................................... 174
Figure 7#2: Flow field around a) a bare profile, and b) an ice accretion shape profile; air
VEIOCITY: LOM/S.. ittt e ettt eeee et e ettt et e e e e e e e e s emmr e e e e e e e aeeeens 178
Figure #3: Vorticity contour for bare profile, air velocity: 10m/s.................vvvvvvuueeee. 179
Figure 74: Vorticity contour for ice accretion profile, air velocity: 10m/s................ 180
Figure #5: Average velocity field vectors for bare profile, air velocity: 10m/s......... 181

Figure7-6: Average velocity field vectors for ice accretion profile, air velocity: 1Qrh&2

Xiii



LIST OF TABLES:

Table 21 Types and characteristics of ice accretion (adapted from [27], [28],.[29])15

Table 22: Recommended equations for calculating drag coefficient...................... 28
Table 31: Laser machine informatian.............ooooooiiimmmn e 59
Table 32: Angle member dimensions for icing simulation.................ccccvvieeeininnenennnd 62
Table 33: Angle member specifications with related thermo physical parameters..63
Table 34 Thermo physical parameters of ice simulation.............cccevvvieeene e, 66
Table 35: Air velocity and anglef attack for aerodynamic models..............cccc.o...... 69
Table 36: Models length with and WithOUt ICE............oevviiiiiiiiiiee e 71
Table 41: Thermo physical parameters for different glaze ice accretions with icicle&b
Table 42: Thermo physical parameters for different glaze ice accretions................ 76
Table 43: Thermo physical parameters for different rime ice accretions.................78
Table 44: Average ice mass per ufength for ASIXLO.........evvviviiiiiiiiiiiiiiiinieee, 82
Table 51: Thermephysical parameters for icing conditions................covvvvvieeeeeeee. 114
Table 52: Drag coefficient variation for iced angle bar in vertical position (lower LWC and
(a1 o] g aY7=1 (o Tod1 47 126
Table 53: Drag coefficient variation for iced angle bar in vertical position (higher LWC
and IOWEr aIF VEIOCILY).......ccoe e e e eeee e e e e e emennes 126
Table 61: Calculated drag coefficients based on 1ISO12494.............cccovvvieeeeeeenne. 162
Table 62: Calculated drag coefficient for different icing conditions presented by different
Y PP 166
Table 71: Test parameters of PIV investigations.............cccoovvvvvieeeei e, 177
Table 72: 1ce aCCretioMaramMeterS.........uui i 177
Table 73: Velocity measurement ValUES.........cccoeveeieeeeiiceeciiiei e eeeeeeeeeeeeeeene e 177

Xiv



CHAPTER 1

INTRODUCTION



CHAPTER 1

INTRODUCTION

1-1-Problem definition

Atmospheric icing is one of the major problems in cdlichate regions, which can
cause serious damage to structures, such as ovdrheathissiometworks. For example,
the January 1998 ice storm that hit Eastern Canada, downed hundreds of km of
transmissionlines, collapsed hundreds of pylons and broke rsévéhousands of

transmission and distribution wooden pdlEls

Towers or pylons, usually steel lattice structures, represent an important part of the

cost of transmission lines. They are used to support overhead conductors on transmission



lines andas such, may be subjected to major stresses. In Nordic countries, the combination

of wind and ice on conductors as well as to
Economic aspects dictate us to build lines that will sustain these loads dhd,same

time, avoid any over strengthening to keep the construction cost as low as possible. This

goal may be reached only with a better understanding of the phenomenon.

In recent years, there have been considerable research efforts in the study df ice an
wet-snow accretion on overhead transmission lifi#s [3]. The main objectives are to
collect ice load and windr-ice load data, tdbetter understandthe effect ofvarious
complex forms of ice and wshow accretion, to develop and validate icing models and to

introduce probabilistic design load approacl#s

Spray icing often forms in cold environments as a result of the collection of an
aerosol of water or brine by a structufeviation icing, icing of electrical transmissio
towers, lines and insulators as well as marine icing are somenegalin examples. It is
important to take the type of ice in consideration because under specific conditions,
different ice shapes appeavith profiles that dependntrinsically on aerethemal

conditions.

The accreted ice will modify towér shape and also affect the air flow over the whole
tower. Accordingly,the type of ice accretion and meteorological and climatic information
aswell as the location where thiest have been conducted amgortant. In 1994, some

tests were conducted at Mt. Valin natural icing test site. This test site allowed the



observation of about fifteen significant icing events, with about 60% of icing events

corresponding to soft rime accretion and about 40% taifrgeain, hard rime or wet snow

[4].

Contrarily to Druez et af4], Sundin and Makkonen observed that the main type of
ice on tower was Htloud icing while freezing precipitation was less frequent and also

lower in magnitudg5].

Vargas and Tsao presented a photographic investigation of ice growth on swept
wings in an icing research tunnel. They observed roughnessmgncing feathers, initial
scallop and complete scallop in glaze icing conditi@)s They conducted an experiment
in natural icing conditions using an icing research aircraft for different sweep angles to
compare the mechanism afe deposit separated by air inclusion calledster tail or
scallopicing formation with results which wereollected from tunnel investigatioj7].
Presteau et ashowed that the results from a 3D numerical model for a scallop ice shape

were in good agreement with experimental tests for a plain cylj@fer

Ice growth often occurs in cold emenments coincident with the entrapment of a
portion of the impinging liquid by the growing ice matrix. This type of ice accretion is said
to be spongy. Dendritic ice crystal growth into supercooled liquid at the icing surface

entraps a portion of the ligliinto the advancing ice matrjg].

Maeno showdthat the length of an icicle increases by the downwaogvth of thin

dendritic crystals into the supercooled pendant water drop at the tip as well as the diameter



andthat it increases also by the freezing of a water film flowing down along the icicle wall
[10]. Makkonen proposed a model of iciclegth. It was demonstrateatiat the growth of

an icicle is a complicated process which is very sensitive to atmospheric conditions and
water flux. Theshape and weight of icicles predicted by the model agree well with

laboratory dat§l1].

In areas where ice accretion on towers is iptessthe differenexplainedice profiles
resulting from added weight and changing profile shape beside wind effects become an
important parameter on increased aerodynamic folKelar and Farzaneh studied the
effects of various wind velocity angles anglindrical icing object axes experimentally.

The mass, shape and profile of ice accretion were calculated as a function of cylinder
inclination [12]. For aerodynamic structures, it was shown that the effects of the angle of
attack variation oratmospheric ice accretion nethe blade tip are less sevefth in

terms of local ice mass and relative ice thickri@8$. The effect of airfoil angle of attack

on the drag coefficient ofiffierent ice profiles was studied by Rejado ef#d]. For power

networkfacilities, the aerodynamic studies focus on bluff body characteristics.

Bayar investigated the drag coefficient of latticed towers. He studied the effect of
solidity ratio (area of memberktotal enclosed are@n drag coefficient by using different
models[15]. P r u d étlalostudiesl the effects of wind forces on angle members. They
studied the variation of drag and lift coefficients for different angle menjb&}sBesides
experimental researches, some analytical techniques were used to determine drag

coefficient on bluff ledies[17], [18], [19].



In order tostudy the effects of ice on aerodynamic characteristics of transmission
towers the presnt investigationis mainly focused on the study of aerodynamic
characteristics of angle member icing. In the first step, the ice was simulated on an angle
member based on photographic data of power network icing. After validating the ice
simulations, glag ice accretion was selected for the next steps of the research. Then, the ice
shape and ice mass per unit length were studied for different wind directions and model

orientations in the icing wind tunnel.

Then some ice profiles were chosen to be repreduby cement in a mulsiteps
casting process in order to obtain aerodynamic measurements in the aerodynamic wind
tunnel. The two dimensional aerodynamic characteristics, drag coefficient and lift
coefficient and subsequently drag force and lift force vmee@sured by using an external

balance for different angles of attack and different velocities.

The main goal of this study is to experimentally investigate the effects of different ice

profiles ontwo-dimensionaherodynamic characteristics.

1-2-ResearchObjectives

This research aims at evaluating the influence of ice accretion on the aerodynamic
coefficients of lattice structuresspecificallyt r ans mi ssi on l i nes o str

objectives of the present study are:

- Wind tunnel investigation using amg@e member to compare the ice simulation



results with those obtained from natural icing.
- Wind tunnel investigation to obtain the ice quantity, ice profile and area of accreted

ice considering the effects of:

vV Wind velocities
vV Wind directions

V Model orientatbns

- Study the variations of aerodynamic characteristics on a model wishaged
profiles for different wind velocities.
- Study the variations of aerodynamic characteristics on a model wishaged

profile for different wind angles of attack.

1-3-Origi nality and contributions to knowledge

In most previous studies of aerodynamic coefficients of bodies withilie [20],
[21], [22], the aerodynamic bodies such as aerodynanrioils and wind turbines blades
were modeled as well as different models of electrical cables numerically and
experimentally.There are some standards suchI8© 12494and IECwhich give the
aerodynamic properties of specific shapes and profitesvever specified assumptions
should be considered to apply these standards which decrease the approximation precision.
Actual observations of natural ice accretioms tower leg are scarce, and anyhow the
modeling of combination of ice and wind effects on electrical towers cannot be passed up,

especially when these effects cause serious damages on power networks.



To the best of our knowledge there is no experience a@on¢he experimental
modeling of aerodynamic characteristics of tower component which is an angle member
considering different ice profiles and wind effects. Considering this new modeling
approach of ice effects on aerodynamic characteristics of an argiben, it is possible to
expand this model for larger models subjected to icing and provide a powerful data sheet

for several practical industrial applications.

1-4-Methodology

This research is carried out mainly in two stages:

1) Wind tunnel icing simaitions using natural icing parameters of icing events on a tower

leg.

2) Wind tunnel aerodynamic simulations using redesegle laboratory experiments of

cement molded ice profiles of an angle member.

1-4-1-Wind tunnel calibration

In the firststep, becase of some modifications on tunnel construction, tests must be
done to calibrate the wind tunnel. The ice uniformityyC map andDSD are some
parameters which should be specified exactly for different conditions and also tvgive

to future experimest The tests are conducted in two main parts;

u Air velocity and turbulence distribution in the nozzle area and test section to draw



velocity profile in x and y direction and to specify boundary condition effects.

U LWC, DSD and draw LWGQnap to check ice unifaity.

1-4-2-Natural Icing Event Measurements

Concerning ice accretion measurement, the glaze ice is more stable because of
density and formation during the storms. So, the best way is to measure glaze accretions
after freezing rain occurrences on transmas lines. The densityf glaze ice is very high,
about0.9g/me. As icing events are random and generally rare, and on site study impractical
because of access and securities issues, a more practical way is to use pictures from ice
storms. Sah pictureswereavailable from the Hydr®Québec archives with corresponding
information about icing conditions. To validate this work, the followstgps were

undertaken:

U Find suitable pictures to distinguish the ice profile of a tower, and data like air

velocity, air temprature and LWC

U Obtain wind velocity during the ice accretion and other required paranfieiBrs
standard.
U Describe the types of accretion

In this study, the types of ice accretion, such as glaze ice and rime ice, are considered
as beinghe main paameter. The LWCtemperature and air velocity during ice accretion
are secondary parameters since their value will determine the resulting type of ice

accretion.



1-4-3- Natural Icing Simulation

Different iced angle member simulationave beennvestigatecand the influence of
different parametersice shape andce type have been considered as wélb consider

these effects, the following step®reundertaken:

U Accumulate ice on the scaled physical models of the tower leg in different
orientdions; the models are mounted on a strut with 3 dimensional movements in order to
change the orientation of samples easily.

u For the effect of wind azimuth, Bayar et al. showed the effect of wind direction by
rotating the sample at constant intervdlS]. Because of the three dimensional nature of
the wind, the sample should be rotated in different angles to observe the angle of attack of
the wind on the model and study this effect on the aerodynamic coefficient. During the
installation of the model inge the tunnel, theatio of the frontal area of the model to the
stream crossectional areds effectively small This ratio reflects the relative size of the
model and the test section. An effect of this ratio being finite is that the surface stresses a
larger than for the corresponding frae condition. This effect is represented by
considering the blockage to produce an effective change in oncdiningspeed or

dynamic pressurg3].

Outdoors, the flow around towers is turbulent but it is laminar in CAIRWT because
of the entrance region of flow and position of the sesxtion[24]. So the experiments will

be conducted based on laminar flow assumption. There are different techniques to create



turbulence in such tunnels but it is difficult to create turbulence in the tunnel with the same

scale as in nature.

U Considering the effect ddSD and LWC first, the variations oDSD andLWC in

vertical and strearwise directions are studied. Then, variations of ice accretion on an
angle bar in the same direction as the flow will be shown to determine the aerodynamic
forces on a tower leg as aniction of ice accretion. The ice accretion experiments were
carried out under two conditions with different LWCs and air velocities. The drag
coefficient was calculated with different masses and ice shapes for the angle bar as

determined by the experimeant

1-4-4-Aerodynamic measurements

In order to study the effects of the wind force on an angle member with ice profile,
seven different cement molded ice profiles which were installed on the angle members
were used. Detailed aerodynamic tests in the winddl) over a practical range of wind
speeds and angle of attacks were done. The effects of Re number, ice thickness, droplet
sizes, angle member size and different ice profiles shape on aerodynamic coefficients are
presented for windward and leeward ora&iuns. Then the obtained results are compared

with the results obtained from standard.

1-4-5-An introduction to the use of the Particle Image VelocimetrfPI1V) method

PIV is a measurement technique with many applications. It provides accurate velocity

10



meaurements in such flows. The physical principles behind this technique rely upon the
illumination and capture of seeding particles that trace out the flow field. On the basis of
Gregorio et al[25] investigations, an ice shape is considered for measurements. The shape
is derived from measurements performed in CAIRWT. The velocggsurements, which

were obtained in the wakof the samples as far as possible downstreaare usedn the

analytical expression. The following stegre undertaken:

U Measure flow field around a simple model (cylinder) and a casted model to consider

the effect of ice accretion on separation poird #ow field.

1-5-Thesis organization

This introduction chapter has presented the motivation for this research: the
increasing need of reliable aerodynamic coefficients and measurement methods aimed at
preventingtransmissiornline towers from getting darmgad following severe atmospheric
icing events Sq the necessity of this study dealing with a narrow section of the problem
i.e. the effects of ice in combination with a wind load on transmission line towers by
experimental modeling. The objectives and dhiginal contributions of this research along
with the methodology have also been presented. The thesis is composed of seven more

chapters outlined next.

The salient features of a comprehensive literature survey related to the aerodynamic
problems assodied with atmospheric icing dfansmissiorlines, flow field measurements

and recent numerical model developments of the aerodynamic measurements are

11



summarized in Chapter 2. Experimental facilities, test models and test procedures of a
typical test sequee are introduced in Chapter 3. The process of casting of ice profiles and
the use of cement profiles instead of ice profiles is also presented in this chapter. Ice
simulation and consideration of the effects of model orientations and wind azimuth on an
argle member icing are presented in ChapteCdnsidering the effects @SD and LWC

on ice accretion and drag coefficients is presented in Chapter 5. The aerodynamic models
applied to measurements of redusedle tower legand the effects of severahriables
including ice thickness, Reynolds number, ice profiles, droplet sizes and angle member
profiles are discussed in Chapter 6. Chapter 7 introduces alternative flow measurement

approaches and discusses the obtained results.

In addition, thematic conclusns are given at the end of each chapter if relevant,
while the general conclusions and recommendations for aerodynamic model improvements

and future studies are presented in Chapter 8. Key references are also provided.

Appendix A provides a summary of timeain instrument of this study which is an
icing wind tunnel. In Appendix B, the calibration results which were done for the icing
wind tunnel after reconstruction are presenteddppendix C, Test Conditions and Results

Raw Data are presented.
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CHAPTER 2

LIT ERATURE REVIEW

Introduction

This chapter presents a brief overview of atmospheric isugh as types of ice
accretion, accretions on transmission line towers and ice morphology. Then, it focuses on
ice-related loads on transmission line towers like ice shedding, galloping, aeollian vibration
and aerodynamic forces. As weit includes a review of the recent research on the
interaction between ice effects and wind load, how aerodynamic forces acgwhigeft!
charactristics and the blockage effects. Finallglsdncludesa literature review about the

effect of droplet size distribution and liquid water content on aerodynamic coefficients.
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2-1- Atmospheric icing

Atmospheric icing is a complex phenomoa that results either from precipitation
icing such as freezing rain and wet snow accretion or fromliomd icing [26]. The
occurrence, severity, and type of atmospheric icing depend largely on temperature, wind
speed LWC, and water droplet size. It may take place at ambient air temperatunezbet

-10°C and 0°C, or sometimes, at lower temperatures under particular conditions.

In-cloud icing occurs when suspended, supercooled droplets freeze immediately upon
impact on an object exposed to the airflow. The occurrence and severity of this type of
atmospheric icing strongly depend on the location of the exposed object and on the

topography of the surroundings.

Precipitation icing can take the form of freezing precipitation and frozen
precipitation. Freezing precipitation occurs when any form ofipitation (freezing rain,
freezing drizzle, or freezing fog) freezes upon impact on or contact with an exposed object.
Frozen precipitation is any form of precipitation that reaches the ground in frozen form

such as snow, snow pellets, snow grains, icstaly, ice pellets, and h§#6].

2-1-1- Types of ice accretion

Icing events on structures are phenomena relevant to the weather. Many
meteorological parameters are significant in relation to icing build up. Essentially five types

of ice accretion may deposit on structures, as defined in Tablethat are basically

14



classified by their density as glaze, rime (soft and hard), wet snow, dry snow, and hoar frost

[27].

Table 21 Types and characteristics of ice accretion (adapted [@in[28], [29])
Type Description Density (kg/m)
Hard, almost bubbl&ree, clear homogenous ice with

Glaze _ . 700900
density close to that of pure ice. Very strong adhes

Rather hard, white dranslucent homogenous ice wit

Hard rime _ _ _ _ 300700
inclusions of air bubbles. Strong adhesion.

White or opaque ice with a loosely bonded structu
Softrime | ("featherlike" or "cauliflowerlike"). Can be removed 150-300
by hand

Opaque ice with a crystalze much smaller than that ¢

glaze ice. When the temperature is close to zero it |
Wet snow | havehigh LWC and slip off easily. If the temperaturé 100850

drops after the accretion, it may have very strong

adhesion
Dry snow | Very light pack of regular snow. Vesasy to remove 50-100
Hoar frost | Crystal structure (needléke, scalelike). Low adhesion <100

Glaze ice forms when waté& collected from the impingement of supercooled water
droplets on exposed object30]. In other word, it forms on exposed objects by the
freezing of a film of supercooled water (i.e. water still in the liquid phasetlaubeero
temperatures) which is deposited by rain, drizzle, or Aotarge droplet size, slight super
cooling, and slow dissipation of heat of fusion favor the formation of glaze which is the

most probable at temperatures between 0°C-at@[28]. It produces the densest form of
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atmospheric icing and on overhead powieed in particular, very large ice loads are

reached within hourR9].

Someéimes during glaze ice accretion, unfrozen surface liquid that does not freeze at
some location must be shed, either as a result of gravity or wind stress. When there is a
source of water at the root (top) of the icicle, a liquid film fownsthe icicle surface and
flows towards the tip due to gravity or wind drag. Water spreads effectively on an icicle
surface, so that a liquid water film tends to cover the entire icicle surface unless the flux of
water is extremely small of the order @01 m¥s or less. Icicles are formed also during

freezing precipitation, because air temperatures are typically near freezing temg8tature

Rime ice forms when the freegrof small, supercooled water droplets reach on the
surface of the exposed object at air temperatures typically b&ltv The small droplet
size, slow accretion, high degree of super cooling, and rapid dissipation of heat of fusion
favor the formation ofime [29]. Rime density varies depending on the size of ldts@nd
the freezing time (Figure-2). When the drplets possess small momentum and freeze
quastinstantly on impact, air pockets are created between the frozen droplets and a soft
rime deposit is produced. When the droplets possess greater momenth,freezing
time is greater, the frozen droplets pack closer together in a dense structure and create a
hard rime deposif26]. Rime ice can also form from glaze ice but in small amoumn

there is ice feather shape appear on surfa@g.[6
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Figure 21: Ice accretion types (adapted fr¢&i])

Wet snow flakes commonly occur as ice crystals suspendedLiW@ matrix at
temperatures just above the freezing point-@06) and is a mixture of ic&, WC andair
[32], [33]. The very wet snow is defined when free water eptiiids the air space in the
snow. Snow flakes are more likely capable of causing wet snow accrelid¥Cabetween
15 and 40% in mass (i.e. percentage of the mak®&@ per the total mass of wet snow)
[28], [32]. The density range of wet snow deposits depends on the wind force that
compresses the snow on the surface of accretion. It may have strong adhesitire with
exposed objects, and like glaze ice, it can lead to very high loads within hours on overhead

conductors.

