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wurks m the thews, fon cxampic grophs and tahles ("Reprodaciona™), which may b
deseribed e thiv thewis, may pot be owneed by the smthor spd may b owned by (hird
purthes. Stich intelleEnul Property ond Kepradootionn comrol end muil ool be imade
wvailubde for use withest tie prhor weiiket pomml sk o |Eg owreris) of the relevan

niciloct) Propervy and’or Reprodacnons
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This chapinr mtroduces the shuly prosented i s thesks on Oving discs sl
desrimes e mvivelim Beilimd |, A Secbaries! e gl dises, Winil sre slilicd
enjennvely i this wook as modsin for g Hyiog decs, i presensd Tirst with a
purilculisr focE e iheir chumsterintion and (Tisht dinamice Tied disjob phises ol
this study mre then descrided to highlipht the shpnilboasce ol cach phowe The um o)
itde (tesis s delined lolbreing i inodetion. Fmilly, ihe obpclives of cach
chappisr mre descriped by sulablinh the fmosdstaon of this Sosi,

.1 Introductory remarks

The pume of diec polf was invened by Ed Hessngk in ohe laks T80 30 an pdapied
viarujion of the wisnd€el gue-of gell The gass e sinilur o e of Soll biol osey
dinew ctutatirendy sk o goll dises bestond of gull bells. The poal of = playés b o
e fils on Ber disc with the besst mamiber o throws possibrke! | live & e ke,
which 1 n maiallic hpkst placed ahove ihe sround on 2 pole jeoped with chamns o
hilp el (e dine (o e 3 2 gEiue of diic gl ie =Siieen’ 18 Fiaire 1.1) The
s ks molatively mew in the Dinlied Bibdom ol bas bess inceeasdoel v popalan in
the Umimed Statss and mamaged Dy sho Frofasaanal Thes Ganit Assooaten (PEGA)

Figorr 1.1 A doc-pod{ player paayer inseng 2 goil ding foeands & wrped hake on a poke
ahorvy B pronond |1 sk T PIMIAY
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Goll discs me penemily catppiwired lolo: toee diitios bvpes deslpued to hove
dilferent Might sharssierivtion. The poncric mames of fios e s ‘driver . “mid
range’ and “punier’ dises. Each disc type-is numed w minocists i with the Tzl range
fi.e the hotiznnta] dislascoed Fcovers (The wold “range” will be exesmively aned
thenz bt s fresds b mler 1o e bodamm] divtesce coversd 'during g iehey, A
dﬁml;fjlﬁrfjiﬁﬂlymiim s L=t m!:lifmmnﬂﬁimhﬂm fora
ramge oof z=d tham 50 ms and w0 omd-mops dise for the msrmefinte oingo hetwesn 50
m ond T8 m The vurtibbons in ihe (lkebt ranpe srd characlenislién of the dlaos ane
prtersily povemmed by the dilfassniss itk germotry, Thess dises difles mainty i
thir thrcucs- o dlimotar Tk, doptin - of the timitles 4. o liwer: surteces,
camshere. and cirvamres of the edjn fime.

The coms secthonsl profiles of the thoe types of dhas, g shows b Figae 12 The
rymicul duameters of the dinos are approoupuiriy hofween 20 cm jo I3 o snd thesr
weights vary hetween 130 g w 180 g {furiher gonmueiticsl desciigitions of the disck
m detalled in Chagiter 48 Method U o sdifition b the dises descrihed shove, another
type al & Hytne dise is the Frishie dac which n crmmmonly usell b recrestimad
sctivitics bud oos pluyed in the game of dise pafl. The peomesrionl and i
chamacieriziioy o 3 frisder dise e almmilar W tal of 2 putier, L2 shorer [Tighs rangs

The geometricil propettics of a disc have 3 primEy, milaencs on ipe wenpd yesmmic
chmacierstos (e the semdynimic foresi and mbiments soting nn die disd) thal 'In
et deteemiloe Me o utbigee (light chensleratics I sddiie Biose seompdrics)
properhes hive 3 secondery influmee an the moment of inemim-of the disc given that
wa miss i fined The comisnnd inffuences wffpat the overl] Might perinrmange of
ibie disd. snclisdimy’ the ringe it covers when flown: For éxample s puiltr hs s
eutiider fii o crvitlies @ bigher canther and o laipey ihicknes-to-diameier
rano, resulung in @ larger trontal srey compared b0 the other dises. This “pufier’
potmairy incseases the dmig of & dise bul redoces it dehdency ko eall shout the Mlighe
pith

3

—
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Huwn® 12 Schemalic orms sectionl prodiles of e driver (ops, snd ronge gl puins
{huthaE) dizsi