Dry snow flakes may also accumulate on objects to form a dry snow accretion at

temperatures significantly below freezing point under very low wpekd conditiong28].

Hoar frost forms when the vapor in the airtiwia dewpoint below freezing
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condensatef9]. It causes varthin and porous layers of ice usually on the windward side
of objects and is therefore not critical when the ice is regarded as a gravity load as these
deposits have low density. However, large hoar frost deposits on overhead conductors may

result in sigificant wind loads.

2-1-2- Accretions on transmission line towers

As discussed in the previous section, ice can deposit on transmission line towers and
conductors in different forms and densities. The types of atmospheric ice accretions that are
significant for our purpose are, rime, large deposits of lightweight rime ice, and dense glaze
ice. In this section, examples of these types of atmospheric ice accretions on transmission
line towers are illustrated. FigureZ2presents examples of glaze and rimeuawlations

on electrical towers, respectively.
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Figure 22: Atmospheric ice accretions on transmission line towers
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2-1-3- Ice morphology

It is important to take the type of ice into consideration because under specific
conditions, different ice shapesay appear depending on icing object geometry parameters
and aerethermal conditions. [Bseup photographic data were taken on an aluminum
NACA 0012 swept wing tip airfoil[6], [34]. Two types of photographic data were
obtained: time sequence clagp photographic data during the run and clope
photograpit data of the ice accretion at the end of each run. Icing runs were conducted for
short ice acretion times from 10 to 180. §he movies confirmed that at glaze icing
conditions in the attachment line area icing feathers develop from roughness eletments. T
closeup photographic data at the end of each run showed that roughness elements change
into a pointed shape with an upstream facet and join on the side with other elements having

the same change to form ridges with pointed shape.

The ice accretion foration on swept wing tip in natural icing conditions showed that
at 45° and 30° sweep angles the ice accretions were complete scallops made of feathers
with a preferred direction of growtfl7], [35]. The presence of large feathers or the top of
large feathers along the attachment lineagrees with tunnel observations at similar low
LWC icing conditiong36]. Vargas et al[7] observedhe sameice elements of formation
that have been obtained in tunnel experimemtey observed thahe presence of the
attachment line and glazeei feathers zone @ broughtdifferent classifications foice

accretions as nscallop, incomplete scallop or complete scallgp
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Several tests have been performed usirzame cylinder for several sweep angles,
velocity, temperatureMVD and LWC to simulate 3D scallop ice by Presteau et[&].
Firstly, a reference model was developed for 3D scallop ice simulation. Then, a full 3D
numerical scallop ice formation was built which consists of injecting supercooled droplets
through a 2D window. A classical way to provide all physical parametetbdanodel is
to use a 3D NavieBtokes. Ice shape simulated with this new microphysical model is
finally compared to the experimental ice shape database. It showed that a 3D numerical
model results for scallop ice shape were in good agreement with regpéai test for a

plain cylinder.

Ice growth often occurs in cold environments coincident with the entrapment of a
portion of the impinging liquid by the growing ice matrix. This type of ice accretion is said
to be spongy. Dendritic ice crystal growth indapercooled liquid at the icing surface

entraps a portion of the liquid into the advancing ice m§iix

Maeno shows that the length of an icicle increases by the downward growth of thin
dendritic crystals into the supercoole@ter droplets whewaterdropped at the tip. e
diameterincreasedlso by the freezing of a water film flowing down along theleciwall
[10]. Makkonen proposed a model of icicle growth. It was demonstrated that the growth of
an icicle is a complicated proceasd very sensitive to the atmospheric conditions and
water flux. The shape and weight of icicles predicted by theéemagree well with

laboratory dat§ll].
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2-2- Ice-related loads on transmission line towers

Ice accretions on transmission line structures can be the source of sevérahinadc
and electrical problemsln this study, only the ieelated mechanical problems are
emphasized. Thergvity loads due to heavy ice accretion on overhead lines, coupled with
wind on ice loads, may lead to structural damages, or failure and even cascading collapse of
towers. Ice shedding from cables, wimdluced cable motions such as galloping associated
with aerodynamically unstable ice profiles and severe Aeolian vibrations -cbvezed
cables as well as interaction between ice profiles and wind load on transmission line towers

are among the most severe loads acting on transmission lines structures.

2-2-1- Ice shedding

Ice shedding is the physical phenomenon which is classified as a type of ice mass
reduction. The ice mass reduction can be caused by three physical mechanisms: ice
melting, icesublimation and mechanical ice breaking. Ice shedding, auttiéen dropping
off of atmospheric ice, is created by mechanical breaking or its combinatiomheitivo
other mechanisms. lother word, it is responsible for large imbalance forces and moments
on supports, impact forces, overloads, vibrations, antdrcase of electrical conductors,
shortcircuits causing flashovel37] when electrical clearances become insufficient. In
extreme situations, the increased cable tensions may result in broken insulator assemblies,
or short circuits may cause cable breakagas may inturn lead to longitudinal cascading

failure of the ling38], [39].
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Damage can occur to sttucal elements (antennas, etc.) when ice from higher parts
fall and hit lower elements in the structure. The height of falling ice is an important factor
when evaluating risks of damage, because a greater height means greater dynamic forces
from the ice. Amethod of avoiding or reducing damage from falling ice is the use of

shielding structurg[40].

2-2-2- Galloping

Galloping of icecoated conductors is a low frequency, high amplitude, wind induced
vibration associated with the effect of atmospheric ice deposits on the conductors. This
phenomenon occurs when the aerodynamic lift on the conduatobe modulated by the
periodic motion of the conductor in such a way that the variations in lift act to augment or
at least sustain that periodic motidoe galloping on overhead lines is associated with
aerodynamically unstable ice profilgtl], [42]. In addition, the change in cressctional

shape due to the aeted ice causes dynamic effects

2-2-3- Aeolian vibration

Severe Aeolian vibrations of the enlaregdidmeter, icecovered conductor may also
lead to fatigue failures of conductor strands at suspension clamps and serious damages on
electrical structures. In opposition to galloping, Aeolian vibration is defined as high
frequency and low amplitude windduced vibrationof both single and bundled
conductors. The primary cause of this type of conductor vibration is the alternate shedding

of wind-induced vortices from the top and bottom sides of the conductor that creates an
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alternating pressure unbalance which causesdhductor to move up and down at right
angle to the direction of air floj43]. Aeolian vibrations usually occur when a steady,-low

velocity crosswind (below 7 m/s) acts upon a bare or uniformly iced conductor surface.

Since the power imparted by the wind tce thonductor is proportional to the
conductordiameter at the fourth pow§34], ice accretion may lead to a dramatic increase

of aeolian vibration severity.

Also, fully iced mast or tower sections can introduce vortex shedding, resulting in

Ccross windvibrations.

2-2-4- Aerodynamic forces

The interaction between ice effects and wind load around a physical structure can
cause beneficial or destructive effects on the physical structure itself. The geometry of the
physical icedstructure and the charadtgics of the oncoming flow help determine the
nature of the flow field. It has not yet been shown conclusively which circumstances might
lead to dramatic variations in different flow field characteristics such as aerodynamic
coefficients [44], [45], vortex street structuregeometric wake parametefd6], [47],

Reynolds numér (Re) and Strouhal number (St).

2-3- Interaction between ice effects and wind load

The bodies are classifiebaerodynamic and bluff bodies with respect to the features

of the flow field that they produce when they aremersed in a crosstream orthrough
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fluid Figure 23. Aerodynamic bodiesre characterized blgoundary layers completely
attached over their whole surface, which leave behind them thin and genteidly wakes
containing vortice$48]. The aerodynamic forces acting on these bodies may be evaluated

through the simplied potential flowir boundary layer proceduf20], [49], [50].

Conversely, bluff bodiearecharacterized by a separation of boundary layer from its
surface, and wakes having significant lateral dimensions and normally unsedadyy
fields [48]. For thesebodies no simplified mathematical treatment is usually possible, and
the forces acting on them may be evaluated either from the solution of the complete Navier
Stokes equationgl7], [18], [51] or from the results of experiments5], [16], [46], [52],

[53]. It is well known that suctures such as electrical towers are bluff bodies.

Figure 23: Examples of a) aerodynamic body and b) bluff bodies
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2-3-1- Aerodynamic forces

The most important force components are drag and lift. The component of the
aerodynamic force in the upstream flow direction (or in the direction of motion of the body
if it is moving in still fluid) is drag and the component of the agmadic force in the
direction perpendicular to flow direction is lift. One striking difference between
aerodynamic and bluff bodies is that the former have drag coefficients that are at least one
order of magnitude smaller than the latter. This is dueh& remarkable increase in

pressure drag deriving from the boundary layer separation.

There is a vast experimental research on icing effects on aerodynamic body such as
aircraft airfoils [14], [21], [22], [54], [55] and turbine bladegl3] as well as numerical
investigations[20], [50] which is out of scope of this research. However there is less

investigations on icing effects bluff body.

The simplstp ar t of el ectrical l ine towers is
[16] studied the aerodynamic forces on single and shielded angle members in lattice
structures. Theyneasuredirag coefficiers between 2 and 2.4 for different angle member
profiles without shielding effect. They indicated that there is no significiattewith
regardstoth®keynol ds number , the edgesd6 shape anc

coefficient. It was showthat the turbulence generally reduces slightly the drag coefficient.

The force coefficients ardifferent for truss elementsomparel to simple element

because of the shielding effecBayaret al. [15] determined appropriate drag coefficients
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for square selupported latticed towers. They constructedl tested two models. The
critical maximum drag coefficients correspondiogtheir solidity ratios  are plotted on
Figure 24 for the tovers with heel angle attached to the leg memabérwithout themThe

actual relationships between drag coefficiemtd solidity ratios are also plotted.

Figure 24: Drag coefficient versus solidity ratio of ted tower models

They recommended equations (1) and (f{B) Table 22) as a practical method of

determining drag coefficients:
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Table 22: Recommended equations for calculating drag coefficient

Range of Solidif Cq
0.12-0.20 Cq=4.2-7.0xA Q)
0.20:0.24 Cy=3.53.5xA

Li kewi se the r esul[i6kforeihpleRRmgle dhéntbdraverasdso e t

shownthat the tower sectiordragwere independent dhe Reynolds number.

Some structures consist of circular cross section members atechluff bodies
Basu[52] obtained the aerodynamic forces of circular cross sestimictures He studied
the roughness effect on the magnitude of the coefficients itudwlence flows as well as
the influence of tusulence and thredimensional effects. Bag62] obtained @ =1.17 for
subcritical regime around circular cylinder for different relative roughnasish confirms
that G is reasonably independent of Re in -sulbical regime above about 4(56], [57].
He showed that for superitical and postritical flow regimes Cp has an exponential

function when relative roughness increased.

The lattice structures together with tensionextblstonductors are sensitivevarious
wind drag and lift caused by icing. Wind action on iced structures may be calculated based
on the same principles as the actionaorce-free structure. However, the dimensions of

the structural members and theiagrcoefficients arbothsubject to changes.

Nigol and Buchan[45] generated natural ice shapes over a range of practical

conductor gallopig situationsin order to test these shapes under static and dynamic
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conditions in the wind tunnel. They presented the lift and drag coefficients for ice on
windward and leeward sides of the conductor. It was shown that it is not possible to
generalize thdift characteristics in terms of ice shape. Ice deposits of similar shape
produce completely different lift curves as minor variations in surface texture seem to have

large effects.

Examination of the drag coefficients show that they are relatively cungtish
respect to thangle of attaclas expected for samples having a relatively constant projected
area. A notable feature is that the drag data shows a consistent shift to lower values with
increasing turbulence. While examination of the moment coefiie shows that the

moment normally changes its sign for windward and leeward orientations of ice.

2-3-2- Flow field measurements

The flow field around bluff bodies completely diffeent compare to aerodynamic
bodies becauseeparation prevents the ascenceof the recompression in the rear part of
the body[48], sothat the values of the pressumethis region are considerably smaller than
those acting in the front part (and corresponds normally to negative pressure coefficients).
This gives rise to a significant value of the pteesdrag, which is normally much higher

than the friction draf48].

The pressure drag may be divided in two contributions, respectively given by the
fore-body, i.e. the front part of the body with attached boundary layer, and by the so called

afterbody or base region, i.e. the portiohthe body surface lying inside the separated
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wake. Depending on the shape of the fooely, the first contribution may be large or
small, as can be seen by comparing the qualitative pressure distributions around a flat plate
and a circular cylinder (seleigure 25). The second contribution, on the other hand, is
determined by the value of the suctions (pressures act always towards the body surface, but
the term suction is often used when the difference is negative) acting on the base, which are
primarily connected with the velocity outside the boundary layer at the separation point, V
Indeed, particularly in the case of aftevdies with limited longitudinal extent, the
pressures on the base are almost constant and equal to the pressure in the catténdlow

separation poin@8].

In terms of pressure coefficient, by usi
velocity outside the boundary layer at the separation points; the lower is the base pressure,

and the higher the base drag.

Figure 25: Comparison between the pressusgributions of a flat platedp = 2) and of a
circular cylinder foRe< 1C° (Cp = 1.2)[48]
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Particularly important is the dependence of the drag coefficient of a bluff body on the
Reynolds numbefl5], [16], [5. As can be seen from Figure62 while for bodies with
sharp corners this dependence is negligible, it becomes more and more significant with the
rounding of the body, with the appearance of a sudden decrease of the drag coficient
This behavior is connected with the phenomeobtransition of the boundary layer to the
turbulent state. Therefore, for bluff bodies without sharp corners, a critical value of the
Reynolds number exists which corresponds to transition taking place before the laminar
separation, so that the sepamatipoints move downstream, a narrower wake forms, a
higher pressure recompression before separation takes place, and a consequent significant
decrease of the drag coefficient is observed. Obviously, all parameters that may influence
the boundary layer trait®n (as the incoming turbulence levdl5], [58], [59] and the
surface roughness of the bofli4] have a significant influence on the-®e curve, and

produce a variation of the critical Reynolds number.

Yeung [46] has made an attempt to formulate relationship involving Strouhal
number,pressure drag, and separation pressure for flow around-dimvemsional bluff
section of various shapes in a confined environment such as a wind tunnel. He obtained the
relation betweerStrouhal numberSc, and ®paationpressure parameter, kvhich is
applicable to a variety of two dimensional sections. For thepféde and the wedge
modified Strouhal number was around 0.15. However, this value for a rectangular prism
increases from 0.092 to 0.138d it is aigh as 0.185 for a circular cylinder at stitical
Reynolds numbers. The variations indicate that the size and shape of the aft body may

significantly influence the vortex formation region. Therefore, the similarity in the wake
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structure of different loff-bodies, as originally proposed by Roshlé®] may require

careful consideration.

It was shown that the different values in drag of different bodies may be related to
differences in the energy content in their walgdy, [62]. This type of reasoning, although
obvious to a certain extent, is actually extremely fruitful not only to justify different values
of drag, but also to give a rationale for any design action aimed at obtaining a drag

reduction of a body.
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It has already beementioned that value of the drag coefficientanfaerodynamic
body is 15 to 20 times smaller théor abluff body. It may be explained by extremely thin
wake produce by aerodynamic bodieshich causes to rise to very small pertuidmat
energy[61], [62]. The opposite is true for typical twbmensonal bluff bodieswhich
shows a highhenergetic wake, characterized by the presence of a double row oattern
concentrated vortices (known &arman vortex street)63]. A detailed review on the
phenomenon of vortex sheddinon the consequent induced forces, and on the effects of
the variation of geometrand of various fluid dynamiparameters may be found [i4].

The main point that will be made here is that a strict connection exists between the amount
of peturbation energy and the organizatiothe vorticepresent in the wake. Indeed, the
drag of a bluff body is an increasing function of the degree of calatiemt in space of the
vorticesshed in its wake, and of the distance between the regions Wiegpesditive and

negative vorticeare contained. Further details drag reduction may be found [48].

Flow fields and wake regions tttice structures are sensitit@icing. Wind action
on iced structles may be simulated based some simple modelpi4], [45] or some
numerical models. However, experimental simulations of bluff body icing are a way to
have better understanding of the phenomefdero and Turam44] investigated the
influence of ice accumulation on tiiew field around electrical power cables of various

geometries to examine the effect of these factors on the near wake flow field.

They showed thabheavy ice formation produces acresesctional geometry that is

more OO0Owing s hapedddelattheasametarnglke of lattack.hThd rgsults ¢ e d
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revealed that heavily iced models versus lightly iced model may be more likely to
experience relative increases in vortex shedding frequency and Strouhal numbédenvhen
>15,000 for certain angles of attack. Vrghowed that, rises in Strouhal number and the
accompanying drop in drd65] and rise in lift[66] force may make heavily iced models
more susceptible to the onset of movement normal to the free stream. It was also shown
that multiple vortex shedding frequencies campete for dominance when heavy ice

accumulation occurs.

The numerical simulations have a difficulty in validating their prediction results such
as flow separation angleecirculation length, and turbulence statistics; this implies that
there are strong deands for reliable experimental data. Particle imaging velocimetry (PI1V)
is one of the experimental technique&ilableto measure flow velocity and flow direction
at one instant in time within a large area of the flow field. The physical principlesdbehin
this technique rely upon the illumination and capture of seeding particles that follow the
streamlines of the flow. For thptirposePIV utilizes the light scattered by small particles
in the flow, which are illuminated by two short laser pulses. Trse dxplicit recognition
of the importance of particle images was made in two short, contemporaneous papers by
Pickering and Halliwel[67] and Adrian [68]. They called it Particle Image Velocimetry
(PIV) to distinguish this method from other laser techniques. One of the primary uses of
PIV technique is flow field visualisation around aerodynamic and bluff bodies.

Additionally, 2D PIV provides accurate velocity measurements in such flows.
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There is a vast of investigations on flow characteristics around bluff bodies,
especially circular cylinders. Ouali et §69] investigated interaction between the near
wake and the crogssectioral variation for a circular cylinder in uniform flowA camshaft
and a set of camwere used to effeat y | i nder 6 s dTha mat® toferotating h an g e
motion and the free stream velocity defines a forcing Strouhal number where ehen t
Reynolds number was set on 8000 forcing Strouhal number was 0.02. They calculated
St number fo different conditions. They obtained vortices distribution and then used it to
calculate drag by applyinthe following equatiorwhich was presented by Slieand

Leonard[70]:
da,_

Drag = + —af) Y/{dA (2-1)
dtg A

where the area A peesents the entire flow fieldy is the vortex structures which are
shed from the body contain significardnagponent s of bot h si thear of v

density and y is distance between center and surface of the cylinder.

They showed that drag is correspondingly decreased due to positive vortices
di ffusions from the cyl irtcesefrthe sheas laygvbricese 1 nt o
move from high energy level to low energy IBvdhe result confirms the one obtained by
Lin et al.[71] for differentrangesof Reynolds number between 1000< Re <10000yThe
showed that also Larggcale Karman vortex formation in conjunction with patterns of
smallscale KelvinHelmholtz vertical structures; allow physical interpretation of the vortex

formation length.
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Jang and Leb8] did the same study for a sphere at a-atical Reynolds number.
They obtained the velocity fields, detailed vertical structure in the recirculation gibn
as recirculation vortices, reversed velocity zone anebbptane vortices distribution for
Reynolds numbeequals t011000. They measured many instantaneous velocity faflds
recirculation regiorwhere ensemble averaged to get the mean veloeikysti The vortices

were calculated using the following equation:

%HAV Y (22)

whereV, andV, are velocity distributions in y and z directions.

They showed that the vortical stture of sphere neavake had a wavy flow

structure and the onset of shémyer instability.

Fujisawa et al[72] applied a IV technique to evaluate the pressure field and the
fluid forces on a circular cylinder with and without rotational oscillation. They used
instantaneous velocity data measured by this technique to solve pressure Poisson equation
numerically. Thg applied his technique to obtain the drag force on a circular cylinder for
Reynolds number 2000. They found that the
at low-frequency oscillation and reduced at highguency oscillation. They also showed
that the dragoefficient at highfrequency oscillation is reduced by 30% with respect to the
stationary <cylinder, whil e the puctuating

synchronized vortex shedding at hifyjaquency oscillation.
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The PIV technique wilbe more applicable when the model geometry is more
complicated and categorized in blidbdy geometry. Lim and Le¢62] experimenthy
studied the flow structure around a circular cylinder witkgrdoved surfaces. They
measured the drag force and turbulence statistics of \(rakan velocity, turbulence
intensity and Reynolds shear strelsshind each cylinder for Reynolds numbers Hdase
the cylinder diameter (D = 60 mm) in the range Reéx 1F-1.4x10. They concluded that
for the case of smooth cylinder, largeale vortices formed behind the cylinder maintain
round shape and do not spread out noticeably in the near wake. Holwetee, case of U
grooved cylinder, the vortices are largely distorted and spread out significantly as they go
downstream. They showed that the longitudinal grooves seem to shift the location of
spanwise vortices toward the cylinder, reducing the vortemdton region, compared
with the smooth cylinder. The longitudinal grooves have been used as an effective flow

control device for drag reduction and heat transhhancemefi73].

There isthe possibility to consider a shape of ice profile on different geometries for
flow characteristics measuremts and consequently aerodynamic calculations. De Georgio
et al. [74] did an investigation on airfoil with ice accretions to study the performance
degradation. The considered model was a NACA 0012 airfoil section with 106hw
and 300 mm length span. They considered four different configuratibrise airfoil
model; bare airfoil, profile with glaze, rime and mixed ice accretions. The Reynolds
number was 200000 based on chord dimension. The instantaneous and mean velocity
fields, longitudinal turbulence level were measured and then aerodynagfiicieats were

calculated. The results showed remarkable aerodynamic characteristics decay due to the
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simulated ice formation: glaze configuration showed worst performances with inversion of
the lift-incidence curve and a dramatic increase of the draifjaest. PIV measurements
showed large regions of separated flow even at low incidence and for moderate amount of
ice (mixed shape): in fact, due to the low chord Reynolds number, no flow reattachment

occurs downstream the separation.

It was tried to cagr out an experimental study to investigate the effect of ice
accretion on the flow characteristics of a circular cylinder. They studied the variations of
flow characteristics such as velocity field and turbulence intensity for two different ice
profiles; bare profile, and profile with ice accretion shapes. The velocity field and
turbulence statistics of the wake behind each cylinder were measured for Reynolds numbers
based on a 3&m cylinder diameter in the range of 2%10.2x1¢. The experimental
resultsshowed large regions of separated flow even at low incidence and for moderate
amounts of ice. They showed that the calculated shedding frequency was 48.68 Hz based
on using Strouhal relationsh[g3] which agrees well with the observed period of vortex

sheddimgy of about 0.02 s.

2-3-3- Blockage effects

It is quite important to estimate the wind tunnel blockage effect on the test data, and
correct them properly. Maskell first examined the blockage effect on drag coefficient of flat
plate normal to wind, and proged a correction method introducing the model of bluff

body wake[75]. His theory is based on the correction of the dynamic pressure increment
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around the model. The theory is well supported by experiment and leads to the correction

formula:
pgq/ gosS/€C (2-3)
Where mq is the effectiduetoconmssaneandeisa n dy

blockage factor dependent on the magnitude of the fp@ssure coefficient. The factor c is
shown to range between values a little greater afor axisymmetric flow to a little less
than unity for twedimensional flow.But the variation fron2.5 is found to be small for

aspect ratios in the rangé1 to 10.

Cowdrey [76] and Sykes[77] ex ami ned the applicability
rectangular sections. They found a slight difference in the blockage factor that they
obtained. Thealation between blockage factor and depth to height ratio was made by Awbi
[78]. Utsunomiya et al.79] and Noda et a[80] applied Mas kel | 6 s and Awbi ¢
correct drag coefficient of their models. They studied the blockage effects on aerostatic
forces such as base pressure coefficient and drag force coefficient for the cube, the
rectangular cylinder, and two rectangupardlel cylinders. Takeda and Kaf81] applied
Maskell s t heory t girded (pdrduebodynand hexagomaksedioh t r u
which are frequently used as a bridge girder. Tinggdan expression of blockage factor

through the new definition of drag coefficient by model outlined area.

As alreadymentioned all the empirical techniquesdasemiempirical methods are

used to adjust the pressure and drag coefficients for blockage effects. The difficulty with
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the empirical met hods is their |l ack of A
obtained in given wind tunnel and usually withe level of turbulence. The sesmpirical
correction methods are often developed on similitude hypotheses or invariance that restricts
their domain of validity. Laneville and Trepanif82] tried to correlate the available
experimental results and to formulate a general empirical correction technique that can
adjust most available data by taking into account the effect of the free stream turbulence
intensity. Their formulation takes into account the effects of the biilickage(The ratio

of the frontal area of an article to the stream cgzsdional area. In wd tunnel tests, this

ratio reflects the relative size of the test article and the test sec@itih) the aspect ratio

(The length of an article to its depth)D, the afterbody length(The height of an article to

its depth) H/D, and the intensity ofutbulence; I. the validity of their procedure is
restricted to solid blockage less than 15%. Application of empirical meffi8figave a

good correlation for different sets of data for smooth flow.

2-4- The effect of DSD and LWC on aerodynamic coefficients

Meteorological parameters such as LWC and DSD ecesive factors in determining
the various types of atmospheric ice accretion and consequirgily aerodynamic
coefficients. One of the important differences between natural aerosol clouds and its
experimental models is their dimensions in relation $a of the icing structures that are
exposed to those clouds. The dimensions of the supercooled aerosol clouds are greater in all
directions under natural icing conditioj85], [83], [84] whereas the same order of

magnitude is observed for the same factors when simulating ice accretion in wind tunnel.
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Therefore, knowing the zone of the uniformity of the artificial aerosol clouds is essential in
order to predict the local LW and DSD. Although the dimensions of zone of uniformity of
natural aerosol clouds are not achidgah experimental modelingy, is possible to obtain
LWC and DSDhaving approximatelghe same level awhat is foundin natural aerosol
clouds. Different ombinations of these characteristics produce different types of natural
icing phenomena. The LWC is in the range of a few tenth of gimler incloud icing
conditions; however, values between 1 and 103ghmre also observed under other
ambient conditionsuch as freezing drizzle or freezing ri#3], [84], [85], [86], [87] The

DSD falls in the range of a fewm to about 50>m under incloud icing conditions,
whereas it takes significantlyeater values under freezing drizzle (in the range of>10pD

and freezing rain (from the range of 18 to several mm) conditiori84], [85], [87].

The LWC and DSD vary inside the aerosol cloud. These variations are more
significant when the air velocity is low and when the cloud droplets are large. The main
reason of these variations is related to gravity andianésrces acting on supercooled
droplets. These forces alter the trajectories of particles that contribute to the ice accretion
[88], [89]. Thus, they have an influence on the ice mass and ice shape, resulting in varying

aerodynamic coefficients on the tower.

The effects of LVC and DSD on the aerodynamics of a body have been studied for
decades. Largdropet ice accretion on aircraft wings is important to aircraft industry since
its effects are crucial on aerodynamics. BrfgfY] studied these effects on drag coefficient,

lift coefficient and pitching moment that iyaduring aircraft control. The results showed
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that a ridge of ice aft of the boot can lead to large losses in lift, increase in drag and changes
in the pitching moments. He continued this study with [238 to simulate the effects of
largedroplet ice shapes on airfoil aerodynamics experimentally. They investigated the
influence of simulated supercooled laidy@plet ice accretion on a modified NACA 23012

airfoil. They realized that when the simulated ice was placed at critical chordwise locations,
separation bubbles formed downstream of the simulated ice shape, and there was a dramatic

reduction in the maximumfticoefficient which was then as low as 0.27.

Vargas et al[7] and Vargad35] studied and simulated differefarmations of ice

accretions on swept wings in natural icing conditions for different LWCs.

Conclusion

A complete review on the interaction between ice effects and wind Wzl
presented. Literatureeview of new research on aerodynamic measurement of bluff body
was alsqresented. The definition of aerodynamic and bluff hdidyv field characteristics
and their measurement techniques were summarized. From this review, the following can

be concluded:

Glazeice because of the density and ice mass has a significant effect on aerodynamic

coefficient of electrical towers

Calculating aerodynamic coefficient of bluff body shape without having experimental

work is very difficult and sometimes it is impossible.
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The input parameters for icing simulation was considered based on information

provided by Hydro Quebec from previous ice storms.

It was observed that using external balance is essential to measure aerodynamic

coefficient experimentally.

The input paramets for aerodynamic measurements were considered based on

available data from Hydro Quebec to cover all possibilities.
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CHAPTER 3

EXPERIMENTAL FACILITIES, TEST MODELS AND

TEST PROCEDURES

Introduction

In order to achieve our objectivee. theaerodynamic measurements, the following
steps were taken: I1jatural icing simulation to optimize input parameters of icing
simulation, and 2) aerodynamic measurement of angle member with diffeeeptofiles
which were produced based on optimized parameters of previous step. This chapter deals
with the most important techniques thzve been used in this work to measure the
interaction forces between ice effects and wind load. To simulate naiagatonditions a

low speed wind tunnel wassed The new casting process which wa@ssignedfor this
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research to reproduce ice profiles by cement was explained. The low speed aerodynamic
wind tunnel and external balance wergedto measure aerodynamioefficient. Besides
those instruments the laser techniques was applied to measure cloud characteristics as well

as flow fieldcharacteristicen order to study their effects ahedrag coefficient.

3-1- Experimental Facilities

3-1-1- CIGELE Atmospheric Icing Research Wind Tunnel (CAIRWT)

The complexities inherent to the study of atmospheric icing phenomena occurring in
the atmospheric boundary layer and involving ice accretion on structures make it a difficult
task to solve. The absence of a final unifitéory for understanding th@echanisms,
which trigger and halt the various types of ice accretion, as well as the impossibility of
following its complete development in nature make laboratory investigations of this
phenomenon more productive than fieldsetvations. Such experimentalodeling of
atmospheric icing in a wind tunnel or in a climatic room is an integral part of examining the
phenomenon that includes field measurements, theoretical and experimexteling
Experimentalmodeling of these hazaious weather conditions involves maintaining the
aggregate of meteorological parameters forming these conditions within as wide a range as
possible in order to be as representative of all the types of atmospheric icing possible.
These parameters under ciolesation comprise air speed, air temperatanehumidity, air

pressurel.WC and DSDof the aerosol cloud.

46



The cold aerosol cloud is simulated by injecting water dropigts the cold air
circulating inatunnel where each meteorological parameter imtai@ed according to the
modeled natural conditions. The wider the range of ambient conditions that can be
maintained in the tunnel, the wider the range of hazardous weather conditions that may be
investigated, and, consequently, the greater the numbé&ypes of atmospheric icing

phenomena which may be experimentally modeled in tunnel or climatic room facilities.

The CAIRWT is designed and built to simulate atmospheric icing of overhead
transmission lines as it occurs within a moving super cooled aeotmadl with air
velocities typical under icing conditions within the atmospheric boundary layer. This
chapter provides an overview of the tunnel facility that is capable of covering a wide

spectrum of atmospheric icing conditions and the related equipsedtduring this study.

3-1-1-1- Construction of CAIRWT

The CAIRWT is a closetbop (airrecirculated) lowspeed icing wind tunnel with a
total length of about 30mF{gure 31). The construction consists of a number of
consecutively connected segments iffiedent shapes and cressctions, forming a closed

circuit for the recirculation of air inside it.
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Figure 31: CIGELE Atmospheric Icing Research Wind Tunnel

Most of the segments are made of aluminum and covered on the outside by insulating
material The crosssection of each segment of the tunnel gradually narrows, widens or
remains constant according to the functions performed by that segment in a circular air

flow.

3-1-1-2-General Layout of CAIRWT

The general layout of CAIRWT is based on constamcteconomy and tunnel

efficiency. A thorough discussion of design issues, starting with the test section, is provided
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in what follows. The common configuration includes the elements shown in Figgire 3

More information about different elements is avdeah Appendix A.
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Figure 32: Layout of a Closed SingiReturn Wind Tunnel

3-1-1-3CAl RWT6s Main Systems

3-1-1-3-1-Fan system

The air inside the tunnel is driven by a fan connected to a-fimase 45W motor.
The frequency of thenotor may be set from 5 to 60Hz using the Automation & Control
software (Tech Link Version 1.7) which is provided by Minarik Corporation. This
frequency range makes it possible to change air speeds from 2 /& 28m air speed fan

frequency calibratiographis presented in Appendix B.
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3-1-1-3-2-Refrigeration system

The desired ambient temperature in the icing wind tunnel may be set by a remote
temperature control system (Honeywell T 775A) with5°Caccuracy. The nominal lower
limit of the temperature is30°C The control device is connected to an Rype
(Resistance Thermocouple Detector) temperature probe which is positioned inside the
tunnel between the heating elemdftigiure 32 Section mpnd the honeycom{@-igure 32
Sedion n) (near the honeycomb). This location for the temperature probe was chosen after
carrying out a specially designed series of experiments, in which the performance quality of
the RTD probe and its reaction to sudden changes in ambient temperatucheoked by

parallel monitoring of the same parameter in the test section of the tunnel.

The coolant material in the refrigerating system is Ammonia sfNihich is
circulated by a 75HP rotary compressor equipped with a condenser, an evaporator, a water
pump and a ventilator. This system is part of a three series attached compressor monitored
by an ammonia electronic valve control device to assist and maintain the suitable
temperature required for every chamber in action. The contact of the circulated mioving
with the evaporator leads to an air temperature drop inside the unit. The temperature, which
is sensed by the RTD, is read in the tunnel by a PLC (Programming Logic Control) system
and is maintained at the desired temperature witbrezision of £0.5°C This is an
automated system which controls the operation of the coolant gas compressor in order to
set up the desired air temperature. The speed of the air flowing inside the tunnel has a

significant effect on the timeequired to reach the desired air temperature and on the
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amplitude of air temperature oscillations inside the tunnel. These minimal oscillations in
temperature are unavoidable throughout the experiments, as a result of the capacity of the
system to regaithe desired temperature after addition of the coolant to the cooler or heat
exchanger. The ice accretion on the blade changes the velocity after a certain time during
the experiment therefore increasing the temperature and decreasing the fan velbeity in t
tunnel. The higher speed reduces theugetime and decreases the amplitude of the

oscillations of air temperatuf@l].

3-1-1-3-3-Nozzle spraybar system

The technique used in CAIRWT to simulate atmospheric icing processes is to inject
waterat room temperature int@ cold air stream through tm®zzles located at the trailing
edge of the horizontal spray bar which is designed in the shape of a NACA 0012 airfoil.
The spray bar is located just downstream of the honeycomb, 4.4m upstream of the middle
of the test section, where the icing structurengp@nalyzedis usually placed. The water
and air are supplied to the nozzles on the spiaythrough independent watand air
supply lines. This makes it possible to maintain specific conditions for each nozzle
separately, without mutual influence betmethe lines. The water line is linked to a
reservoir of regular domestic tap water and passes through a filter, while the air supplied by
a compressor using ambient air passes thraudehumidifierat room temperatur@Vater
atomized in nozzles by higbressure air is pulled by the air wake from the trailing edge of
the spray bar into the flowing cooled air stream. As a result, an aerosol cloud of the desired

DSD is formed.
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3-1-1-4-Control Panel

In order to produce the aerosol cloud with the desired ctaistics, it is necessary
to control the dynamic parameters in both water and air lines of the fluid transfer system.
The control panel for monitoring and modifying the dynamic parameters in both lines is
presented in Figure-3. The panel makes it pob& to control the water flow rate and the

water and air pressures in the three lines independently.

Figure 33: CAIRWT's Control Panel

The CAIRWT6s Control panel has been divi

further divided into two subsysten{gjigure 34).
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Water Transfer System
Fluid Transfer System

Aifr Transfer Systein
Comrol Panel's Systems
Nozzle Heating Systein

Heating Systein
Al Heating Systein

Figure 34: Control Panel Systems

3-1-1-4-1-Water Transfer System

Each system of fluid transfer is compos#dnany instruments in the lines to control
flow, pressure and other parameters that are related to theTthedwater transfer system

supplies weer to the nozzles to produeaater droplets in the wind tunnel.

3-1-1-4-2-Air Transfer System

The air transfer system supplies air to the nozzles. There is a water collector in the air
line to remove water from thardine. The air humiditynustbe keptvery low to prevent

freezing in the air lines leading to the nozzles.

3-1-1-4-3-Nozzle Heating System

The nozzle heating system is used to heat the nozzles in order to avoid frozen water
particles to block the nozzlepening. This system is composed of four wall giug

connections, an ON/OFF Switch, an AC Ampere meter and a 110V rheostat switch. Three
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wall plugin connections are used to connect electrical current between the control panel
and heating elements fixedoand each nozzle, while the fourth one is thephgs

connection.

3-1-1-4-4-Air Heating System

The air heating system is used for heating air in the nozzle air line which helps
prevent freezing in the nozzles. This system is composed of a walinpbagnection and a
thermoacontrol knob. The wall plugn connection connects the current to the heating
element, and the thersrtmntrol knob is used to adjust the heating level. Normally, the
knob should be set between 1 and 1.5 on its scale to avoid oveghdainhigh air

pressures, too warm air may cause the blow up of tubes in nozzle air lines.

The air will be warm enough 10 to 15 minutes after switching on the air heating
system. It can be checked by touching the surface of the cover of the heating albiden

is an insulated box made of aluminum.

3-1-1-5-Physical parameters of the aerosol cloud produced in the wind tunnel

The characteristics of the aerosol cloud are decisive factors affecting the type, mass
and shape of ice accumulation. The most ingdrparameters characterizing the aerosol

cloud are temperature, velocity, humidity, LWC and DSD.
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3-1-1-5-1-Temperature

The air temperature in CAIRWT is adjusted via the specific control panel which has
been designed fahis purpose. The lower limét which the air temperature may be cooled
down is-30°C. The screen on the control panel displays the temperature measured before
the spray bar section. The air temperature in the test section may be measured by
thermocouples and i$ expected tte 1-2°C wamer than the temperature before the spray

bar section.

3-1-1-5-2-Velocity

The air velocity under icing conditions in nature varies between 0 and 492j/s
while it can be increased up to 29mistle test section of the CAIRWT. Tl velocity

and turbulence calibrations are available in Appendix B.

3-1-1-5-3-Relative and Absolute Humidity

Humidity expresses the amount of water vapour in air. Relative humidity is defined
as the ratio of theartial pressuref water vapouin a mixture of air and water vapour to
the saturatedapour pressuref water at a specifietemperatureAbsolute humidity is the
quantity of water in a unit volume of aiRelative humidity and absolute humidity are
measured in CAIRWT by a ASmarto humidity

the end of the test section.
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3-1-1-5-4-Liquid Water Content (LWC)

The LWC expresses the mass of liquid water per unit velahair. The LWC of the
aerosol cloud produced in CAIRWT is a function of the nozzle air and water line pressures,
air speed andyithin a certain range of the temperature, the flow rate of water supplied to
the nozzles. The LWC in the middle of the tssttion of CAIRWT in the horizontal
configuration wagreviouslydetermined as function of these paramet€i&9]. The LWC
calibration data for the new vertical configuratiarein Appendix B. The LWC in the
geometrical center of the middle of the test section of CAIRWT uEypg A nozzles may
vary ketween 0.2 and &g°, an interval covering the major part of the range characterizing

atmospheric icing processes.