The flight chercisrintos of & putter ame-similar o those of & (ymosl frshor disc,
wihich peiiscezes aliisrier bt strsighior fHehl paibis cotspured U lobie-mnee dives, |2
dises desipoed b pavel furher distynees, One such cxumple of 8 obg-cunpe disc ks g
driver dec wimh & Ilﬂ.i'.El'l..'d- wilth & =mmller oplal ares die ks o wmmiier
thi ki in-diameterralio sl w e yermedvoms icdfly etresmifinggd shepe o rodses
drag. The fmpravied (light peffosmonce i however al the exgeme of =n Inércaied
beridemsyy o pal) ubssut dhe iphy paebe wiibod mesine thut @ pleysr wouabd peed w Have
prenter ffomwing skills fo ahieve the =me scomecy achicved when throwme a
piitker afnic. A emc-mnEs o doe Op EaEiinmal oncother deviEn el permirmnsce
chmaciersto between thise of 2 patter il 4 driver i

A fising dise, oo bmown = 3 discwmg or 3 aroolar plandform wmg, o by
de=tifsition oo ispeed fatlo ol 27 and thos ciit be peterally sl el s g lw aaheiet
rulin wing §i rogpuites spimming show lls conire eebs iy arhicve stabitiby durng Qigphi
vha e gymscope prtcnie. The et roool =md importot, ek on Il!'u_.-
scrodyiimies of oo dype of Hviog dines — the Tishes dine = was periormed by fois
(HMES) Hin extens)ve mppenmenio] investgeiion with & socihdary Licai ob [ThEHE
dynanyes usimg mumerbeal siemlioms bad o the shservption gur the seeodynimic
oo ol momonts =i on 2 dec e ol © abidosstmmding 11 | TRkt
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chrpcierislics. o stditon, e spinmng of 3 dise we oheerved by Pults o have
neyligible slfrets on its scoocdymmic charesteravtion | larther details of he Wik am
deserihed in the U hapier 2 Liseraiine Review)

The work peformed bemin s mmtjvabed o investipone g varoty of uthor discs with
dlilﬂmﬂtﬂ.gillllﬂj:ﬁm ﬂmmmﬂmth
sorpdhmmmic chastafific

The earlier phase of tee ressarh repensl hessin facused on gathorng expermenis)
@1I;nmmlﬁmmmmﬁmmmm
scting o the thros differsnt Lypes of pef dinos desorihed abuove, ey the patier, the
miich e, and the driver discs The thce deslgs chasen’ Hor each 6 the ciitegory
u:hﬂlc-nlmu;m_r_nm:nﬂiynu{uﬂ:pmtﬂbnq[nﬂum:mmniﬂ
m | the. Chapper §: Msthodi. Keowulte show thet ench discy exhibin, asrodynpmic
chaacicrisiio ausinict with whit ws cupersed hined on theit peneric: Tligh
pecformunce For example. the, desg coclfioumt of & putier disc is Lirper thun g o]
& driver dise 22 typicad Mlight smjjles of sk Winid ummed ssperimetits were hlso
performed g 8 “copmit” disc. wiich 1s a fl&-plais dine refered o hereaher 2s the
Frunshine dic

tn addmon W the we ol 3 cmol dow, & more sysemndy: approach of sodatiog
warklps. poormctrical feruros of 4 odisg was dosie. For thie purposs, 4 Targs ssmber of
diiie models weie fabwrimilod. These dises hove stespler denlgn fedisires o0mpareil o
e o bt Wit poll disce expietimentesd shime: the desipm fesiiess of the sfinpler
s were vanind paramerically % imbate the etle of ane seomerrical propeny
while keepmg plber gormctrical propertics mscfumpel, Thoss smpler diss mogicls
will e exiemiively relered (e herdatler s ihe paremetre discs. Deslon Tonuns i
e p-'ll.k:.l.l#lyjhﬁl'i_:_ilu Ill'[hl:-ﬂ'l.:.ﬂ_.'lil.llﬂ'lh: charscsctiatios (f & dise |0 peacesd are
s Mnckness 10- dignsiar mup, cavity (i ower surfacs of ihe dic), camber shupe
and mim odee curvalures fhese fentres were inolsted o this cxpetimental by
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Annlysdy from ihis parnmetric stindy' shiwls th te exwliy o & dise Hindesmentally
biifluemess |I» scrmdymamnic charmaerition.

The later phase ol thiv sesemrch i pncenisiad oo evalualing the Mgkl perlismance
sl mnge. ol gl dises vin memencal simulatiom of the. complete six-degree-al.
Froaadeemy axfiuitivim f mmtian ol the thises divdlopest by Crther sl Pores (20607),
These wirmtesons alfnwed more detaiied sssosjumts on hoew the Tight porformeses
o' m dive wan intluenced by s serddimeEmic charsolesiiies. The eaperimental dirs
‘an the goll diss pathired i e first phass of sudy lunctlosed s par ol the b
pormmerTs min the srmmlation. Another omportant sspect that the  mmenical
sirenlathmns glfirwed was how vanshom in the comditioms of laamching 8. i {c.p.
ltie Litmch pilch and mil anplox. md the lsmmch speed) ablect i Might eajectsry.
Parsmcars variithosss ol thess Linneh conedilions. wete perfimmad 10 smilye their
senniuviey soward ihe perfiymance of a disc. Dhiferent fypes of discs wese lound in
fhis atuchy fo have dilloresl senzitivity levels toands camatios in ihe | Lsimch
condilions; fur example o putter dibc Ja less semcitive’ brwerds varislion in e
Vemrieh plich arglie ompaTed & 3 deiver (s This sErm vty n#ljuu e frmid w0
e an imparant ol W 2sow The throwing aeceracy Feguined of @ phayer o schiv
£ cerialn tevgel. THe sssceiorion heleeen the demiidivily of aidise (lowandd o ceriadn
Lt parnineies | aml the wrouracy rogoared of & pliyer woald allow onn o s
‘the player’s throwme siille, Thin anglysis of this thoss, howeves, s oot extimded 1o
imcTode the plover $kM - sscssmon: bessme wch s effrr wemld . regems detailied
aimdy ol {he Biomechmics of throwing.

1.2 Thesis aim

The @im af ihie thesiv i o dbetlop an shderriosding of e inffecnoe of din
secmerry o the orrodmamic chararsriviies of golf dives awd their sishveyuenr
ﬂ]thﬂﬁmfhwm-fﬁmﬂrﬂm:l

¢
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[.3 Thesis objectives

The objevtives ol the thesks gre sh-divlded sl on lis chapiers.

s Tn imncdoce the haokgname! on the chmoienstion and the dymanmcs ol
Hyit disch. describe the mujer fhines of the inbestigatibn perfirmod herein,
et plarily the myopivatiin s aim behied e work (Clingier 1),

* Yo provids w relevant luerature mview with 3 particular foqus oo the
histuelcal development of fiving dise stdine and o describe mdiy
iavvizutipating the ighi rue of spotts projectiios (Chapier 21

v o deserine the theary relevant to the azmdynamics and the fight dynumics
al discy o ) present the dermvsliom of Enpe sl woRiilinty with respost
Laetvcht btbiside (€ hopees 31

* To dewife the experimontal metwds wed in e Witk and o preseat the
simulauon nehods implemenied 10 the dens (Chaper 4)

» i preiénl mnd discids resalts of ihe experimentil work particalurly m
cuemieesiial gol| diies seed passtieiric diacs (Clagifer 5)

* To proscol snd o resalis of the umolybon work on Hlight perigrmancs,
eonpe and sesaliivity of dies (Chapier §)

o To pesesy conelmions of the work md resvepiesd podestial siulies for
fure research (Chapies 7 o
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Tlse frut gim of this chapter is W resiew the developmenst of fundementul resexrch o
i caperimeniil amd crvimpmislioned shidy o Hemg dees. Hisdewics] dimelines ]
yurkis works ane pravided o oolline cnocal growt s thun area. This oot wssks
phie prrwiocs bnleresd aad wivaneesnen e 'the Beld which e (o ihe kdeniificaiion
of = o=l w develop md exirnd the work on promedry of the discs 2 wiell = their

rmes. Ap vervres ol (B cmstemi ol fles elpier e dliown in Figee 1)

* heads | b
: Fiowvinatusion L0t |
» Blomescharsea
» Frasfight dynanvey | dovalin |
’ :mhmhnl | -
- - ] L Shot put ]
Comoutmional wadk
- dynamicy
simulstion
& Blomechatlis
mpcaliing
| - CFD i

Flinies 2.} Thatl o wfl {iafiler 2.

The soppnd mm of this chapior s provids 2 backemand on flyes obocts in spors
with o loesis on the Gacfoy inflststing the e Tows By the ahjecis Spics elsjacta
srch s holls, discws, jevetios, onid shen pols: fely g number of (ees oritioe] for

')
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thir diterminutsn of theis ight wunnes The smee-infuencing (ctres stadisd
Ihese provicis wirks s e emilynamic foves, the bkmediamies of limmeting
technguzs mnd mon imponanity. te-initial launch condinom, which in the wbea ol
inderewtl i fhie femia The review of the vasious gports objecis highfights (he
simmilaricy of ihe lneporran Dicwoes miduencing iheir Mipht desple the diflerences n
e whiapes of Ui sibfect, This similsrity s cxiondid foe the study of 11ime s 1o
scfenify the mmm factom mifeencing thesr Tizht perfirmencrs. gid mopes.