3-1-1-5-5-Droplet Size Distribution (DSD)

One of the important parameters in the characterization of a spray is the DSD. It
shows the variation of diameter gfbhericaldroplets in the flow. An instructive picture of
DSD may be obtained by plotting a histogramD8D. There are different techques to
measure this parameték representative diametee. MVD, is often used to descrifxSD
in a cloud. The MVD iglefined as the diameter in which half of the volume of water is
contained in droplets with a smaller diameter. The MVD calibration atetpresentedn
Appendix B. The MVD in the geometrical center of the middle of the test section of

CAIRWT using Type Anozzles which may vary between 10 dn@ 0 € m.
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3-1-1-6-CAIRWT related equipment

3-1-1-6-1-Integrated System for Icing Studies by Droplets Measurement Technologies

An integrated system for icing studies was manufactured by Droplet Measurement
Technologies, which is applicable for LWC and DSDaswements. This instrument has
two probes, the Cloud Imaging Probe (CIP) and the Cloud Droplet Probe (CDP). The CIP
IS a combination probe incorporating several basic measuring instruments to characterize
cloud parameters. The CIP measures particlesngngisize fron25 ntol1 5 5 Q This
combination probe also includes afwte LWC sensor, an air temperature sensor and a
Pitot tube air speed sensor. The measured data are displayed by the particle analysis and
collection system (PACS) which has an intuitigeaphical user interface at the host
computer and provides powerful control of the measured parameters while simultaneously
displaying reatime size distributions and derived paramet&farious other parameters
that can be calculated include the averdg®p diameter, mass weighted diameter, mode

distributed diameter, standard deviation and LWC.

3-1-1-6-2-Particle Image Velocimetry (PIV)

Two-dimensional(2-D) PIV is a measurement technique with many applications.
One of the primary uses is flow fielasualization Additionally, 2D PIV provides accurate
velocity measurements in such flows. The physical principles behind this technique rely
upon the illumination and capture of seeding particles that follow the streamlines of the

flow. By capturing imagesn close succession and by using correlation techniques, it is
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possible toanalyzethe displacement of the seeding particles; hence describing the motion
of these patrticles in the flow field. To illuminate the seeding particles, a high intensity and
frequency laser is used. This laser produces a light sheet which illuminates the seeding
particles within a finite volume. A CCD (Char@oupled Device) camera is used to
capture the position of the seeding particles at different instances. Commercial software,
Dynamic Studio V2.2, is used to analyse and visualise the flow field electronically. The
phases involved in the entire experimental procedure can be summarized as follows:
calibration, measurement, and analysis. The system used for PIV in CAIRWT is gdrovide

by Dantec Dynamics.

The laser produces a high intensity green light sheet. In order to visualise the flow
field using this light sheet, a green filter is used on the CCD camera to ensure that optical
wave lengths in excess of approximat&82nm are allowed to pass through. The lens and
filters for this camera are from Nikon. This enables a large portion of background noise
caused by other light sources fostance, to be minimized. The laser light sheet is created
by combining infrared lighfrom two cavities using a beam combiner and passing the
bundle through a harmonic generatdable 31 shows the model and serial number
information of Laser machineMore detailed information about these techniques and

introduction to the Dynamic Studgmftware are available [93].

58



Table 31: Laser machine information

Device Company Model Serial Numbe
Laser Litron Laser LDY302-PIV LMO0638
Camera Dantec Dynamics X3MP-G-4 1305080512

3-1-2- Low speed aerodynamic tunnel

3-1-2-1- General layout

Al l the aerodynamic tests were conducted
wind tunnel. The tunnel isr@turn circuit and closed test section type. The testing section is
1.83 m (6 feet) wide by 1.83 m tall (6 feet) and allows wind velocity ranging from 1.2 to 32

m/s.

3-1-2-2- Tunnel parameters

The mean wind speed was measured by Pitot tubes and theiduadimanometers.
The air temperature was measured by a thermocoupleh was installed dovatream of

the tunnel aftethespecimen. The air pressure was measured by reading barometer.

3-1-2-3- Tunnel related equipment (External balance)

The system usetb measure wind forces is 3 degrees of freedom (DoF) dynamic
force balancg94]. This balance allows dynamic and static testing of sectional models.

Each DoF are uncoupled using air bearings for the translation ones and conventional ball
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bearing f or the rotation along the model 6s axi
each DoF, is measured using a FUTEK load cells, model LCM300. The displacements of
the sectional model, when needed, is measured with 6 laser displacement sensors (Sunkx,

model LM10). The acquisition system used is a DagLab2000 from IOtech.

3-2- Test models

3-2-1-Wind effects on ice accretion

Two angle members were used as icing objéldble 32 shows their dimensions.
They were fixed in the middle of the test sectibtnc hange t he angl e of at
slip angl e, b, the endpoints of the angle n
the test section from the top. The support can then rotate around the horizontal axis passing
through the midpoint of theest section wall perpendicular to teeeamwise direction as
well as the vertical axis passing through the midpoint of the sygfigrtre 35. To vary
the rolling angl e, 2, of the angle member,
change anlgs around the streami se directi on. To alter U f
direction, the angle member was fixed directly from two sides at the top and bottom of the
test section while for the b and owheredt speci
was mounted from the top of the test seckagure 36. In all cases, special care was taken

in order to keep the midpoint of the angle member at the tunnel center line.
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Figure 35: Support used for horizontal ice simulation

Figure 36: Supmrt used for vertical ice simulation
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Table 32: Angle member dimensions for icing simulation

Specimen Section Material Length(mm) | Width-b (mm) | Thicknesgmm)
A51xL9 L51x3.2 Aluminum 920 50.8 3.175
A51x_4 L51x3.2 Aluminum 460 50.8 3.175

3-2-2- DSD and LWC effects on ice accretion and drag coefficient

The same angle bars with the same specifications fabricated from ALT&O@&&re

used for experimental tests.

3-2-3- Aerodynamic models

To study the effects of wind force on an angle member, sevenetitfglaze ice

profiles were developed. Table33jives the information of the thermo physical parameters

which were used to create primary ice shapes.
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Table 33: Angle member specifications with related thermo physical parameters

Air Ice .
. ) Air

_ . . Ice | velocity | accretion

Specimen Section | Material | LWC(g/m®) _ temperature
Type = time =
. . = Ta(°C)

Va(m/s) | time(min)
S25-G1 | L25x3.2| Steel 0.9 Glaze| 20 15 -5
S25-G2 | L25x3.2| Steel 0.9 Glaze| 20 30 -5
S51-G3 | L51x3.2| Steel 3.3 Glaze| 20 30 -5
S51-G4 | L51x3.2| Steel 3.3 Glaze| 20 45 -5
S51-G5 | L51x3.2| Steel 2.9 Glaze| 20 30 -5
S51-G6 | L51x3.2| Steel 0.9 Glaze 10 30 -5
S51-G7 | L51x3.2| Steel 0.9 Glaze| 20 30 -5

The ice profiles weraeproducedwith cement. The main purpose of generating
realistic ice shapes was to make newnent ice models which could be used in wind
tunnel in differentscales The cement replicas of the original iced angle members for wind
tunnel studies were made by a triple moulding process in which a first negative mould was
obtained by potting the origih ice-covered samplewith the length of between 25cm to
45cmin low-temperature polyurethasimsed isolating foam. This compound curesbat
in a few hours. The original ice model melted in a few hours and the negative foam mould
wasfilled with cement The cement cures at room temperature in a few hours. The eement

moulded model was easily removed by slitting the foam mould.

The second negative mould was obtained by potting the cenmiritled ice profile

samples in RTV rubber. This compound cures fieva hours, and then cement moulded
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was easily removed by slitting the rubber mould. The empty mould was then used to cast
the final cement replica of the original iced Bngembers by pouring in cemekithen the

mould of the ice sampl@asready, the lasstep of the procedure was to cast the mould in
cement a minimum of four times (based on the ice profile which was used in the first step
after ice accumulation) or more, to get the same cement profiles of ice for different ice
accretions. These profilesene installed on the angle members by using polyurethane

construction adhesive.

The reason to apply this triple moulding process is the different size of the chosen ice
specimens and wind tunnel test sectids mentionedbefore the ice specimen length was
between 25cm to 45cnmiThe wind tunnel section used to measure the aerodynamic
coefficients of the ice shapess four timedargerthanthe test section of the wind tunnel
used to generate ice accretigwxcordingly, not only the ice profiles should b@neduced
but also, they should be repeated based on the original dimensions of the ice specimens to
cover thewhole angle member for the aerodynamic tunnel test section. Figdreh®8ws

the cement molded ice profiles for ice samples related to Tahle 3
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Figure 37: Cement moulded ice profile for sample numberl to 7 from Tal3le 3
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3-3- Test procedures and selecting experimental conditions

3-3-1- Wind effects on ice accretions

Table 34 shows thermgphysical parametersair velocity, \4, air temperatwg, T,

water pressure,Rand air pressure sRvhich were set for icing simulations.

Table 34 Thermo physical parameters of ice simulation

Specimen| Vam/s) | Ta(°C) | Pu(kPa) | PkPa) | LWC(g/cn?) | Time duration (min)
A51xL9-1 10 -5 120 160 0.9 30
A51xL9-2 25 -5 300 300 2.9 45

A51xL4 10 -5 120 160 0.9 30

For the ice simulation mass of ice accretion per unit length of angle members, ice
shape, and profile of ice accretion were collected for each testm@ike of ice accretion
per unit length, ice shapand profile of ice accretiowere collected after each experiment,
using the collection method presented in Kollar and Farzgh2h Ice shapes were
recorded by taking photos of their front and top views. In order to measure ice mass, the
towerleg model was taken off itaupports and set into a specially designed support for
further examination outside the tunnel. A thin prehealedhinumcutter was used to cut
ice specimenat right angle b®re measuring their mass and length. Samples with different
lengths were taken dm different parts of the angle bar. After cutting the ice accretion,

additional photos were taken to record ice profiles.

66



3-3-2- DSD and LWC effects on ice accretion and drag coefficient

For DSD and LWC measurements, the integrated system describediom St 1-
6-1 was used in different vertical and streamwise positions in the tunnel test section for
different freestream velocities and initial DSDs (DSD at nozzle outlet). Throughout the
tests, the temperature was set at 15°C and the duration of eashirement was 30s. The
meaurements were done for foair velocities: \&= 5, 10, 20, and 28m/s. TH&SD was
adjusted by the pressure in the nozzle water and air lines. The water priegswes set at
450kPa, and the air pressuRg, was varied from 80 to 620kPa. Therefore aerosol clouds
were produced with varying DSD and LWC so that they simulated different icing
conditions including ircloud icing and freezing drizzle. The upper limit for air pressure
was determined by the condition that the nozzdeld produce spray. Further increase of
air pressure above 620kPa with unchanging water pressure would block the water in the
nozzle mixing chamber so that spray was not produced. These measurements were repeated
for three vertical positions with 0.07mcarements and four horizontal positions wabm

increments. The adoptedardinate system was as follows:

u  The origin was at the center point of the test section.

u  The xaxis coincided with the tunnel longitudinal center line and it was oriented in the
direction of the freestream velocity. Its zero was aligned with the position of the angle
bars to be tested.

i The yaxis wasverticaland oriented upward.
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Thus, measurements were made at the following positionsix-8.5, 0, +0.5m; y =

-0.07, 0, +0.07m.

For ice accretion measurements, the A51xL9 was mounted in the test section
horizontally in three vertical positions y €9.07, 0, +0.07m and in three streamwise
positions, x =0.5, 0, +0.5m for the ice accumulation tests. The 0.46m angle bar was used
vertically in the same three streamwise positions. The air velocity was set at 12 and 25 m/s,
and two different combinations of water and air pressure were applie®00 kPa,

P-=300, 200 kPa. The temperature wa%C and the duration of each test was 30 naeisut

The mass of ice accretion per unit length of angle members, ice shape, and profile of
ice accretion were collected for each tests using the collection method presented in section

3-2-1.

3-3-3- Aerodynamic measurements

For aerodynamic measurements, ti@nel air temperature was measured by a
thermocouple which was mounted downstream of the force measurement system inside the
test section. The air pressure was read from a barometeraiff bemperature and air
pressure were used to calculate air densitge mean wind speed was measured
simultaneously at three different points using three Pitot tubes and their individual

manometers. The first was installed a few meters upstream the specimen and the two

ot her s, above and unde dgeaendwvady tothh wallss(figere 8 me n 6 s

8).
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Figure 38: Positioning of the 3 Pitot tubes

For all measurements, force time histories of 30 seconds at a sampling rateHaf 100

were recorded. Table-8shows the adjusted air velocity and angle of attacldifberent

samples.

Table 35: Air velocity and angle of attack for aerodynamic models

Specimen| S25G1 S25G2 S51G3 S51G4 S513G5 | S51G6 | S51G7
Air

Velocity | 5-10-20 | 51020 | 51020 | 51020 | 51020 | 51020 | 5-10-15
(m/s)
Angle of
attack (°)

0<(k360 | -20<k20 | 0<(k360 | -20<k20 | 0<(k360 | 0<(k360 | 0<(360

Figure 39 shows that it wadifficult to mount ice profiles on all of the angle member

length. The interference between mounting slots on the rigs for mounting and dismounting

caused to put a little spaa®iin the ends.
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Figure 39: The distance between the rig and ice profile

Fo (3-1)

}érv2

Based on the designed external balatfoe,components for each aerodynamic force

C, =

should be considered based on its directibis. necesary to considerhe correction based

on the part of the angle member without ice profile. Ta@seshows the length of each

model with ice and without ice.
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Table 36: Models length with and without ice

Models Length with ice (m) | Length without ice (m Length without ice (%)
S25G1 1.6610 0.1454 8
S25G2 1.6610 0.1454 8
S51:G3 1.4896 0.3104 17
S51G4 1.4686 0.3394 19
S51G5 1.2420 0.5644 31
S51-G6 1.2440 0.5624 31
S51G7 1.4606 0.3434 19

So, F, is a net drg force on an angle member which is component of lift coefficient

in the direction of X, component of drag coefficient in the X direction and the correction

for the part of the angle membeithoutice profiles both extremitiel

I:D = I:Dmeasurecxcosa + I:Lmeasureds ina - FDcorrecticn (3'2)

Where U is angle of attack,F, and F, are measured with thexternal balance. For

F the formulation below was used

Dcorrection

F = 0.5rV?( Projected Areawithoutice)® C, (3-3)

Dcorrection

Where C, is the drag coefficient from the experiment without ice profile for the

same angle of attagk6]. The same procedure was done for lift coefficient:

I:L

}érvz

(3-4)

C =
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FL = FDmeasure§ina + FLmeaSUfeOCOQ - FLcorrectiun (3-5)5

appliedby the formula below:

p
=ta 3-7
"TRT (37)

The moment Coefficient was normalized based on the dimension of the angle

member with iced profile.

T

%rvzbﬂ

C, = (3-8)
T was measured by the external balance, b is the angle member width and | is the

angle member length with ice.
Conclusion

For the ice simulation experiments the available icing wind tunnel at CIGELE was
used while for aerodynamic experiments tbe speed aerodynamic tunnel available at
Sherbrooke University was used. For all cloud characteristics measurements and flow field
measurements the laser technigquees applied by using cloud analyzer probe and PIV
machine Regardingthe useof angle merher models for ice simulation testhe AL6061

material was used while for aerodynamic measurements the ironreleyialwas applied
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CHAPTER 4

ICE SIMULATION AND WIND EFFECTS ON AN
ANGLE MEMBER ICING

Introduction

Most atmospheric icing modeds bluff bodyconsider an icing object placed in an air
flow carrying supercooled droplets. Such a geometrical arrangement involves the
possibility of simplifying the model to a 2D repesgation. This simplification is
advantageous for immediate freezing under extremely cold conditions. However, when the
axis of the icing object is placed at an angle with the air velocity, then 3D models are

essential for reliable simulation.

In this chagper, firstly, a vast number of ice simulations will be presented and

compared with some available photographic results from the Hydro Quebec icing data base.
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In order to studythe wind effects on bluff bodythe process was as follows: firstly, the
focus was placed on the horizontal angle member icing for two icing conditions and three
aerodynamic angles. Then, the angle member was mounted vertically for ice simulation
under one icing condition for three aerodynamic angié#saerodynamic angles definition
explained in section-3-1. The normalized ice mass per unit length was calculated for each

aerodynamic angle.

4-1-Ice simulation

In the first step, we compared some atmospheric icing results from wind tunnel
simulation tests with some icing phenomenatptdrom the HydreQuebec data base. Ice

shapes were recorded by taking photos of their front and top views.

4-1-1-Glaze ice

The first type of ice accretion simulated in the icing tunnel was glaze ice with icicles.
Glaze ice forms when water is collectedrh the impingement of super cooled water
droplets. Icicles are formed from the unfrozen surface liquid that does not freeze at some
location. It must be shed, either as a result of gravity or wind §82ksTable 41 shows
the thermo physical parameters for different glaze ice accretions. For all the tests, the glaze
ice with icicles was observed. Figurel4shows the glaze ice with finger icicles (test
number 1) compared wi tRiviereBagwraanor et ed i oe NDk

2003. It is observed that the vertical growth rate of the icicles is much highethihan
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horizontal growth rate, so it is the vertical dimension of the tifheficicle that is growing

fast compared to the thickness

Table 41: Thermo physical parameters for different glaze ice accretions with icicle

Test Va Ta Pa Pw LWC | Time duration Ice
Number | (m/s) | (°C) | (kPa) | (kPa) | (g/m®) (min) definition
1 10 -5 320 200 1 45 Glaze with icicles
2 10 -5 100 200 1.8 30 Glaze with icicles
3 10 -5 300 300 3.3 15 Glaze with icicles

Figure 41 shows icicles formed when inertia forces were smalh & dominant

drag and droplets that followed closely the stream air lines.

Figure 41: Glaze ice with icicles, a) PetiRiviere SairtFrancois, b) Wind tunnel ice

simulation on angle member
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On the other hand, for large droplets, inertia forces wdemainant and droplets
tended to hit the angle member. Tabl@ dhowsdifferent ice simulations made to obtain
glaze ice profiles. The ice simulations were done on a cylindemarghgle member to
validate the obtained photos from Hydro Québec data Bapare 42 shows the accreted
ice in Mont Belair compared to the results obtaineda cylinder(Table 42, test number

2). It is almost impossible to obtain the same ice shape because of the complicated process

of ice accretion.

Table 42: Thermo physial parameters for different glaze ice accretions

Test Va Ta Pa Pw LwWC Time duration Ice
Number | (m/s) | (°C) | (kPa) | (kPa) | (g/nT) (min) definition
1 20 -5 300 300 33 30 Glaze ice
2 10 -5 160 120 0.9 150 Glaze ice
3 10 -5 160 120 0.9 30 Glaze ice

Figure 42: Glaze ice, a) Mont Bélair, b) Wind tunnel Bienulation omarotatingcylinder
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The same results were obtained with ice simulation on an angle member. F&jure 4
shows the ice sample obtained from Mont Bélair compared to accreted ice on @n ang|

member (Table -2, test number 1).

Figure 43: Glaze ice, a) Mont Bélair, b) Wind tunnel ice simulation on an angle men

4-1-2- Rime ice

The second type of ice which was simulated was rime ice. Rime ice occurs when
super cooled water dropletiset travel along with the wind flow in low temperature come

into contact with a physical bod$3].

Table 43 shows different ice simulation parameters to obtain rime ice. The air
velocity, air temperature and LWC were changed to obtain rime ice on an angle member.
Figure 44a showsghe ice accreted on Mont Bélair compared to ice simulated in a wind
tunnel (Table 43, test number 5). As shown in both photos, tightly packed ice feathers

were observedt is obvious that the direction of the feathers growth is different in Figure
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4-4 aand b because the preferred direction of growth is perpendicular to the external

streamlines. The ice prepared on the angle member was very brittle and removed easily

from the surfacef angle member

Table 43: Thermo physical parameters for differemeiice accretions

Test Va Ta Pa Pw LWC | Time duration Ice
Number | (m/s) | (°C) | (kPa) | (kPa) | (g/nT) (min) definition
1 10 -10 | 300 200 1 40 Rime ice
2 10 -10 300 250 1.85 15 Rime ice
3 5 -30 325 400 7.8 30 Rime ice
4 20 -15 160 120 0.9 60 Rime ice
5 10 -15 160 120 0.9 10 Rime ice

Figure 44: Rime ice, a) Mont Bélair, b) Wind tunnel ice simulation on an angle mernr

Figure 45 shows rime ice simulation (Table34 test number 4) compared to
accreted ice oiMont Belair. It has been shown that the are both photos is quite white

and brittle.It seems that individual droplets accrete parallel to the streamlines but on a
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global scale the ice grows perpendicular to the streamlines, since strongest gradients are

aroundthea ngl e nmoemen.er 6 s

Figure 45: Rime ice, a) Mont Bélair, b) Wind tunnel ice simulation on an angle merr

According to the ice simulations done in the tunnel, it was observed that rime ice is
brittle and melts very fast outside of the test section. Therefore, it was difficulitain an
ice profile shape for different ice simulations and do measurements. It was also noticed that
it is very difficult to get the whole shape of rime ice from the angle member to cast with

cement. Glaze ice accretion was chosen for the next sthjs oésearch.
4-2-Wind effects onhorizontal angle member icing in the test section

The effects of wind velocity and wind direction were studied. The ice profile shape
and ice mass per unit length were obtained for horizontal angle member. As it was
explained, two different sets of theraphysical parameters were chosen for this research

which resulted in two differeitWCs (Table 33).
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4-2-1-Sign convention and definition of the variables

Figure 46 presents the sign convention used and defines theyaaractt angles and

terminology, in order to simplify the reading.