2.1 Development of disc research

2.1.1 Experimental work

Tieers e significanily fewer cupermmentsl stinfisy i the figdd of dise serodynymios
smd Thight dynmemiis ommpired o thiee on ofmventionil  Erlsmatic-shaped wing
plailiime. Oie pesdible s Yo the selative lack of soecaich be this stea cootid be
e 10 thesr omited commesroial applicmtions, Some of the eariicr works in the fild,
= will b dsorbed shsogeenly. are relitad t projocts with mifilary and spores

applicutiom

Mot czperimamial works caEned oul i dise rsesch wess munly  focused on
utlerstaziing  the' wrndynamic chatssetslios The Sufiod dbidy on o (he
scrodynumie ghrsetrristios ol nenGineular iow sspect rutio wings wone cohdicind
by Fimmerman my 193%, The first study v Il!l.-.lﬂd]mm charmcwristios of dies,
which con be clzssd a5 giroulyy low sspect oo wings, wan perigumed smpss four
deciides ligker by Siilzy sac Cairstest in 1972 This et perimersial gty we funded by
the LS Mevy whess practieal micrest was 4o devedap sellauqendsd fares Their
mndefs wore teated in 2wl el od realis for the U1, dras and piching
msmen wern gasterod; The resalin jrroduead by Stilley sl Camsien syhitited some
pitterns that wese similir b thoe obtslned Gn e mon-ciscdlar low sipact mitks
witws Specifically, e 110 incemssed linsardy with the angle of steck md the dupe
of Ti'l:-dl:lg pmfiic wes pambolic. tn addition fo the o configmmions, oy =

k
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besiod & hollow Frishee-fike model i ohsoree the eflec of cavity, They observid
Mt e e b s epe - (Le negstive) pitching et which they
spoculEnd was due 1o the exoieroe of 8 cavity &t the Jower surface of tho dis
However, their viody did sl caelully mvodigate of |solade the alfen ol the cavily
becmite they did am vary e crvity heleht nor compurnd with s commnd dbse without
& cavify. I cotilrmet, th: caperimentild work petformed In Thil thes iose il the ellia
of veoying the cavity hoight and foand that the thiskness of the disc sfsn comeritged
towaris the negitive petching moment slthooeh i© wiil nod es skpnificant comparod o
ihe e fTe=t 1 e cavity

A decade Tnter, S ity was rodefined with aonew fmterent in the effest of spmming
on serodyramics by Laodsm o'l (19301 ey memdied serodyanmilic loads ol a
Frinbes ahipesd dlie o varinus spoide anel spin rates o angles of ansek mangiog fmom
" #0107, The: musdy S that & imalt Vil increment soald be perenitied by jpimning
However, it was'sot destty wistod) how ihie spinning < e could pencraie ihe T o
recetil cxporinientdl smdies contradicted this Fnding — dise nitstion ut Lepleally
experaTeed S Tas doos ot gonere sy B (Polts 2065,

The Reynoblds aatrsher effect oo disos was o investiputed by Mikched] (19900, He
mirzmrnd 11 ind dreg for thies non-spinming dises ond wariod (e oo’ specd 1o vary
‘the Roynolis number. Hiv resliltn sepgesind that there wore significant Reynolids
nembier effeck over the typicel Might spoed ranpe Br conrad, Pl and Crowther
(MO 2001(ul) shawed thot Reéanaids tmmnber clfocts e relatively (b pnificamt
b Mighis spceed el 300 i o' This comtrmbicalon i larpely due s the diffetsn
rmge of speods tosed. Potts and Crowther stmdied dibe spoeds tymezl 1o thess
mr==mred for sperin relamed diacs white Michell uned discs with higher speeds. [ n
worlhh noting that bisldes Poble and Crowiher™s stmdy. ibe meisirement il dsc
ﬂr@mmmmmmhmmmﬁqm
complememic:d the Frisbes joad mes=yrcmend with preswre dadrihuiaon analywn,
They Fowmmd thud spiomsing hue relatively Titte effect on dis serdyngmic o g
shunin bir Fipuns 23 {apicl Nide thul) there by 3 simnd? rolling e etlect due o




% T

spin thal wes attribuied b the ssymmetric Ul dstribeon = s ool of ourky
separEnn m1hgi#'m=rnuklnhkhpﬂ-q1m_thlmm remrating dde The
sitvance alio (AdviRy i thesr study w defined s ihe mip of disc iim speed @ flow
sped (Pt ind Crivwiher, 20007

o

&

e

16} Fiching momen oo v s nily Bullng yaomuent sooiTicwenl v, &

Figure 2.2 HHect of pin'on ihe scrndynumie cociFicient For Fridhoe o V= 20 m o R

vaion npnrutew of 0, 8,8 16, 20 He Siae hia very mimimal effect o e iernfnamc
bsta (Vuken drop Pywis, 305

In ahfitiom o the expermerial works om jemdynamic ol medsiroment, & mmher
ol dise siidies focun on be Now visalisadltn iechnigie t dedenitand (he low
betaviar srotibid the dise. Nokamurs and Falamuchi (1921} podormed 3 Bow
vimwiiisation sy, on @ Frishes dipe by wine @ smoke wire wchnigue. They
ubwerns] thal 2 g downwanh effect s penenstod by 2 poir of vorices (2 winskd

il
P
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he expoctol for & low sspeet seiso wing) Howevor, theirrenslis wers for an atheance
rafs ol 226, which it et mratch the: typical Might vulist st bs weslly doss tham
Jome (P, 305}, There waa no cisur justificstan of the mason bow that alvence
fadith wan highet (han a typical flght salus in fheie eapersmient, bl thin shows Bl
bimitd dise Uierstare could leod Lo unjouiiligd methisd st mislnicrpreostion of e

:lan'EﬁhI Pk

A dimilar shisdy was pefformad by Fiipbehi of dl. £2000) by shidy (dw ovér a
spinming poll dise el complemsesiend by pantiche iruee velocirory messsremem
of its wrex strenpth. Their mcssaroment shives thi. spinming &d oot attea the
womten weremgth gt lonker angies of wtack Howewer, the vortes sironpth mmgmtode
atarid b redhice sa the snple ol dilsch. incrodwes i hipher anles of sidek (a > 13%L
Thaeie vhusrvmion sugeesds (hi wes due 1o Lirge s of uppers wrfecs sepanion I
addibon, fhey alws discaverssd fhat the mstzachment [ins-on fhe golf g moves
ftiher dirwmntimmm i Ihe angle of siach incredies comibvent with the grosenl goll
dinc 1lersh whanalisanion stugdy

Potee apd Crowiher (20000, 2001(b) | sl conduacied a flow vispuliston dedy on
= spitning si) nos apinning Friskee dise model by using 8 dimilar jsehnigus
Mok sml Folmroedi (1991 5 eoupled whih g surlocs: poing ow vispslisaticn
technigue. Thes fond that a crescemt shaped eparation buhible fepresemiing @
boambey tayver scpmnticn e onocmrrd nesr the disc Josfing adige. A fimilar wiody
by ihe mithor perfisimed on & diivar poll dise in i ihoils oniised Poils sl
Crowther's Fnding Hownes, the bicatlon of the houndsry Layer sopmratlon fies
mecTEnce varies hevwson the Frishes o the goll M= At an snghe of attmck of (1,
the sopatam fire of 3 Frvbee pocmnad st sbout X% ahesd of the. fending odes
while the diver poll dise’ s sepaEnition line b ol spyFronumstely $%. In addithon, Poa
(200204 dlse dibcoeesnd thit the Prishes wake flow e strusgly (nflueaced by (e
rofl-up of the trailing vortex pair snd revezled ful spim causes an ssymmeine yoncs
withe = shivwn in Figute 23 His rosults ibiow (bl 0 the advance rtio Inetsisex
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fpge O dL = sotyv-apmningl o 07, the spin comes 1 sbight mymmotey iy te vortes

e W ing il Dorrmmes e evmboent i gl alvenes millo incressss b |4

o e = L Aded=11T el Adwl =14

Fame 2% The malkimg vwirkes prar s anies spn roes o Heymebds pmbaerof 567 3 07
e Sl A8 swprumsebihs ey, seehe (Tales | homy ety OON

Agrart frown e shiely ol dise smkbrmamds my flet wingl imel, there se seversl
sudics dolicateyd wwynds e bomccharnsass sepect with & oo an b rowing
Eectenlgune. bib Sty s ieraem, renge. Codnomss | 1001 popessed thod remge win ol
b larend by the bk Pl of fhe slde- i o i (ooBinigies: the mumge peomm i
sppromimate v the same wilh both ectmagoes. He abio relses the Laomoh apeed and
W m=mniialen will meped Ao TEnps W shedy ihe peneml el belween: thess
picimeteri. e estabdbibed it the tmighch upocd wes the mionl inflisariial Tastinr om
determinitsg the musimurs et The audy gogld byve Bees impreed i o
had commdars the effecd of loomch mglss onsded mmes ome e omschamess
poi ol view. This moy b sofneved e compsenng e athilcee™s oplimad Daggeeh

atiple and comrelating thelr tochnboue wilh nues i suee

Im lipe wnifi Colnweo’s worke  Humma] (22303 uep  condesis? @ Frighes
klismmchaniea  stigdy, Iduklng an’ e huskhaml fEvwa = adiwn b Faeme 204
Altbwwgh Cottoneo hnd slveady sutnhlished sl mnge romsies oirchnapesd . detpie
havmg & Wil e o sbede, Hummel s Haemlion wees o enckeraian fe Freshee
throwine echpigue for s ndividagl  Sie developes o0 mpssuimkniety] - Frinhes