VB

b
.

A . | . T s
SIDE-VTEW UP-VIEW [ FRORT-VIEW :
~ & | ; I
— — bl |

. 5 o f

Angle of Attack Yaw Angle Rolling Angle

Figure 46: Sign convention and definition for icing experiments

4-2-2-Angle of attack

The ice mass per unitlengthor U=180A is 42% greater th
from Figure 47ac, the projected height for both angles is the same, around 50.8mm, but
the accreted ice mass is higher for U=180A.
of the flat plate, Figre 47a, on changing the direction of flow stream lines. It seems that
the droplets velocity is reduced to zerofiant of the flat plate which means there is a

stagnation line in this part and that is where the ice starts to accumulate. The droglets whi
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direction was changed by the flat plate in the upper side started to accumulate on the

vertical plate Figure Zb.

The ice profile shapé or U=180A i s -7&.hHlTbewstagnation iclgigur e
observed on the vertical plate. Because of the flow pattern around the verticg#ip]ate
the droplets start to freeze from the stagnation line and continue on both sides. It may be
explained by the fact that the ice surface heighthe size of the boundary layer on the

vertical surface. The same results were observed for the cyl#fileand the airfoi[6].

Figure 47: A51xL9 ice accretionfor-a ) U=dQ A ,U=cl 8 0 A

The same results were observed for U=90A
for U=90A was |l ess than U=270A wheanglest he p

(Table 44).
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Table 44: Average ice mass per unit length for AB®

Angle of attack(deg) M/L(g/cm) Projected height(mm)
0 3.4162 50.8
90 5.5625 50.8
180 4.8491 50.8
270 2.3798 50.8

The ice mass per unit lengtho r U= Wa$ AajculaB@ arolind 4g/cifihere is
not much difference beten average ice mass per unit length. Figu8epdesent the ice
profiles. As shown, the gravity effect causes the ice profiles to accumulate towards the

bottom of the angle member for both angles.

Figure48: A51xL9 ice accr84ion for

Figure4-9a andb shows ice profiles for twa n g | &44°, 3RX=respectively The
ice mass per unit length was calculafe@06g/cmfor 144°and3.609g/cmfor 324° where
the exposed height was 4fnfn. Figure4-9a shows that the corner changed threamnline

directions towards the surfaces of the angle members. It seems that some streamlines reach
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to zero velocity in the corner. The corner effect caused the droplets to start to accumulate

on the end of the angl e me nidisereachéd thispartfardc e s v
froze. Figure4-9b showsthat the outside corner just changed the streamline directions to

the angle member upper and lower surfaces where other droplets also reached directly to

the surface and caused ice to start accumulatiaget As well, a stagnation line is to be

noticed on the corner.

Figure49: A51xL9 i ce &ad4dic,r eBO®P oln= f or

Figure 410 shows A51xL2 ice accretion for the angles greater than 180. As it has
been shown, by increasing the angle of &itdlee effects of vertical surface increased. It
seems that the position of the stagnation line moves toward the middle of the vertical

surface of the angle member.

83



Figure 410: A51xL9-2i ce accreti o0 profile

Figure 411 showsA51xL9-2 iceprofiles for angles oattack27C to 36C°. As it has
been shownwith increasing angle of attack, the distance between accreted ices on
horizontal and vertical surfaces decreased. In other words, when the angle of attack
increased, the corner effects ieased and flow stream lines reflected from both sides of
the angle member. It was showreviously[49], that the corner effects cause to create a
wake region. It was expected that after stream lines reflection from angle member surfaces,
wake regions were created on both sides. So in thgamnse the rotation flow causes the

super cooled droplets to be trapped there and then they start to freeze.
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It is also noticeable that the velocity was zero on the angle member where the vertical
and horizontal surfaces connect. This area is-kedwn asa stagnation line. It was shown
thatf o r 360€] the separation distance between two parts of ice is maxima while this
distance decreases by increasing both the angle of attack and the cornerrefieetst11
shows that these effects are reduaétdr U 324° u n t i27C°. AJt= 210% the horizontal
surface causes the flow streamlines to deviate while on the surface there will be a

stagnati on B6Cwhere the drepiets vekaty idlzero and they start to freeze.

From all angles, it is obvies that accreted ice tends to the bottom of the angle
member, which is mentioned as being part of the effects of gravity mechanism on droplet

trajectories.
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Figure 411: A51xL9-2 i ce accr et2f®Ant3IBECOEI | e

A comparison between A51xED and A51xL92 (Figure 412) for angles of attack
U=0A and U=180A shows that because[49f the
droplets start to freeze from the stagnation line and continue on both sides. This may be
explained by the fact that the ice surface height is the size dfailnedary layer on the

vertical surface. The same results were observed for the cyiBfleand the airfoil6].
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Figure 412: A51xL91 (a and band A51xL92 (c and d)ce proflesfa U=0A a|

Figure 413 shows the A51xL-2 accumulated ice front view for different angles of
attack. The tightly packed glaze ice was observed for different angles. There were some
small icicles under the horizontal surface of the angle membehvane explained by the
gravity mechanism on super cooled water droplets. It seems that the direction of the

formation of the icicles was affected by the wind direction on the angle member.
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o o
a=360 a=342° a=306
Figure 413: A51xL92 i ce st r36041 84Phe afn®de® UG=

Figure 414 shows the normalized ice mass per unit length for A5Ixl#hd

A51xL9-2. The ice mass per unit length was normalized by using equation below:

_ (M- M)
§ (IMmax- IM min)

(4-1)

Where IM\ is ice mass per unit length, Bk and IMmin are maximum and minimum
obtained ice mass obtaineder unit length for different aerodynamic angles and 1M

theice masobtainedper unit length for each aerodynamic angle.

It seems that two normalized curves behave in the same manner, by increasing t
angle of attack, but the rate of changing is different for each graph. One of the reasons to

have the same manner for two different icing situations isdheer effect on ice accretion.

88



104 = —  m
\ .‘“-\-\.
038- ‘ ™ /) s
s L ]
. [ ] L f_f \\.
‘—] ;J N \
A |
= 0.6+ [ N e/ .5'.~\
: II - _‘_\ ;, ‘III‘
ﬁ LN | e ,-f{ [
% 0.4 . | J
S _ | L
o] e \\‘ |
Z 02 = \‘\ I|I
\‘. /.II
A —m— AS51x1.9-2
0.0 o —e— A51xL9-1
T T T T T T T T T
180 200 220 240 260 280 300 320 340 360

Angle of attack (deg)

Figure 414: The normalized ice mass per unit length for A534 and A51xL92

4-2-3-Side slip angle (Yaw angle)

The A51xL92 icing for different sideslip angles is shown in Figuré™ It was
observed that by increasing sideslip angle, the accreted ice on the upper surface was
changed based on the direction otration which is perpendicular to the direction of
streamlines flow while in lower surface, the ice profile changes to a scallop shape. The

scallop shape may be formed because, by changing sideslip angle, there is no variation on

the stagnation line, and ibigger angles, the direction of droplet trajectories changed and

the ice accumulated more in the front than in the back.

89



Figure 415: A51xL92 ice profiles for different sideslip angles

Figure 416 shows the accreted ice on A51x29orb =0 A, H=25A and b=¢
the sideslip angle increased, the tightly packed glaze ice changed to glaze ice feather forms.
The feathers are icing structures that are narrow at their initiation point on the surface and
wider at their tog6]. As mentioned before, the feather formation is due to the preferred
direction of growth, which is perpéicular to the streamline. Accordingly, their thickness

in the flow direction is less than their width in the direction perpendicular to the flow.
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Figure 416: A51xL92 i ce strwucture for b

The normalized ice mass per unit lengph A51xL9-1 and A51xL92 is shown in

Figure 417. These graphs show that the ice mass variation for different sideslip angles for

both modelss similar while their slope idifferent.

1‘0 ] I ——n
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Side slip angle (deg)

Figure 417: Normalized ice mass per unit length of A51x1. @nd A1xL9-2 for
different sideslip angles
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4-2-4-Rolling angle

For this study, the rolling angle was set

were determined by geometrical constraints. Figui8 g¢hows ice profiles for AS1xL-2.
The ice was completely namiform on the angle member because of the gravigcest.

Many droplets reached the angle surface slide on the surface, and then froze.

7 0 7=10 =206

Figure 418: Ice profiles of A51xL92 for different rolling angles

The same mechanism was observed for A51k] igure 419 shows the ice
accretion f ox=1a8nAgalneds 20==2160AA, |t seems that
started to move towards the lower side. It was difficult to distinguish any specific pattern of
ice for A51xL91 and A51xL92 because the gravity effect caused droplets to move down

and they becomedpped between other frozen droplets.
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Figure 419: Accreted ice top view of A51x1-Q for different rolling angles

The normalized ice mass per unit length for different angle members is shown in
Figure 420. Both plots show that the effect of graviigcomes relatively important when
increasing rolling angle. According to the two plots, it is obvious that the droplets tend to

go more toward the lower side of the angle member. This may be explained by the effect of
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gravity at high temperature when drefd do not have enough time to freeze immediately

as they reach the angle bar surfaces.
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Figure 420: Normalized ice mass per unit length of A51x1.@nd A51xL92 for

different rolling

4-2-5-Estimation of Drag Coefficients of IceCovered Angle Bars fa different angles

of attack

An important practical question is to determine how the aerodynamic forces on a
tower leg vary due to ice accretion. In particular, the drag coefficient is calculated for the
angle member with different mass and shape of iceestion as obtained in the experiments
described in the previous section. The calculation procedure is based on the standard

1ISO12494[40]. The calculation of drag coefficients for raarodynamic geometries, such
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as an angle member, is difficult. The calculation requires several input parameters such as

ice type, ice thickness, and drag coefiitief angle member without ice.

In order to calculate drag coefficients of-cevered angle bars, the type of ice must
firstly be specifiedthe glaze ice was the type chosen for these experiments. Considering
this pointand the thickness of the angle bahich was less than 0.3 m, the corresponding
tables from the standard 1SO12494 were selected. Then, the thickness of ice on the angle
bar measured from previous experiments was applied in order to specify the category of
glaze deposits (ICGx). The dragetficient for the angle bar without ice {Gvas available
in [3]. Once these data were known, tabulated data from the same standard provided the

drag coefficient of the covered angle bar.

The drag coeffient for A51xL91 and A51xL92 arepresented in Figure-41. It is
shown that the drag coefficient was reduced for greater LWC and higher velocity (A51xL9
2). In other words, the drag coefficient decreased by increasnagccretion on the angle
member. When accumulated ice increased on the angle surfaceprojbeted area

increased. From Equation2dwhen theprojected areas increased, the drag coefficient

decreasesVhere kisdragfoc e, } i s air density and v 1is
2F
Cc,=—14 4-2
T AV (42
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Figure 421: Drag estimation based on standard 1ISO12494 for A5Iixa8d A51xL92

4-3-Wind effects onvertical angle member icing in the test section

4-3-1- Sign cawvention and definition of the variables

Figure 422 presents the sign convention used and defines the aerodynamic angles

applied on the verticalngle member, in order follow the results easily
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Figure 422: Sign convention and definition for icirexperiments

4-3-2- Angle of attack

Figure 423 shows the ice mass per unit length for the angle member mounted
vertically. The maximunprojected areaf the angle member im U 2354 a n3d5. U=
This means that more droplets canl3sfitheeeze o
corner changes the stream lines direction and less ice accumulates orfaibessof the
angle memberRigure 423). Another significant effect on thiee accretion for a vertical
angle member is gravity. Figure24 shows the accreted ice for different angles of attack.

The ice morphology changes on angle member surfdtesay be explained by two

mechanisms: droplet drag force and droplet gravitgdoMore droplets tend towards the
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bottom of the angle member because droplet gravity effects are more dominant than droplet

drag effects.

(M/L) (g/cm)

' 1 ' I i I i 1 ' 1 ' ) ' 1 ' ) ' 1 i I
120 140 160 180 200 220 240 260 280 300 320
Angle of attack (deg)

Figure 423: A51xL4 ice mass per unit length for different angles of attack

Figure 424 shows that very snilacurved ice structures named roughness elements
by Vargas tarted to grow on the surface. They increased rapidly towards the bottom of the
angle member because more droplets were caught between the roughness elements and

froze.
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Figure 424: A51xL4 ice aceetion for three different angles of attack

4-3-3-Sideslip angle (Yaw angle)

Figure 425 shows accreted ice on a vertical angle memberbfer6 A . As show
roughness elements were formed at the beginning of the ice accretion process. The gravity
effects on the droplet trajectory caused more droplets to move towards the bottom of the
angle member. As a result, more droplets were trappedebetmughnesseslements
while towards the top of the angle member, the roughness elements developed into glaze
ice feathers when they reached a given height. Figp@&b shows tightly packed feathers.

For all other sideslip angles, the same results wetesraal.
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VUpper Sid

B=06

Lower Side
Figure 425: A51xL4 ice accretion for &=6°, b) A51xL4 upper side, c) A51xL4 lowe
side

4-3-4-Rolling angle

The ice mass per unit length of the angle member which was mounted vertically in
the tunnel h a s6°. # seamnss xhatrwhbem the angleonrember rotates in two
directions aroundh lateral axis, the ice mass decreases slightly (Figt2@.4t may be
explained by the effect of thgrojected areaWhen the angle member rotates around a
lateral axis, itsprojected arealecreases and fewer droplets can reach angle member

surfaces.

100



Side View Side Yiew Side View Side View Side View Side View Side View Side View
Wind Wind / Wind / Wind ’ Wind \ Wind \ Wingd \ Wind
e / - = = = = = - \
44 i
3 -
P
[
& M.
< 24 / T
e T
2 — w
N e T
e
= . - .
14 . o
04 m- .
T T T T T T T
-60 -40 -20 0 20 40 60

Rolling angle (deg)

Figure 426: A51xL4 ice mass per unit length for different rolling angles

Figure 427 showst h e i

c

e

mor phol ogi es f

or

posi ti ve

accreted on the edge of the angle member. A side view of ice accretion shows tightly

packed

feat her s

on the

edges.

By

decreasi

feathers witha preferred direction of growth that is perpendicular to the streamlines. Then

the feathers reach a specific height and join each other, creating a scallop6$h&pe

other angles, tightly packed feathers were simply observed after ice accretion.
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Figure 427: A51xL4 ice accretion profiles for different rolling angles

Conclusion

It is difficult to obtain the same ice structure in icing simulation conpdoce
atmospheric icing. The ice simulations showed approximately the same tunnel icing
simulation for glaze and rime ice. The rime ice structure was very brittle cartpagaze
ice and it was difficult to get rime ice shape and do more measurements. So, the glaze ice
was chosen for the next experiments of this study with two different sets of thermo physical

parameters.

The stagnation line and corner effects on ice accretion wereameatfor A51xL91
and A51xL92 ice profiles for different angles of attack. It was shown that the droplets
started to freeze from the stagnatioreland continued on both sidér different angles

of attack, the tightly packed glaze ice was observed AB51xL9-2. While the ice
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morphology for different sideslip angles show that when the sideslip angle increased, the

tightly packed glaze ice changed to glaze ice feathers form.

The normalized ice mass per unit length graphs for A5ikl&hd A51xL92
behave in the same manner by increasing the angle of attack, sideslip and rolling angle but

the rate of changing was different for each graph.

The drag coefficient was reduced for greater LWC and higher velocity (A52xL9
In other words, the drag coefficiedecreased by increasing ice accretion on the angle

member for different angles of attack.

For the sideslip angle of a vertical angle member, the gravity effects on droplet
trajectory caused more droplets to move towards the bottom of the angle memberand m
droplets to be trapped between roughness elemente tawards the top of the angle
member, the roughness elements developed into glaze ice feathers when they reached a

given height.
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CHAPTER 5

THE EFFECT OF DSD AND LWC ON ICE
ACCRETION AND DRAG COEFFICIENTS

Introduction

Spray icing often forms in cold environments as a result of the collection of an
aerosol of water or brine by a structure. LWC and DSD vary inside theaeloudfor
different icing conditionsThese variations are more significant when air velocity is low
and cloud droplets are large. The main reason of these variations is related to gravity and
inertia forces acting on super cooled droplets. Thesedaalter the trajectories of particles
that contribute to ice accretig@6], [27] and thus, they have an influence on the ice mass

and shape, resulting in varying aerodynamic coefficients on the tower.
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This chapter containgwo main parts. First, the variations of DSD ab@&/C in
vertical and streamwisdirections will be presentedhen,variations of ice accretion on an
angle bar in the same direction as the flow will be shown to determine the aerodynamic
forces on a tower leg as a function of ice accre#dter that the ice accretion experiments
were carried out under two conditions with different LWCs and air velocities. The drag
coefficient was calculated with different masses and ice shapes for the angle bar as

determined by the experiments.

5-1- Sign convention and definition of the variables

Figure 51 presents the sign convention used and detireseference pointn order

to simplify the reading.

4,4

o] T~ ‘
a

4 S }.
a “’l}l':f} Test section X
o bai entrance -~
a
a
‘:' i,-f"r—r_ ‘ ‘ Middle of the

I.5m test section

Figure 51: Sign convention andeference point
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5-2-DSD and LWC measurements

5-2-1-Streamwise and Vertical Variations of Median Volume Diameter MVD) and

LWC of the droplets

The effects of air velocity and nozzle pressures on DSD in the produced spray and on
the LWC in the cloud in the middle of the test section of a-dpeed horizontal wind
tunnel were studiedy Kollar ard Farzanelji89] andby Kollar et al.[96], respectively. The
streamwise and vertical variations of these characteristics in the test section were discussed
in Kollar and Farzanelf@7] for two speciic icing conditions. The following discussion
focuses on the streamwise and vertical variations of MVD and LWC for different air

velocities and nozzle pressures.

The experiments were carried out in 4 streamwise and 3 vertical positions, and for 4
air velodgties. Furthermore, 6 different nozzle air pressures were applied between 180 and
620kPa, when the nozzle water pressure was kept constant. In order to reduce the number
of figures, variations along the streamwise directions are presented in one veditiahp
only, and variations along the vertical direction are shown in one streamwise position only.
The MVD and LWC are drawn in the figures of this section as functions of differential
pressure, dp Pw T Ps, which is a key parameter in determining DSzl 4 WC [89]. An

additional parameter, either the streamwise or#émBcal position, is varied in each figure.