phiEnwes e myindel welth Wioetic choims of seven gl hodis (ke ki, sl

elivwlele ullels  Matieegtrs foelbion tnld heses] § b stuily bever Usese Baelily pevwasseol can
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be lully utilieed b enhavee the thrnaing tocheigue She reportnd that the s
peslmsseyd fhe Highest Litech crerpy = abest 100 W while the wrist [Tick contritisted
thie lz=xi uf onty 8 W

bignre 2 4 Hosbee throeing musdel o sty e hukond diroe The bemieros e
highueed weneree of luumeh energy ab (W slelle e srieg THck cnfy memagen w pridducs 8 W
(Tarn fromy fhmemet, 2009),

Thare have heen. 5 oumber ol Held stodies on dise performanee, oy (20023
mumaged to Teewd il dees lamh spead el ihe comespemiling Tanpe s by
poll dwe players s spors eventy by yiog 8 rador gun. Hiv data eodizction was
cotmitderahly scuflored Bt o]l mEnEe o cElwy fesboohle fend The dan
sugpeciend 3 finese meluivsdip beswesn te Juupch spesd and ranpe ks of
geadmtic (= womnld be expeceed for an idoad point mu=s proeclile with rr;;ﬂtngﬂﬂn
deag). The mudn ressers feer thin differemes: oold beodess o Tl e dieg on the dises
In oddition. wind conditiom of the allitade cobld alst have some nlloence on the
uuumwmmmumgmpﬂm-hwmﬂmmﬂmmm

AF



Chapder 2: Lliorsiurs Beview

i pombingd with Fperoos wohaugue, the datn conld be aned & cstimations is dise
Fliipht sl wms.

Lorens (205) musisard Iroe gt dynamics of a Frishee Sisc by debtig od-bord
irtrrumatmdorn s shown o Fignre 25 He soctnded = resd time Friskee Might dots
by momiing & namber of elochmnin devioos (Le pressarns scomson, -t senor,
scoelommeter sl magneiomctor) mdemenh the ovity, His dala gencrully wers m
well-tigroement wilh Bidis and Crowiher (2003) wlithodph there wene ineomalilencien
s dras and pitihiog o, bt the dicrency ol be dis 1o the wobble sliea
o the dise: iillovwingy fhie fmanch bt subscsestly dumpencd afterwand. (Thin wbble
seems e shningae W the phapgoid stlesl experionced by o @roofil. The
oymmetic dislnthtion ol the ma-boan] Inilrsmeniodion cobald have some: inftichee
an the Ilight wobble This metholalogy B still (0 progros b e mlleed free
flight daw may porcnually provide o ot contribusion for compurnson with
winul timdie] dada

Figare 5 Fowhee froe-fhight duie i ohemned pying on-baoes msramentapn. [eptoaic
dewices mooh & presEE =T, -] mmhmmﬁnqmmr
rucuatitiod ueirneadh the Yok cavily ¢ Taken Uom Livesr, Ny

The development. af daic roseETh alw wilnesiey o) mamier of mepivsd dnic-snng
sircrall dewlgn sich e Lee-Hichirds annulir wisijs hipiane. Sammerman Vouyphe B
707 (Gmer. [002), BO-2 Hewhers md B3 Semire s shown in Fgoe 24
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Howevyr, the mout hisioricul disc-wing strmil detipn schicvemems wes "4 e’
dssomrad Iy Diadmy Frowt iy 1950 (Liecivhanmn sl Flake, DL N owas & circnler
veriose! skl (VTN ) mircrefl an shown m Fieee 26 (d), Unforioutsly, span
I i epectueuiar deiisn, Aviuess™s perloimane: wee ey dhishpeindizs o 0§
Lniled w ily stewdily Jue tooge enpine ot moblem Awsonsst other sges, e
eatmamsi idr Tlow reeinlhiled mas the enpre lel cilsing et PRt 1o

rechiice gigofnesndly

P Ler - Bk anmEilic wEms

fod T2 Hlawkeve [ A

Feanre Xéc Imipized dise - wing sscrall desi g Plidob of {ap-4ci are tiken f=in oo
{E0THe Y ) D) i | shdedsbessin i Tiakie (1706}

2.1.2 Computational work

The develigeseil O cine resaiich i crmglememmied with e shaly i -gOmpiiathuil
e Mol compnutional works on dsp wings huve focuned oo (Tiphl dyaomios
ke llimg omd simselalbio, Ih 1968, Kt imvestiguind fight impeceics amd suhility
al a ding wilh thet intenbon o replass ballinne amulinry shetb with Qses roisting
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Migh specds He presonisd ¢ mthemurienl wmodel b culeulabe the dise  Hight
trajecsry by tun-dimetishon Wil s teikdod o o eleperdon| frrmster

Lisaman (19%M) leer smproved disac (lighl dymeinics ieiictiog by analyzisg
dyranic modely ol spianing sports obyects. He develaped Hnessized (1ight dynumscs
cijtra s o Trmskices b prediies bemgiiuding ani tateral Filehs majectinos (1 i,
T T9OH; 10940, 2001 2007} Thee tasha wete commideral comjtationally o thyl
lirne ad they roguioe simal! (ime-slops for comempense.

Almyg thie Tme ol research. Hebherd and Hummel (200§ consacied & dise stady
from e bimmeshanios spect with, foom om investipating the offecy of Taench
comdilionm atd porameler identificatbon (rom Free-llight dirti. Thin dabi, Gipheed
thh@hWﬂhﬁliﬁmwdﬂﬁeﬁuﬂ!'iuﬂym
cochircents o Tincar appronsmasons. These epetficuat were wed 1o sl
Frishee (Neghi tmjecttits (Humamesd aod Hebbes!, 2000 M T The cmolis o
thira- wofk compane well with Potis's wind twmmol dats. Thel work scoves @ on
T mpmﬂhh:ﬂl;hmhﬂi‘mmhﬂmdﬁnﬂnm
numcrical nimulaions, of disc mpecinnes

Io 3002 Psunbaky and Cohunim (3002} fvo developad o mode] o slmubie dise
flight oupoinrics. In oontresf o Himmet and Hobbhord sho ovel froe flighd dois,
they upplicd potential fiow theory 1o slimete the scrodymEmic paramcls m e
airrmfathin. This appeoach wes niol jestified by the siibors and e study is if limiied
vﬂkiﬁdﬁ:m:ﬁmﬁﬁmuuﬂmm”mr&mﬂ;ﬂm
dims requred m the modelling. However, = the expermmental dive sndel - was mads
of plafic s wiuld iy Tikely deform duong the wmd roeps) 1o, e scdmey of
ibie drtal oblained in the expériment might infhusteoad e simatation resuli,

Although moe) vompuiional studies fogus pn the gt dynamics smldon, Axsd

Hohde (2000} ki perfene) 2 ogonsis computstional Tuid dynemios (CFLN
shnlysds atoptsd ® rotuting dise. He loohd  Oud sgnosving did st wflecy e

i
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serodynomic fiorces, comsisont with Pos's (3WI5F exyperimentn] sesulls. The
develapel comptitillomal method was bl oo compresible Naver Stoke
_equatioms; bowever, the splybons were performed al 9 Mash sumber of 0.3 This e
clesgly mngraiics] with feipest L bhe ypics] flEnwing diics miad in sgiria g thay
dis st reach sook 3 spoed Nonetheless, the solatiors. could sl be potentisily
sppdicable bor futire sibdes wilh high speed §ytmm disos, ome sach possdhilily b 2
blfoic prpjetile For mifitary appiicaon.

I 2007, 3 slx-distis-of - frsabom dise Might simulatlon was developed by Crowiher
and Ports (30057, with the incorparatian of aomat Frishes free fligha data (Hummel
s Hobband, 2002) as well m wmd el =rodyommic dsa (Pous, 205), The
simmiathim oifirisies the dise Hight immjeciones mud shows pod arrsement with
experamentl daty In e simulstbon, the eflze of ranss v Lautich porameiere was
‘obeerved and the rowtis highiight some unportant informanon. As cxpevted, o dise
with & high ahaice ritio G high spin sec) woild resull a2 soaiphicr. Tight
arajectory but nol necesarily lebd o 3 preator ratge Their simblatide sesdiis
revealisd thet Tames s Tery seTwilive be linmch prich mmgte Witlch sgroes well with (he
poll disc study imyesfizated i ihm s Howeyer, fieir sudy dig pot include the
elfectaf mil angle on fangs (Crowther urid Mo 2007,

The resicw of compattionad works o disos vosearch  dewclopment e the
comyratations] krod shows that sidtiongh then hive been i namber of Wight dymamics
simmfation windics, ndne. hiive bosh tned to ihomuehly investigite the: elect of
Lasitwh parplociess sl die serodymamice un the g The fillewing sextiiai win
o previde same immkghis e onderstand (he renge of flymg o objecs rn.;,hﬂ'i'ﬁ.
dinca, javelm, shot piuth o goneral snd toEst e investipssen of disc mnes m
iFa thesbe
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2.2 Range ol Flying Objects