Figure 52 presents the MVD variations along the streamwise directign=it0.07

m. The MVD is approximately constant for the lowest differential pressures. It then
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increases until reaching a maximum whicfoidowed by a decreasing tendency. The value

of the differential pressure, where the increasing tendency begins, increases with air
velocity (from aboui 100kPa for 5m/s to about +5@Pa for 28m/s). The maximum also

appears for a higher differentialgasure when the air velocity is higher: it is around- 100

150 kPa for 5m/s, around 20&Pa for 10m/s, and out of the diagram for 20 andr2&

(above 300kPa). The gravity effect is more significant than the drag effect for low air
velocity. Hence, the MD at a specific height decreases along the streamwise direction
because larger droplets go toward the bottom of the test section. When velocity increases,
the drag effect becomes more significant than the gravity effect for clouds including small
dropletsonly, and droplet separation according to their size occurs only for clouds with the
larger droplets. Correspondingly, the curves presenting MVDs at different streamwise
positions become distinguishable for aerosol clouds with MVD &f 20 when &ir vel
is the lowest (Gn/ s ) , whereas this | imit i ncreases t
highest (28m/s). Similar tendencies were observed at the vertical positior® m with

smaller differences between MVDs at different streamwise positions. Thiéseences

vanish nearly completely gt = +0.07m, because this position is close to the top of the

cloud where droplets are small even at the streamwise position iof r=
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Figure 52: MVD variations along the streamwise directioryati 0.07m

LWC increases with the differential pressure, even for smaller differential pressures,
until reaching a maximum which is then followed by a decreasing tendency (Figure 5
Similarly to the MVD, a maximum for LWC also occurs at a higher differentialspres

when the air velocity is higher. LWC at the height of yi 807 m decreases in the
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streamwise direction at 5m/s; this tendency is the same at 10m/s, but the curves obtained
for different streamwise positions appear closer to each other; and LWC Iseconstant

along the streamwise direction when air velocity approaches20LWC does not change
significantly in the streamwise direction at 20 m/s, but it is greater for downstream
positions for some differential pressures; and the tendency is reversgeietely at 28n/s,

i.e. the LWC at the height of y £0.07 m increases in the streamwise direction. This
behavior may be explained by the fact that when air velocity is high, the cloud is not much
extended vertically at the beginning of the test sactimt more and more droplets reach

the vertical position of y 50.07 m as they move forward in the test section. This
explanation is also confirmed by the fact that a similar reverse tendency was not observed
at y = Om. Most of the cloud was around ri@ight at the beginning of the test section for

all the air velocities considered, so that LWC at this height did not increase in the
streamwise direction. The LWC was significantly lower at the height of y = +0,0ahd
variation in the streamwise dirgmt was small. However, it is more difficult to evaluate

the tendency, because this position is very close to the boundary of the cloud.
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Figure 53: LWC variations along the streamwise directioy ati 0.07m

Figure 54 presents the variation of MVIiD the vertical direction at the streamwise
position ofx = 0.5 m. MVD increases from top to bottom for high enough differential
pressures, i.e. when clouds with MVD of at leastB0are produced, for air velocity of 5
m/s. For higher air velocities, MViwas similar or even greater at wheight (y = Om)

than at the vertical position of yi€).07m for clouds with MVDs up to about 8. Then,
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when the cloud included larger droplets, the greatest MVD value was measured close to the
bottom of the cloud (ag =10.07 m). Larger droplets tend to move toward the bottom of

the tunnel during their flow in the test section. However, when the droplets are not large
he air eno

enough>m) O&Md t v e | oma/s),tthen nurserous ilaggl

droplets are stifound close to micheight at the streamwise positionxsf0.5m.
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Figure 54: MVD variations along the vertical direction at x = @5
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LWC also increases in the vertical direction toward the bottom for low air velocities
and if the MVD of the cloud idarge enouly, the LWC increases too for higher air
velocities. When the differential pressure is small, and consequently droplets are not too big
( MVD €@, the LWC at the vertical posiition
0.07m at the streamwise positiok = 0.5 m, as shown in Figure55 This is due to the
same process that explained the same tendency for MVD in the previous paragraph.
Upstream from this position, i.e. for xi4 ,70.5, and On where the aerosol cloud is less
expanded, for the higheiir velocities considered (20 and 28s), and for clouds without
large droplets, LWC is significantly greater at phieight (y = Om) than at the bottom of
the cloud (y ='0.07m). Theall cases considered, the smallest LWC value is at the top of

the clow (y =+0.07m).
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Figure 55: LWC variations along the vertical direction at x = 5

5-3-Ice Accretion Measurements on ToweiLeg Model

5-3-1-Streamwise and Vertical Variations of Ice Accretion on Angle Bar

The previous section discussed the streamwaisd vertical variations of MVD and

LWC for different air velocities and nozzle pressures. The present section mainly focuses
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on studying variations of ice accretion on an angle bar in streamwise and vertical directions
under two types of icing conditionas summarized in Tablel5 In order to reduce the
number of figures, variations along the streamwise and vertical directions under the same

condition and from the same view are presented in one figure.

Table 51: Thermephysical parameters for icing mditions

LwcC
. MVD
_ _ Air Water (center of
Icing Temperaturg Velocity (center of
N pressure| Pressure test _
Conditions (°C) (m/s) ) test section
(kPa) (kPa) section) ( )
em
(g/n)
I -5 25 300 300 2.8 39
I -5 12 200 300 5.8 84

The variationof the ice mass per unit length is shown in Figu&fér three vertical
positions: y = +0.07, 0, and.07m. The ice mass in the middle of the angleibareases
in the streamwise direction below right (y =-0.07 m), which is a consequence of
increasing LWC in the same direction at this height for the higher velocities considered, as

can be seen in Figure®

114



b
n
L

=

-
n [\ %]
LI L B S B B

-
I

Mass per unit length {kg/m)

[ ——a—— Y = +0.07

e
tn
1

| ———— ¥ =0

[ ——— Y =.0,07

0 L L L I L L L I L L L I L L L I L L L I L L L
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
X (m)

Figure 56: Mass per unit length,.2300kPa, R= 300kPa and 4= 25m/s

The ice profiles on the angle bar for y-6.07 m also show that the number of
impinging droplets increases downstream in the test section (FigQtelce accretion at
the position y = +0.0™ does not show an in@sging or decreasing tendency, which may
be consequential to the fact that this position is close to the cloud boundary that may
oscillate at an interval of a few cm. Thus, LWC can considerably change even in a short
vertical interval and it may also vary time in the same vertical positid@7], which
makes the tendencies difficult to measure. As the cloud is less expanded in the vertical
direction for high velocities, the highest ice masses were mezhati midheight (y = Om),

which corresponds to the highest LWCs at-m&ight (Figure 55).
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Figure 57: Side view of the iced horizontal angle bar=B00kPa, R= 300kPa

According to the front views shown in FigureB5the amount of accreted ice for x =
0, y = +0.07 is lower in the middle of the angle bar and it increases slowly towards its sides.
This nonuniformity is probably due to the cloud boundary as discussed in the previous
paragraph. Correspondingly, the mted ice becomes more uniform toward the bottom of

the test section.
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Figure 58: Front view of the iced horizontal angle bax=B00kPa, R= 300kPa

The top views in Figure-9 also show that the ice accretion is moreanm for y =-
0.07 m than for y = +0.0Mm. However, there is a curved shape in all positions

corresponding to the transverse distribution of LWC in the test section (see Chapter 4)
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Figure 59: Top view of the iced horizaal angle bar, =300kPa, R= 300kPa

For the condition with lower velocity, the variation in the ice mass per unit length is
shown in Figure 8.0 for two vertical positions: y = +0.0h and-0.07m. The tendency of
LWC to increase in the streamwiseddition for high velocities at y .07 m changes to a
decreasing tendency for low velocities as seen in FigeCorrespondingly, the mass per
unit length of accretion decreases in #teeamwise direction. Similaio the case with
higher velocity, a lear tendency cannot be seen at y = +GrD7/However, the accretion
maximum moves from mitieight toward the bottom of the tunnel. More and more droplets
tend to move towards the bottom of the test section, because the effect of gravity on droplet

trajectaies becomes more significant than that of inertia.
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Figure 510: Mass per unit length/2300kPa, BR= 200kPa and = 12m/s

According to Figure 81, the streamwise variation of accreted ice for the lower
velocity at y = +0.07n is similar to the oa for the higher velocityRigure 58), and has a
minimum value in the middle of the test section. It means that the tendency of the mass per
unit length is the same at y = +0.0¥for the two velocities, ¥ 12m/s and \&= 25m/s.
However for y =-0.07 m, the mass per unit length has an increasing tendency.foPY

m/s, and a decreasing tendency fer \t2m/s.
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Figure 511: Side view of the iced horizontal angle bar=B00kPa, R= 200kPa

Icicles in Figures 81 and 512 also show that the cloud extends toward the bottom.
Icicles grow rapidly at y = 0.07 m whereas those close to the top boundary of the cloud
(i.e. at y = +0.0'fn) aresignificantly shorter (except fdew icicles at x =0.5m position).
Also, it is olvious from the top views (Figures®%and 513) that the accreted ice is more

uniform for Va= 12m/s than for \é= 25m/s.
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Figure 512: Front view of the iced horizontal angle bax=B00kPa, R= 200kPa

Figure 513: Top view of the iced horizontal angle bax~B800kPa, R= 200kPa
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Results of ice accretion tests on vertical angle bars are summarized in Figdres 5
and 516. These results provide a more detailed view of the vertical \ariafiice mass,

and they also make possible the comparison of clouds in their entire vertical dimension.

Figure 514 compares the ice mass per unit length for the two velocities considered.
The variation of ice mass per unit length in the streamwise winefdr the higher air
velocity (25 m/s) is not more than the measurement error (the difference between the ice
masses is approximately 4% at the 05 m and x = +0.5n positions). However, the ice
mass decreases considerably in the streamwise dirqetimut 40% between the same
positions) for the lower air velocity (12 m/s). The ice shapes in Figudsahnd 516

explain these tendencies.
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Figure 514 Mass per unit length for A= 25m/s and 4= 12m/s
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Figure 515 shows that for high velocitieshe ice accretion has a maximum in the
middle of the angle bar and that it decreases quickly upward and downward with no
accretion on the top and bottom. The entire cloud is in the middle part for both streamwise
positions. It seems that the thicknesshaf accreted ice is a bit higher at the lower side of
the angle bar (right hand side in Figurel®, which is confirmed by the front view.

However, the ice accretion then vanishes quickly from the bottom of the angle bar.

A comparison between Figurelb and Figure 5L6 shows that for the lower velocity
there is no maximum in the accretion shape as for the higher velocity, but that the amount
of accreted ice increases toward the bottom, the accretion extending up to the bottom of the

angle bar. Thus, thdfect of gravity is more considerable foe ¥ 12m/s.

Bottom

Bottom

Bottom

Figure 515: Accreted vertical angle bara¥ 25m/s
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An additional observation from Figurel® is that the accreted ice per unit length for
Va = 25 m/s is higher tha for Va = 12 m/s which is in agreement with the results of
experiments with horizontal angle bars (cf. Figure8 &d 510). The effects of three
important factors on ice shape during ice accretion was observed: (i) effects of gravity force
for low dropkt velocity, (ii) effects of distance between the spray bar with nozzles and the
angle bar, (iii) effects of temperature on immediate freezing of impinging droplets

influencing the shape of ice on the surface of the angle bar.

Bottom Bottom

,_,_M.———'a—--i

Bottom

Figure 516: Accreted vertical angle bara¥ 12m/s

5-3-2-Calculation of Drag Coefficients of IceCovered Angle Bars

An important practical question is to determine how the aerodynamic forces on a

tower leg vary due to ice accretion. In particuthe drag coefficient is calculated for the
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angle bar with different mass and shape of ice accretion, as obtained in the experiments
described in the previous section. The calculation procedure is based on the standard
1ISO12494[40]. The calculation of drag coefficients for naarodynamic geometries such

as an angle bar is difficult. It requiresveral input parameters such as ice type, ice

thickness, and drag coefficient of angle bar without ice.

In order to calculate drag coefficients of-icevered angle bars, first, the type of ice
must be specified, it was glaze for these experiments. Coimgjdbis and the thickness of
the angle bar which was less than 0.3m, the corresponding tables from the standard
1ISO12494 were selected. Then, with the help of pictures of the experimentally accumulated
ice on the angle bar, the category of glaze dep{i§itSx) was obtained from the above
mentioned standartiased on thickness of ic8he drag coefficient for the angle bar
without ice (@) was available in Hoern¢®8]. Once these data were known, tabulated data

from the same standard provided the drag coefficient of theoi@red angle bar.

The drag coefficient for the lowe&WC and higher air velocity was calculated to be
about 1.63 for the y = +0.0% and x =0.5, 0, +0.5m position whereas it was calculated to
1.59 for the y =-0.07 m and x=-0.5, 0, +0.5m position. In ¢ther words, the drag
coefficient was found to vary vertically, but to be independent from the streamwise position

(see Table ).
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Table 52: Drag coefficient variation for iced angle bar in vertical position (lower LWC

higher velocity)
LWC (g/n?) Va(m/s) Co” G~ y (m)
2.8 25 1.75 1.63 + 0.07
2.8 25 1.75 1.59 -0.07

* Co: drag coefficient without ice

** Ci: drag coefficient with ice

The drag coefficient for an angle bar with high&WC and lower air velocity was
calculated to be about 1.7& y = +0.07m and x =0.5, 0, +0.5m which was the same as
the drag coefficient for the angle bar without ice. It was observed that the ice thickness was
less than 10mm at this vertical position. The drag coefficient for theQy0Fm and x =
0.5, Q +0.5m position was calculated to be about 1.61. The results show that for the lower
velocity, the ice effects for y #.07m are more important than for y = +0.0¥ as shown

in Table 53.

Table 53: Drag coefficient variation for iced angle bar intial position (higher LWC

and lower air velocity)

LWC (g/n?) Va(m/s) Co C y (m)
5.8 12 1.75 1.75 +0.07
5.8 12 1.75 1.61 -0.07
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For the vertical angle bar, it was complicated to calculate the drag coefficient. For
Standard 1S012494, one of thesamptions is that the ice accumulated on the model is
uniform. For a vertical angle bar, however, the effect of gravity changes the shape of the ice
along the bar. Therefore, the recommendation for estimating drag coefficient of such non
uniformly iced antg bars, or tower legs, is to divide the angle bar into smaller pieces for
which ice thickness may be assumed constant, and to determine the drag coefficient as a
function of the position along the bar. Instead of this procedure, since experiments were
also carried out on horizontal angle bars at different vertical positions, these tests were used

here to obtain an approximation as to how the drag coefficient varies vertically.

Conclusion

It was found that the gravity effect on droplet trajectories is raigraficant than the
drag effect for low air velocity, which can be observed on the variation of MVD and LWC
in both streamwise and vertical directions because the larger droplets tend to go toward the
bottom of the test section. When the velocity increasee drag effect becomes more
significant than the gravity effect for clouds including small droplets only, and droplet

separation according to their size occurs only for clouds with larger droplets.

The larger droplets move toward the bottom of the eéudaring their flow in the test
section. However, when the droplets are not large enough (less than algout B0 and t he
air velocity is high enough (greater than mds), then numerous large droplets are still

present close to mideight even at the samwise position of x=0.%n leading to the
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greatest MVD and LWC at milleight. The LWC increases in the vertical direction toward
the bottom for low air velocities and then, if the MVD of the cloud is large enough, also for
higher air velocities. Results ade accretion measurements on the angle bar reflect the

observation that ice tends to accumulate mostly in positions where LWC is higher.

The effect of accreted ice has also been observed on the drag coefficient. The drag
coefficient of the horizontal ategybar may change by-H % due to ice accretion. For the
vertical angle bar, it was complicated to calculate drag coefficient. For Standard 1SO12494,
one of the assumptions is that the ice accumulated on the model is uniform. For a vertical
angle bar howeer, the gravity effect changes the shape of the ice along the bar. Therefore,
to estimate the drag coefficient of such aonformly iced angle bars, or tower legs, one
should divide the angle bar into smaller pieces for which ice thickness is assurseht;on

and determine the drag coefficient as a function of position along the bar.
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CHAPTER 6

INTERACTION OF WIND WITH A CEMENT ICE
PROFILE ON AN ANGLE MEMBER

Introduction

The formation of accreted ice may lead to aerodynamic instabilities of bearing
members of structures such as communication lines, poaremissions lines and antenna
systems. Such formations are caused by the interaction of the wind with t@véred
structural members. As explained in Chapter 5, the investigation of different types of ice
formed on structural members provided the opportunity to choose seven types of glaze ice

accretion models which were explained in detail in Sectigf83and in Figue 35.
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In this chapter, the results of detailed aerodynamic tests in the wind tunnel over a
practical range of wind speed and angle of attack will be presented. Firstly, the effects of
Reynolds nurber, ice thickness, DSDangle member size, and ice proféhape on
aerodynamic coefficients will be described for each angle member. Then, the obtained

results will be compared with the results provided in standard 1SO12494.

6-1-Sign convention and definition of the variables

Figure 61 presents the sign convamt used and the definition of aerodynamic

codficients, in order to followthe results easily.

130



) _ . F F
Projected withice height =— D = 'L

: J & 1Y2ru?hl 5 12 Bl

) ) . F F
Projected with angle height =— D = L

) gleheight & Y2ruthi & 12 phi

, , F F M
Normalized heightt =— Db = L =
g & V2rU%l € 12 Ul & 12 UD?

| =anglememberlength r = airdensity U= wind velg
Figure 61: Sign convention and definitiorf wariables

6-2-Reynolds number effects

Figures 62 to 66 show the results on four samples of iced angle members for three
wind speeds of around 5, 10 and 20 m/s, resulting in Reynolds numbers between*t.66x10
17.3x10 based on the projected ice widiResults indicate that there are no significant
effects regarding the Reynolds number variations. The same results were obtained for other
samples based on different wind speeds. It was shown that for the same angle member

without an ice profile, the aedgnamic coefficients were not influenced by Reynolds
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number[16]. It was observed for S5G7 in high velocities the angle member starts to

vibrate. The vibration showed its effects on moment coefficient, Figbre 6

It has been shown that by increasing the ice quantity on upper section of the angle
member the drag variations are greater than fotlemee profiles. It can be seen for S51
G3 the dragoefficientreacles2 and for smaller ice profiles; S%36 it reactes1.7 while
for S5:G5, S51G7 and S2551, the dragcoefficient doegxceed 1.5. Same observation is
seen for lift and moment coeffemt for S51G3 and S54G6 because of the bigger ice
profiles onthe upper side the lificoefficient exceed 1 while for other ice profiles it
remains belowl.l. It may be explained by the effects of the upper ice profile on velocity
field and consequentlyelocity variations caused the pressure changes which leads to drag

and lift variations.

It seems that for S5G6 when the icicles stand over the angle member for higher
angle of attack, they affect the flow and pressure in vertical direction comparaltersm
angle of attack. As it is showthe lift variations is increased to therangelof. 2 t o 1. 2

O 200A whil e -0.8andt.Gfroire s(P. bCe t2wDele n
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Figure 62: Aerodynamic coefficients of SZ51 with respect to Reynolds number
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Figure 63: Aerodynamic coefficients of S&&3 with respect to Reynolds number
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Figure 64: Aerodynamic coefficients of SBG5 with respect to Reynolds number
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Figure 65: Aerodynamic coefficients of S8&6 with respect to Reynolds number
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Figure 66: Aerodynamic coefficients of S8&7 with respecto Reynolds number
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6-3-Ice thickness effects

Figure 67 shows that the drag coefficient decreases when ice thickness increases in
the same icing conditions for all the Reynolds numbers. In order to have the uniform ice
thickness, the circular cylinder \ithe samérojected areavas used to get the equivalent
ice thickness. The same result was obtained for lift coefficient. The lift coefficient shifts to
negative values when the ice thickness increased on the angle member. Contrary to drag

and lift coeffcients, the moment coefficient increased.
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Figure 67: Ice thickness effects on aerodynamic coefficients forGR2%and S2552
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Figure 68 shows drag coefficient for 8.5 mm and 4 mm ice thickf@sS25G2 and
S25G1. The drag values fo€] is higher thanC/,for negative angles of attagkhere the

exposed area is greater for tieemer compare to the latter.

It is observed that t heG)eandC§. Ttis isthecausemu m a

ofthesi tuati on of the angle member for U=0A.
of increasing of wsssection of an anglenember;however the friction drag reduces to

lower values because of decreasing on expasea.
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Figure 68: Ice thickness effects @@b" and CJ, for S25G1 and S2552
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Figure 69 shows the aerodynamic coefficient for S58 and S5454 models. It is
shown that the drag cda&lient decreases when ice thickness increases for the same icing
conditions and for all the Reynolds numbers. This result was expected based on
observations on S261 and S2852. As it is shown, the drag variations for 854 is
greater than for S262 in respect to increasing ice thickness which means that a higher
projected areaause a lower drag coefficient without considering flow field variations

caused by accreted ice inside the angle member.

Contrary to drag coefficient, the lift coefficient wascieased by increasing ice
thickness. It means that, by increasing ice thickness, there is a higher lift coefficient for
S51G4 compared to S262. In other words, the vertical force on 823 is from top to
bottom while it changes from bottom to top forlS54. The negative lift coefficient may
be explained by the instabilities that ice profile causes and change flow field around the

angle members.

The same results were obtained for moment coefficient that is similar to that observed

for S25G2 in respectd ice thickness variations.
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Figure 69: Ice thickness effects on aerodynamic coefficients forG3knd S54G4
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Figure 610 shows dragoefficient forl7.6 mm and11.2mm ice thickness for -
G4 and $1-G3. C4" has opposite manner for higher thicknessipare to lower thickness.
The same observation is noticed fasoCwhile the values of the drag forg® is smaller

than G" for both thicknesses.

The drag coefficient of the bare angle member has been brought to give and idea
about drag variations of bmmember. It is shown that the drag values of the bare member

are smaller than f2and Gy".
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Figure 610: Ice thickness effects orbCand CJ, for S5:G3 and S54G4
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6-4-Considering different ice profiles

Figure 611 shows aerodynamic coefficients for different ice profiles compared to a
bareprofile for air velocity of 5 m/s. The drag coefficient for the ice profiles is reduced
compared to dareprofile. In other words, when thedarofiles are in the san@ngles of
attack different ice thicknessvill be exposedn flow direction In what follows, a new
parametert, will be defined as ice thickness in the direction of the wind in order to explain
drag variations. Figure-62 shows this parameter on different ice profiles. As it is shown in
Figure 612, S51G6 has minimunt, so theprojected are@aused with this thickness for
different angle of attacks approximatelyreduced and &increases, while for S565

there is maximumt, so the related projected areaincreasesapproximatelyand G
decreaseMoreovera comparison betwee@; values withCJ and C?, values show that

the effects of exposed area of ice caus@ramatic reduction in drag values.
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Figure 611: Aerodynamic coefficients for different ice profiles, Air velocity: 5 m/s
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Figure 612: l ce thickness in the wind directiot

Figure 613 shows the drag variation$ CJ, and C; for four different ice profiles,
Figure 612. It seems thatCJ, and CJ compare toC/ have approximately the same

variaion rangelt is shown thatC?, and C{ have same darg valuestdrO A, 90A, 180 .

270°. Because the exposed area of the angle member (L x I) and normal area (b x L) are the

same.

It is observed that the drag variation is stronger for both&%knd S54G6 for
some angles of attack.deems that more ice on upperface of those models compare to

S51-G5 and S54G7 causes strong variation.
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Figure 613: G" and C), for different ice profiles

6-5-Different angle member profiles

Figure 614 shows aerodynamic coefficients for two differpndfile dimensions with

same icing conditionS25G2 and S54G5, and for three different velocitie€s:m/s, 10 m/s
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and 20 m/s. A it was observed before, the smaller angle member has smaller drag
coefficient because there is less ice accumulated on thebene For both drag and lift

curves by increasing angle of attack, they start to decrease. For the moment coefficient for
both angle member profil es, it start to de:

and then by increaases.i ng U, it slightly incr
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Figure 614: Aerodynamic coefficients for two different angle member profile:-625and
S51G5
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Figure6-15 shows @" and C/, for angle member profile S262 and S54G5. Itis

obviousthat the variation ofC}, for S51G5 is stronger than S252 unlike G". In both

coefficients the drag variations of larger member is less than smaller member. However this

variation is decreasingpntinuously for @"

—-—825-G2 5m/s 525-G2 10m/s 8§25-G2 20m/s
§51-G5 5mfs  ——S851-G5 10m/s S§51-G5 20m/s
35+
3
=
= -~ =
:
v 8.
25
5
g
2 Y
N
S |
15
20 15 10 5 0 5 10 15 20
3
28
26 -—
24 3=
-9 - -
U — N
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2 N
\\
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—
16
20 15 -10 5 0 5 10 15 20

Angle of Attack
Figure 615: G"and C/, for two different angle member profile: SE® and S54G5
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6-6-Droplet effects

Figure 616 indicates the effects ®SD on aerodynamic coefficients for air velocity
of 5 m/s, 10 m/s and 20 m/s. S&B was accreted on an angle member that was exposed to
an aerosol cloud with smaller droplets, which are repreddny the MVD = 47.26um,
while S53G5 was obtained after exposure to a cloud with larger droplets, MVD =
54.96um. It seems that for these two differBX@8Ds there is a similar tendency for drag,
lift and moment coefficients; however, the aerodynamic coefficients are reduced in some

ranges of angle of attacks for the cloud with laig8D.
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Figure 616: Aerodynamic coefficientor two different DSDsS52G3 and S54G5
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Figure 617 indicates 6" and CJ, for S52G3 and S54G5 with 54.96 pm andi7.26

um MVD. As expectedfor CJ, for larger dropletsthe darg variations are stronger

Becausehe larger dropletsffected the ice profile shape where it causeae instability

around the angle. The same manner elaervedor Cp".
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Figure 617: Droplet effects on £ and C},
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6-7-Effects of projected area

As it was shown in Figure-6, the aerodynamic coefficients basedicsprojected

areapresented byC., C”, C/, the aerodynamic coefficients based on angle member
projected aregresentecby C[,, C[,, C., and aerodynamiccoefficient of bare angle

member defined bf, . andC|,

fhare- A it is observed for all models except 853 Cf is
smaller thanC{ .. It is explained by considering the effectspwbjected areaFor the
models with ice profiles, thprojected areincreased and the drag coefficient decreased. It

seems that for bigger ice profiles. It has been shown @jatis greater because it was

calculated based on angle mempmajected areawhich is smaller than angle member with

ice profiles and caused to increase on drag coefficient.

The obtained results for lift coefficient of all wels; Figure 618 to Figure 621,

show that the curves have same tendency based on diffesgetted areaC|, has the

maximum variation betweer2 . 5C/,00 2.5 because ofprojegedng an

areain the calculation which is smaller than rpabjected aredt caused the lift coefficient

increases for different angles attack. Same results were obtained for the lift coefficient of
bare angle member with a latdifference-2 @j,_,.O0 2. As it is shown t

angle member with ice profiles based on m®jected aredhas the minimum values

compare to other calculated coefficient.
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Figure 618: Aerodynamic coefficients of S5&3 for twoprojected area
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Figure 619: Aerodynamic coefficients of S5&5 for twoprojected area
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Figure 620: Aerodynamic coefficients of S5&6 for twoprojected area
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Figure 621: Aerodynamic coefficients of S5&7 for twoprojected area
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6-8-Drag from standard

Table 61 shows calculated drag from 1ISO12494 and measured drag coefficients from
tunnel experime t s f oThe dthg €aldulation procedure explained in secti@b4It
is shown that the measured values for all profiles are less than the drag values from
standard. The reason of this result is that thepegécted areavas used for the measured
values, while for the standard, tpeojected areaf the angle member without ice and the

equivalent ice thickness were applied.

Table 61: Calculated drag coefficients based on 1SO12494

Sample Calculated G Measured © Measured © Measured ©
for 5m/s for 10m/s for 20m/s
S25G1 1.722 1.190 1.171 1.173
S25G2 1.691 1.174 1.141 1.104
S51G3 1.672 1.401 1.267 1.322
S51G4 1.627 1.074 1.036 1.033
S51G5 1.688 1.195 1.140 1.137
S51G6 1.726 1.150 1.134 1.130

An attempt was made to obtain a comparidoetween calculated drag from
ISO12494 and measured drag for different angle of attacks. In order to calculate drag
coefficient, the appropriate formula shoul c

based on:
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FDO :CD03 %3 r3 Vo23 Ab (6'1)

WhereCpoi S t he drag c o e fsfair eelodatyinh m/§, dis the)=0 A,

3:

projected aremm’f or U=0A and J 3% s air density in kg

Based on thequation(6-1) and Figure €2 which isreproducedrom standard ISO

12494, the drag fae for different angle of attacks is calculated by:

—_——

Fy190°) F, (90°) sin’a
H

\a=9oo "

Figure 622 Drag force formulation for different angle of attacks. Adopted from I1SC
12494

Fw (8) = Fv {90°) Sil"l2q

Foo =Co® 357 r2VE2 A 6-2)

where G is drag coefficient, Vis air velocity in mé, A is theprojected arein n?

and | is aifFraneFywd6t7y i n kg/ m

Fo = Fyo in’(a) (6-3)
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By substitutingequation(6-1) and (62) into (6-3):

CP

Di

- Con? SMa) 2 (6-4)
A

where G is drag coefficient, &i s dr ag c 0=6°f Ais tleeprejected afem r U

inm?and A is theprojectedareh or U=0A i n m

In order to calculate drag coefficients of -oevered angle bars regarding to
1ISO12494 the sameqcedure explained in sectior3s2 was applied. Once these data were
known, tabulated data from the same standard by applying equatloprévided the drag

coefficient of the icecovered angle bar for different angle of attacks (Figt2@)6

As it is shown in Figure @3, the drag values have small differences between
OA<U<#ad0A 140A<U<180A for different ice pro
measurements, Figureld, it was observed that different ice profiles have completely

different drag values.
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Figure 623 Drag coefficient from 1ISO12494 for a wiwdrd direction

Figure 624 shows normalized drag coefficient for both experimental and theoretical
calculation. It seems that both curves have periodic shape where in some angle of attacks

the experimental results has lower values compared to the thabresults.
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Figure 624: Normalized drag coefficient obtained from 1ISO12494 and experimental
for S5:G3, G5, G6 and G7

Table 62 shows the calculated drag coefficient for different droplet diameters in the
aerosol cloud. It seems that bycdeasing MVD, the drag coefficient decreases. This result

is confirmed by the measured drags from Figufié 6or two models with different MVDs.

Table 62: Calculated drag coefficient for different icing conditions presented by diffe

MVDs
MVD (&m) LWC (gr/m?) CD from ISO
84.4 5.8 1.68
54.96 2.9 1.67
47.26 3.3 1.63
39 2.8 1.61
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6-9-Aerodynamic Forces

6-9-1- Drag Force per unit length

It has been shown in Figure2® for lower velocity around 5 m/svith corresponding
Re = 0.95E+04 to 4.34E+04)& drag force does not change extremely while for higher
velocities around 10 m/s the drag force of the members with ice profile is smaller than bare

angle member, Figure %.

Figure 625 shows thathe drag forces decreases for 58 compare to S5G7.1t is
explained by considering the ice profile dimension. As it is observed from Figi2e 6
S51G5 has bigger ice profile compare to S51. It is shown that for bare angle

13NaF, EbN while it decreases t®NaF, BN for the members with ice profile.

(because there is no Reynolds effect for each profiles separately)
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Figure 625: Drag force of different ice profilscompare to bare member fér &m/s

21

~-S51-GS5, Re = 5.20E+04 - 7.36E+04
e -#-351-G7, Re=5.61E+04 - 8.67E+04
~+S51-G6, Re=4.46E+04 - 6.99E+04
~—Bare Angle, Re = 2.6E+04 - 5.2E+04

17

Drag Force (N)

—

0 50 100 150 200 250 300 350

Angle of Attack

Figure 626: Drag force of different ice profile compare to bare membeyforda 10 m/ s
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6-9-2- Lift Force per unit length

It is observed from Figures®/ and 628, the lift force decrease compare to lift force
of bare angle member while therces keep the same tendency of the lift force for bare

angle member.

Figure 627 shows that the-2.5N & &.5N for bare angle member when it
reduces to-1.5N & a.5Nfor different angle of attack. It may be explained by

considerilg the effects of ice profiles on lift force. The lift force variations are less than
drag force variations for different angle of attack. kexplained bythe ice profileshapes,
which causevariations on pressure field parallel to angle member whdsetteffects are

smaller for pressure field normalito

—+—S51-G5, Re=2.60E+04 - 3.68E+04

--S51-G7, Re=223E+04 - 3.49E+04
o S51-G6, Re=2.60E+04 - 4.34E+04
——Bare Angle, Re = 0.95E+04 - 1.9E+04

Lift Force (N)

0 50 100 150 200 250 300 350

Angle of Attack

Figure 627: Lift force of different ice profile

169



—-S51-G5, Re=5.20E+04 - 7.36E+04
15 4 -#-S51-G7, Re=5.61E+04 - 8.67E+04

-S51-G6, Re=4.46E+04 - 6.99E+04
—<Bare Angle, Re = 2.6E+04 - 5.2E+04

Lift Force (N)

-20 + T T T T T T T
0 50 100 150 200 250 300 350

Angle of Attack

Figure 628: Lift force of different i1ice profile

Conclusion

It was faund that there were no significant effects regarding the Reynolds number on

drag, lift and moment coefficients. The same results were obtained for all ice samples based

on different wind speeds.

The ice thickness effects for SEBL and S2852 showed thathe drag coefficient
decreased when ice thickness incredsedlifferent Reynolds numberg&or S51G3 and

S51G4, increasing ice thickness decreased drag coefficient in the same icing conditions

and for different Reynolds numbers.
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It was observed that thdrag variations for S5G4 was greater than for SZ&® with
respect to an increasing ice thickness which means that lngbjected aremcause lower

drag coefficient without considering flow field variations.

The examination of the aerodynamic coeffitcgefor different ice profiles compared
to abareone showed that the drag coefficient for the ice profiles was reduced compared to

abareprofile.

A new parametert, was defined as ice thickness in the wind direction in order to
explain drag variationsS51-G6 had minimunt, so theprojected areavas reduced andC
increasd while for S51G5 t was maximum, so thprojected areavas increased andpC

decreasa

The effects of DSDin the cloud that angle member exposed to aerodynamic
coefficients indicatedhiat, for two different DSDsthere was a similar tendency of drag, lift
and moment coefficients; however, the aerodynamic coefficients wengceadby

decreasing DSDd he same results were obtained for different air velocities.

Calculation of dragfromi81 2494 for U=0A showed greatet
to measured drag coefficient from tunnel experiments. This discrepancy was explained by
considering the regdrojected arefor measured coefficients. Then, an attempt was made to
obtain a comparisonebween calculated drag from 1SO12494 and measured drag for

different angle of attacks. As a result, the appropriate formula was derived.
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The lift force variations were less than drag force variations for different angle of
attack. It was explained by theei profiles shapes, which caused variations on pressure field

parallel to angle member while those effects were smaller for pressure field normal to it.

It was shown that for lower velocity around 5 m/s with corresponding Re = 0.95E+04
to 4.34E+04, the draforce had not extreme changes while for higher velocities around 10

m/s the drag force of the members with ice profile was smaller than bare angle member.
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CHAPTER 7

AN INTRODUCTION OF USING PIV TECHNIQUE
TO STUDY THE EFFECTS OF ICE SHAPE ON THE
VORTEX SHEDDING OF A CYLINDER

Introduction

As it mentionedbefore, the study of he variations of flow characteristics such as
velocity field, turbulent intensity and vorticityith considering icing effects is significant
to help better understanding of flow around bluff bodlizese characteristiere used to
make detailed flow field measurements to quantify theutiol of unsteady flowaround

different models for different conditions

In this chapter, the focus mainly on the use of Particle Image Velocimetry (PIV) to

perform velocity field measurements on a simple shape (cylinder profeand with ice
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accretion. This investigatn is important in order to study the effects of accreted ice on
flow fields of bluff body and particularly to apply the measurement process to angle
members. It is also significant for aerodynamic studies. The aim is to assess the PIV
applicability to theunderstanding of such phenomena to provide useful information about
aerodynamic characteristics of bluff bodies specially the variations of drag and lift

coefficients.

7-1-Test models

Two cylinders having a length of 87cm and a diameter of 3.8cm were Tked
blockage ratio and aspect ratio for the models were around&@%4%. The first model
was abarecylinder having a symmetric profile with a smooth surface (Figut@)7 The
second cylinder had an ice accretion profile on its windward side (Figaf®. The

considered shape was obtained from measurements performed at CAIRWT.

3cm

o

3.8cm 6cm
(a) (b)

Figure 71: Accretion cylinders with &)areprofile, and b) profile with ice accretion shay
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The ice profile was made of cement and a casting process was uspobtiuce the
ice profile on the surface of the cylinder. The profiles were covered with black, opaque
paint, to minimize reflection during PIV measurements. For the PIV tests, the cylinders

were mounted in the middle of the test section of the tunnel.

7-2-Test procedure

The first measurements on tharecylinder were performed in the middle of the test
section at zero angle of attack. PIV measurements were done for different Reynolds
numberg2x1(-1.2x16). The region where the measurements were perfoisriadicated

in Figure 72. For this regionCanon lens witthensaperture openingf f/1.4 was used.

The origin was at the center of the test section.

U The xaxis coincided with the tunnel longitudinal center line and it was oriented in the

direction of the freestream velocity.

U The yaxis was placed vertically and oriented upward.

The following test parametemralues are reported in Tablel?7 distane between the
laser sheet and CCD camera, laser pulse energy, time between two exposures and number

of image pairs for each area.
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A CCD camera defines as a digital camera with a sensor that converts light into
electrical charges. The image sensor emploggdmost digital cameras is a Charge

Coupled Device which is CCD camera.

Five calibration images were acquired for each image series in order to calculate the
magnification factor, M, and the observation area position. After the displacement data
were measied, they were converted to velocity using the known magnification factor and

the exposure time.

For each experimental condition, the time series of the particle images were captured
to calculate the continuous evolution of the velocity fields. The vegldogids were
averaged to get the statistic parameters such as mean velocity and vorticity. Typical
instantaneous velocity fields for each case were introduced to show the basic flow structure
of the flow separation of the wind surface. This informatiolh lp& useful to calculate the

drag coefficient and drag variations.

These procedures and measurements were repeated for the cylinder with ice accretion
shape models to calculate the velocity field and observe the effect of ice accretion on

velocity field aound the cylinder.
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Table 71: Test parameters of PIV investigations

Trigger | _. Distance betweer
Time between| Exposure | No.of | Laser pulse
rate _ . light sheet & CCD
pulses $s) time (>s) images energy (mJ)
(H2) camera (m)
500 40 50.044 500 0.85 100500

Table 72 shows the dynamic and thermodynamic parameters of the ice accretion

process and Table -3 displays the CAIRWT adjusted parameters for the PIV

measurements.
Table 72: Ice accretion parameters
Air velocity Water Air Air temperature
during ice pressure | pressure| during ice accretion LWC (g/n?)
accretion (m/s) (kPa) (kPa) (°C)
10 400 400 -10 4.5

Table 73: Velocity measurement values

Air temperature during PIV measuremen

(°C)

(m/s)

Air velocity during PIV measurements

18

5-10-20

7-3-Experimental Results

Figure #2 shows the instantaneous flow field on the model upper side with zero
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angle of attak for both bareand ice accretion shape profiles. When the flow follows the
bareprofile contour, it is clearly visible that the velocity increases to a maximum (exactly
before the red circle in FigureZ&d) and then decreases as we move further around the
cylinder. Therefore, based on the inviscid theory, a decrease in velocity corresponds to an
increase in pressure. The fluid elements experience a net pressure force opposite to the flow
direction. At some point, the momentum of the fluid is insufficieniiove the elements
further into the region of increasing pressure, and the flow starts to separate from the
surface (the red circle in both figure@b). This observation might also be explained by

the change of direction required for the flow to fallthe cylinder surface. When there is

ice on the cylinder (Figure-2Zb), the adverse pressure increases for a shorter distance and

the onset of separation occurs closer to the front of the cylinder.

Figure #2: Flow field around a) bareprofile, andb) an ice accretion shape profile; a

velocity: 10m/s

A von Karman vortex street is a repeated pattern of swirling vortices in the wake of a

bluff body caused by the unsteady separation of the [l@j A specific Re number range
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(47<Re<10) must be considerd83] in order to shed vortices; the tests were conducted for
Reynolds number range 2x1D.2x10. Vortex shedding occurs in the wake of thare
profile (Figure #3) and large scale vortices are formed behind the méual. contour
shows positive vortices while blue contour shows negative vorfitesobservations were
made only on the upper part of the cylinder but it is expected from other experiments for
the shedding to occur alternately on the upper and lower part ofylthder. The shedding
frequency may be calculated using the Strouhal relatiorjdBip with a Strouhal number

of 0.185. The calculated shedding frequency was 48.68Hz which agrees well with the

observed period of vortex shedding of about 0.02s.

r

1= 0.002s5

1=0.0125 (= 0.014s C O r=0016s (= 0.018 (=0.025

Figure 73: Vorticity contour forbareprofile, air velocity: 10m/s

Figure 74 shows a complicated vortex shedding but because of the specific geometry

of the ice, this shedding is unstabfeain, red contour shows positive vortices while blue
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contour shows negae vortices Vorticity is function of the velocity field which is
specified mathematically as its c{#3]. The iceaccretion profile causes serious variations
in pressure distribution and velocity fields, so each variation in a velocity field affects

vorticity.

1=0.002s 1=0.004s 1=0.006 s = 0.008 s 1=0.01ls

(=0012s =0.0145 t=0.016s 1=0.018% (=002

Figure 74: Vorticity contour for ice accretion profile, air velocity: 10m/s

Figure 75 and Figure 6 show the mean velocity field obtained by averaging 500
instantaneous velocity fields measured in the stre@a center plane for an air velocity of
10m/s. There was a strong reverse flow starting at x/d = 1.4 in Figbrbetause of
increasing pressar The length of the recirculation region extended to x/d = 2.5. When the
split beam was used, it shut the laser sheet on the cylinder from two sides (up and down),
and other recirculation vortices were formed symmetrically, in respect to the wake center

line (y = 0).
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Figure 76, the recirculation area was shifted in front of the cylinder. This area started
at x/d = 1.4 and increased at x/d = 2 when the cylinder center was at x/d = 2.50B#sed
recirculation region in Figures-¥ and 76, the ice prafe increased in this region and

caused the reverse differential pressure to increase, which had a great imghet on

aerodynamic coefficients.
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Figure #6: Average velocity field vectors for ice accretion profile, air velocity: 10m/:

Conclusion

An experimental study on a circular cylinder covered with ice was conducted using
the PIV technique. Velocity measurements were performed on two different cylinder
configurations;bare and with ice accretion profile. The main objective was to assess the
use of PIV as a new tool for the study of ice accretion phenomena and also to calculate
velocity field and vorticity values in order to use the results as input paranfeter
calculating an aerodynamic coefficient. The PIV measurements gave detailed information
on the flow field structure. Surveys of the cylinder upper side and wake, together with
vorticity, rendered obvious the consequences of ice formation on the tyefmdd.

Moreover, the separation, vertical structures and reversed flow regions were clearly
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detected(Actually it was a second step to use an angle member and calculate drag
coefficient but unfortunately the PIV machine was failed down more than lageaand

till now it is in UK for repairing.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8-1-Conclusions

The work dscribed in this thesis coneerwind tunnel icing simulations based on
information gainedrom nature. Ice shape and ice mass were obtained for different model
orientations as well as wind azimuthd thermephysical parameters. The drag variations
were studied by producingxeerimental models based on DSDs and LWCs. The
experiments were cardeout in the CIGELE icing wind tunnel while the aerodynamic
variationswere investigated by creatirxperimental cement molded ice profile models to
study the effects of wd velocity and wind directioron aerodynamic coefficients. The

experiments were caed out in the Sherbrooke University aerodynamic wind tunnel.
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It was shown that the droplets started to freeze from the stagnation line and continued
on both side®f an angle membefor different angles of attack, the tightlsgked glaze
ice was obsared while the ice morphology for different sideslip angles sbdtihat when

the sideslip angle increased, the tightly packed glaze ice changed to glaze ice feathers form.

It was shownthavhen t he dropl ets are not | arge enc
the air velocity is highenough (greater than 10 m/s), then numerous large droplets were
still present close to mitleight even at the streamwise position of x=0.5 m leading to the
greatest M\D and LWC at mieheight. The LWC increases in the vertical direction toward
the bottom for low air velocities and then, if the MVD of the cloud is large enough, also for
higher air velocities. Results of ice accretion measurements on the angle barthmeflect

observation that ice tends to accumulate mostly in positions where LWC is higher.

This study has shown that it is possible to model the effects of ice and wind loads on
a simple angle member when the ice profiles completely reproduced by cementéhave th
same ice surface texture. The aerodynamic models presented can serve as a basis to study
various ice profiles of atmospheric glaze ice in terms of drag, lift and moment coefficients.

Various bluff body geometries can be easily investigated using thetssno

It is also shown that the aerodynamic coefficients for a bluff body such as an angle
member with ice profiles is independent of Reynolds number. The avEfage between

1.05 to 1.28 compare with an average drag coefficientfof 2 bare angle member. From

the literature the calculated drag for flat plate in the flow was 2 while it is 1.2 for the
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circular cylinder when Re number is less thah 10

On the other han€} varies from 1.34 to 3.88 whei@®° variations is in the same

order of CJ which is 1.55 to 3.22.

The calculated drag coefficient for different icing conditions was in the range of 1.61
to 1.68. The high difference between the calculated and measured agdgegause of the
uniformity assumption of ice thickness and applying effects of angle of attack in the
formulation for the calculated drag which decrease the precision of calculations. Otherwise
both the calculated and measured drag coefficients inditate the drag decreased
compared to a bare angle member. However, measured values showed that, the more ice
thickness and projected area there are, the smaller the drag coefficient they have for a

relevant model.

It was explained that the drag coefficidat truss elements is between 2.66 to 3.43
which is higher than the drag coefficient of bare angle member. It was expected to have

higher drag values for truss elements because of existence of shielding effects.

The lift force variations were less than girforce variations for different angle of
attack. It was explained by the ice profiles shapes, which caused variations on pressure field
parallel to angle member while those effects were smaller for pressure field normal to it. On
the other hand for dragefficient, it was shown that for lower velocity around 5 m/s with

corresponding Re = 0.95E+04 to 4.34E+04, the drag force had not extreme changes while
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for higher velocities around 10 m/s the drag force of the members with ice profile was

smaller than ba& angle member.

8-2-Recommendations for future study

- Ice simulation on truss element modd@lke effects of angle member corners on an
ice profile shape have been studied by taking into consideration the ice profiles photos for
different angles and modebrientations. Experimental studies of ice shape for
telecommunication towers and some aerodynamic airfoils have also been carried out where
in site measurements were considered in some reseahchbs study, an experimental
approach to model ice andna effects as well as theraphysical parameters of icing was
introduced. Coupling this new experimental approach of ice simulation with the
experimental approaches of the truss element models subjected to icing loads may provide

a reliable corner effectsr different situations.

- Considering shielding effectdn this study, to start with a simple model to
demonstrate the new approach, we proposed only one simple model, mounted in both an
icing wind tunnel and an aerodynamic wind tunnel. However, ingmants of the
experimental model accounted for the effects of other tower members or shielding effects
which used to applyto two or more similar members during icing and aerodynamic
measurements. Adding the influence of the other members is expected ts @ reliable
approach in order to calculate aerodynamic coefficients on larger and complicated bluff

bodies.
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- Reducedscale experiments ofwhole transmission towers Reduceescale
experimental results indicate that the experimental model accurat&ylates the
aerodynamic coefficients of an iced angle member subjected to different wind velocities.
However, it was found that the reduesthle model possesses a high degree of sensitivity
to the aerodynamic measurements, which is believed to be uténpor a reducedcale
of the whole tower. Therefore, it is recommended to have a whole redoakedof tower
for aerodynamic measurements in order to have a better understanding of drag and lift

variations.

- Considering different icicle profilesin this study, different glaze ice profiles
considered for aerodynamic measurements showed much different values of drag, lift and
moment coefficients. However, the aerodynamic results from finger icicle glaze ice showed
that the icicledength and thickness faett realprojected areand contrary these effects
change the drag coefficientherefore, it is recommended to cast different cemmenitided
icicle profiles of an angle membuwith different icicle length and icicle thickness study

the variation of amdynamic coefficients based on reabjected area
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APPENDIX A: CAIRWT Layout
Test Section (a)

The most important segment of any icing wind tunnel is the part called the test
section where the icing structure being analyisgalaced. The test section of the CAIRWT
is around 3m long with a constant rectangular eses$ion 46cm high and 92cm wide
(Figure Al). The test section length to hydraulic diametdio (defined in section B1)

typically chosen is 2 or mof80]. Here, this ratio is around 5.

Figure A1: Schematic view of the Test Section

The size of the test sectias well as its constant cressctional area should serve to
maintain constant most of the meteorologidaheents in this part of the tunnel. Normally,

a small divergence in the wall of a test section ensuring that constant static pressure is
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maintained on the right value. This is due to the fact that, for this subsonic unpressurized
wind tunnel, the nomainenance of this condition may produce changes in the dynamic
characteristics within the range of accuracy of their measurement only. A far more
significant point influencing local velocity inside the test section is the problem of blockage
of flow by an ichg body. The walls, roof and floor of the test section are made of Plexiglas,
in order to avoid the potential for creating additional turbulence due to rough surfaces. The
smooth surface of the Plexiglas, therefore, makes it possible to obtain high gndlay

with a decreased level of turbulence.

The transparency of the Plexiglas also bypasses the need for installing observation
windows to be used for flow visualization or for taking photographs. The floor of the test
section is fixed with silicone ta wooden base which is used as a substrate in order to
reinforce the entire construction. On this surface, the Plexiglas has been installed in a way
to prevent the water leakage when the heaters warm up. Those surfaces conduct water to
drain at both endsf the test section. The Plexiglas walls are strengthened with aluminium
rakes and the joints between the plates are made of silicone to ensure that the section is
tightly sealed. The body under observation can be placed inside the test section by opening
its roof. This roof made of Plexiglas moves up on one hinging device and also opens
sideway. The top edges of the walls are encasedshadged rubber stripping which is used
to provide a high level of adjacency between both covers and the tops of the Tall
entire test section is located inside a-@3ong, 4.5m wide and 3m high test chamber.

This room may be used for preparation of the equipment to be used there, observation of

the ice accretion process and various manipulations with the icengadtezady obtained.
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Diffusers (b), (i)

The total length of diffusers is of at least three or four times that of the test section
and the typical equivalent cone angle is in the range-262 with smaller angles being
more desirable. The area ratio igitally 2-3, again with smaller values being more
desirableg[99]. The CAIRWT has two diffusers with@ne angle around 3°. The sections
with a downstream widening cresection, or diffusers, are destined to recover the static
pressure and to reduce the air speed before passing the segments containing the three main
systems for maintaining the icing cotons inside the tunnel. The first diffuser extending
from the downstream end of the test section to the first corner after the test section is
intended to receive thieighly wakedair flow after it passes the icing object, and also to
reduce flow velocy by expanding it. The second diffuser, called a return passage, has a

length of 7.8m andis located between the fan sections.

Corners Incorporating Turning Vanes (c), (f), (j), (1)

Four corner sections are designed so that the loss of velocity hedddedey using

turning vanes shaped like cambered airfoils with 1 m in length.

Legs (d)

The legs may continue the diffuser or may have a constant area. These segments with
constant crossections are intended to causdamminarization and decrease thedkwof its

free stream turbulence. The converging and preparatory sections, as well as the smaller
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fitting section ahead of the fan location, belong to this group of segments.

Air Deflector (Chicanes) (e)

The air deflector is a temporary barrier, or senpentcurve, on a wind path,
especially designed to reduce speed and turbulence. CAIRWT's chicanes zigzag to collect

water droplets, preventing them to accumulate on the ventilator of the fan.

Transition Area (Q)

This area is a transition from a rectanguéaa circular cross section, which takes the

flow into the fan.

Fan (h)

It is the most common device for producing flow in subsonic wind tunnels. This fan
is an axial flow fan type. Axial flow fans, or propellers, produce swirl in the flow and they
inducesome combinations of pmetated blades and straightening blades. The fan itself is
the source of the power input while the blades absorb some energy in the process of
carrying out the flow. The role of the fan and its straightener is to provide a psessure
of the flow passing through the section. The increase in pressure provided must be equal to
the pressure losses throughout all the other sections of the tunnel in any given steady flow

operating condition.
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Heat Exchanger (k)

This segment is desigd to obtain and maintain the required air temperature test
without affecting the streamline or other fluid parameters. The complete process and other

equipment that is related to heat exchange will be described in Se&i@n 2

Heating Element (m)

Thereare two heating elements inside the tunnel located in front of the honeycomb.
They have wide stainless steel fins with a diameter of aroundctn99 he total element
dimensions with the fins are 127.5cm x 30and their power is around 7500 W& These
elements are used after each experiment to melt the ice accumulated inside the tunnel. They

are monitored from a control panel.

Flow Conditioners (Honeycomb) (n)

The objective of obtaining a spatially uniform steady stream of air throughout the
volume of a wind tunnel test section has been pursued for nearly a century. Over that time,
as already indicated, a general arrangement of elements was settled upon, but problems still
remain and the result is not viewed as truly optimized yet. One aeedttinues to resist
fully rational quantitative design treatment is the management and contuwbofencein
the flow. Prandtl did some work in order to obtain stream uniformity more than 60 years
ago. The approach then, as now, was tohaseycombso force the flow to go essentially

in the same direction, and screens to bring the various parts of the flow closer to constant
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speed. A honeycomb is a guiding device through which the individual air filaments are

rendered parallgR3].

The honeycomb of the CAIRWT is a CRII4-50520.0015N3.4 model with
115cm in length @d 175cm in height. There are 4 horizontal ratlsvery 35cm which

reinforce the honeycomb grid.

Spray Nozzles (0)

The water is injected into the tunnel via threeaaisisted nozzles which are located
in a horizontal spray bar as shown in Figur@.AThe spacing between nozzles is @
and is adjustable by 3cm. Aaissisted nozzles provide the finest degree of atomization for a
given capacity and pressure. Presently, two types edsaisted nozzles are available in
CIGELE laboratories which will be n@ed Type A and Type B. Both are manufactured by
Spray Systems Co. and incorporate the same 2050 stainless steel water cap, and different

stainless steel air caps, 67147 (type A) an®@D-70 (type B).
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Figure A2: CAIRWT s Spray Bars with Heating Elemt

Settling Area (p)

These segments with downstream narrowing esessions are intended to cause an
acceleration and contraction of the air flow, producing Hem@narization and decreasing

the level of its free stream turbulence.

Contraction Nozzle(q)

The contractiorconetakes the flow from the settling area to the test section while
increasing the average speed by a factor of up to 20 or more, although typical values are in
therangeof & 0 and for CAIl RWT, It i s ane asustlie 4 . C
case of other nozzles in different wind tunnels is in fact never conical in shape, in spite of

the term sometimes being used to refer to this section of the wind tunnel.
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APPENDIX B: CAIRWT Calibration Results

Introduction

The airstream created in a wind tunnel is definedhleyparameters listed in Chapter
3 together with their spatial and time distributions. The air flow calibration process in
CAIRWT focuses on determining velocity profiles in differesrosssections and the
variation of the airstream velocity in time, which is characterized by the level of turbulence.
In two phase flows such as the air flow carrying water droplets in icing tunnels\\@e
DSD and their uniformity in a crossection should also be considered in order to
characterize the spray. The variatiorL#¥C in a crosssection may descrélby uniformity
maps. A single parametelVD, is often usednstead of the entir®SD in order to
describe droplet size in a cloud. Thus, CAAIR calibration contains two partsirflow
calibration, whichconsists of air velocity and turbulence measurements in the spray bar
section and in the test section, and spray -calibration includwyg and DSD

measurements in the test section.

Before startig this research, the CAIRWT was under construction with general
modifications. It was necessary to recalibrate the tunnel before doing any ice simulation. In
this chapter, first the regime of the flow is determined followed by the air flow calibration
for three parts to be investigated: spray bar section, entrance of the test section and middle

of the test section in order to obtain velocity and turbulence. The LWC uniformity map is
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obtained for the middle of the test section. At the end of the chaptéMiikieand DSD

plots are obtained based on different air and water pressures.

B-1-Flow Regime in the test section

Firstly, the Reynolds number and tunnel boundary layers are estimated in the test
section by using the formulation below. If the duct is nomt#nclike the test section of

CAIRWT, the Reynolds number is calculated using a hydraulic r&hiugefined by:

_4A _4(Cross Sectional Arex
P Wetted Perimeter

(B-1)

Chapter 3 provides the dimensions of the test section. This data and thateyptt

equation (B1) yield the hydraulic diameter:

w=62cm.
Y D, =61.3m (B-2)
h=46cm

Equation B3 shows Reynolds number for different air velocities inside the test
section. The transition zone between laminar and turbulent intéomed bccurs between
2300 and 4000. According tequation B3 the Reynolds number changes between 0 to

1.2x1@ andthe flow is turbulenin the middle of the test section

_ Vb,
m

Re

(B-3)
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Then, the entrance length for turbuldoif is calculated from:

L 1 |L,, =18.69m
e 0 44RE Y| O (B-4)
D, Ly, =27.88n

The length of CAIRWT test section is 3m, which is only1B% of the calculated
entrance length. Therefore the flow in the test section is in the inviscid core with thin
boundary layers in thentrance region. It means that the variation of velocity through
streamwise direction and the turbulence level are very low in the test section. Uniformity of

velocity is an important factor when modeling ice accumulation; and the air flow

calibration wil provide the level of uniformity.
B-2-Relationship of fan frequency and air velocity

Air velocity is controlled by adjusting fan frequency. Therefore, the first goal of
calibration measurements is to derive the relationship between fan frequency and air
velocity in the middle of the test section. Figurel Bhows this linear relation and
corresponding tabulated data respectively, which are applicable to set the tunnel velocity

throughout the experiments.
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Figure B1: Relationship between fan frequenadaair velocity in the test section

B-3-Air flow calibration

The air flow calibration consists of air velocity and turbulence measurements in the
tunnel. Transverse and vertical distribution of these parameters have been measured at the
spray bar sectiofA in Figure B2) as well as in the entrance (B) and middle (C) of test
section by using a Pitot tube in a circuit with a precise differential pressure transducer and

an NI data acquisition card.
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Figure B2: Sections of air flow calibration

The calbration process was the same in all sections. The total and static pressures
were transferred from the Pitot tube to the OMEGA instrument which converted them to
current in the range of20 mA. Each measurement took 80The NI data acquisition card
with additional circuit was used to transfer this current to the LABVIEW program in order
to display it together with the voltage. These voltage values were applied to calculate
velocities after the velocityoltage relationship had been determined using Omega
anemometer. The velocity data acquired durings3®@as then used to calculate mean
velocities and turbulence levels as presented in Sect®brMeasurements were performed

with four different air velocities as measured in the test secdgr: 5 m/s, V,,= 10 m/s,

V,;= 20 m/s andV,,= 28 m/s. These velocities are almost 4 times greater than those

measured in the spray bar section due to the contraction preceding tleettest s

B-3-1-Air Flow Calibration in Spray Bars Section (A)

A simple setup was used to carry out calibration in the spray bar section. First, the

spray bar was removed and the Pitot tube was inserted into a plastic arm which was moved
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horizontally in theplace of the spray bar or vertically in the middle of the section. For the
measurements in the horizontal direction, the plastic arm carrying the Pitot tube was fixed
from outside of tunnel wall; however, when the measurement position was far from the
tunrel wall, and also in measurements in the vertical direction, the plastic arm was fixed
from the inside. In both cases, a tripod was used to fix the Pitot tube and to avoid its
vibration. It should be noted that the tripod was always placed far enougtheoRitot

tube in order to reduce its effects on the air flow in the vicinity of the Pitot tube.

The setup is shown in FigureB The measurements took place at an average-of 12
cmrintervals vertically from bottom to top, avoiding the positions of thezbatal bars
reinforcing the honeycomb, and at-@®-intervals horizontally from the right side of the
spray bar section toward the other side. These intervals were reduced in the boundary layers

near the tunnel walls.
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Figure B3 Setup for velocity masurements in (a) vertical and (b) horizontal directions

the spray bar section

Both Figures B4 and B5 present velocity and turbulence profiles horizontally and
vertically in the spray bar section. The black lines indicate the positions of the wailsel
while the red lines indicate the position of the horizontal bars reinforcing the honeycomb.
Figures B4 and B5 show the regions of uniform velocity. In these regions, the turbulence
level is also reduced, which confirms the role of the honeyc&®tber uniformity may be
observed horizontally because there are some fluctuations in vertical velocity at the
positions of the horizontal bars in the honeycomb. Velocity drops and turbulence level
increases in the boundary layer near the tunnel wallse Mevere changes occur toward
the top due to the proximity of the corner preceding the spray bar section. The corner

causes flow separation here where local velocity vector may point upstream. This was not
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verified by measurementthereforethe curves a not completed until the tunnel wall.
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Figure B4: Horizontal turbulence and velocity distribution in the spray bar section
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Figure B5: Vertical turbulence and velocity distribution in the spray bar section

B-3-2-Air Flow Calibration at t he entrance of Test Section (B)

Both Figures B6 and B7 show velocity and turbulence profiles horizontally and
vertically in the entrance of the test section. After the flow passed the contraction section,
uniformity is greatly improved; although the veity is lower and the turbulence level is
higher near the top of the tunnel than near the other walls. This result is the consequence of

the corner as discussed in the previous section.
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