e ntby of hislfistic priijectiles bas beot relevan and practicsl in buih miliey sl
s flelids, I v i spphication of gl ball dynamics far s Tllinry perpess,
Hames Walljn develuped “houncing hamby™ @ breach the German Mhae: dum 1o
143 (Hihchings. 1F70) The bomibn wers dropiped with o hackspin =t 500 rpm 1o
cati theen W hoatics and Akip on e waley surface. much ke ptinnlisg pobl balls
'Tﬂmmn_ﬂmihrdi.ﬁ:hmh]hmﬂ?m?qmnnmnﬁm:ﬁpm
uepeds nels wsed bo peotsct the dam) wnll (Fpure 2.7). Irpartant scienfific
collabonmims i spcEts Tiedds haive sbo been noled. partlcitlarly (o improve mope of
iFrtsu g and jumsping evernite (Listhone, 2000 Leiph st sl 30/ 04

Tiipme 2.7, The “hinmssng o™ devipisad by Tirmes Wallis wseid sl principic 22 a
Tmamcmyg pofi Bl { Takon fnom Pedsss. 60T

2.2.1 Balls

This secteom brefly roviews stdy ongoll halls, haschalls snd foniballs =ith & oo
ey faciiors influoncing ihoir ranpe The tniia Esisnch paramelent it affed retge sm
the lunnch specd and the leunch aeple (Hubbard, 20080 Lintuime and Eversit
2006 The ellcst of lmmich spoed o e o rither direct, & manps by properionad

4D
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o the sygunee af spesd N was more commin for researchars i dhis field
irreeitigats lsmiich amjiics ks stermies aptimm) lmitich smgles for s imHm TIRES
| Hubbard, 1984; [iuthorme, =W00; Hubbard and Uheng, J007), This i dos o the
Buman dillicubly o ochiEve the sime wpeedd ol =ll Jaunch sapics, The oomnen
seumpion is thet lounch suale o indeumdent of Linch spoed Hiweves, thens am
soversl slintlies dedreaod bn v hgade the depemdetey of U patammaors m s
obiods hal, ssgpent e opposite. Tike i the cusg of Joveling shot pot apd Giscun
| Bairtleit 3000 Leigh of sl 20000 b s tople. will be disciisd in beizf 0 ilie
Rodlawing ssction

T simple way W stady the mfloencs of rnpe i prmcspie i to, conderssd the bysic
ety ol girojoctile moton thai wis first disciniered by Giiles in 1572 1i addillon
\in the Besiy understinbing of profectiles. g exiensive matheamiel theery ol spoms
projeciiics can he peferred o de Mo (1990). Hased trom the propectls moton
thetey, Bor any given Liich wpoed in icaliosd kad] Highd §zest 2ir repbitaneel, the
e b eanee woold vocur o 43° Apcording Uy Wesson (3000 whas i viesd{pnbed
gl ik, F the tanmeh speed be vl st the ball o biinchad @ 30" or 60, the
ramge would be shout 1558 low than the maximum resge ohiained al 457 In the caso
wihisn= the Brunch asgle in fiad it 20, the raope of o poll Rl with 3 hmeh spesd of
3m s would exfend fear Limes further compared i due with 3 Lunch speed of 35
m o« These resilis migmiy that the lapnoh spoxet tas more inllience on Tange
coempared i the taasch anghe with hoth parsmeton independent of cach other.

I rrulity, the rangs -mjdh:nmlhﬂnm:mnuu_tm furoes. il as dres
sndd 1ift are present. The effect of dmg on me mngs of me gell bail lminched wah @
High spoed wonld roanlt i presly SO tothactiolr (Wensm, ZD07), Lift whio affocss
\bie trujeiciory Gf o oll Hull by Incrcising il Wight range ond heighL Thee effock
are abeviarm b g 2 8

It pencrdl. the hall pomdytamic chects 2 compley @ they depend an i Reynolds
nizmhey pid the wpin e, b pddiion the surface moshnoes. she comiituies & the

E 1
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complezity. There ane many sbudis dedicuted (o Dvesdlpale these porumetess. The
elleet bl the Reymodds mamber on b Might dymemes of 2 sphore was csrfier
mvestigaied by Achenhach (771 1 in inferenting i nos this even though he did
ned idizoctly conddoct any expetitusnt o spOfts kalls, his caperimentz] Wirks @& &
genoric sphere | Achenhach) 1972, 1974} wore widiely wied by spors ball rescarchen
bor relerenee (Besttrman amd Harvey. 1976 Mehia 1955. Smiss asd Stmith, 1994}
Adihpagh smes 0l the menrchon meovizaie Ve als esmg diferes echrnpe,
ibiey: foiord ‘dimilar Hodinmd idcorsssg e Spin nile omiseguomily woidlis moilie
ket od buth phe Bl and dreg corllisents.

-
2

= ¥ 8 & & ® ¥

. i L L] L =t wan wa Afmi
Pogure 28 Tha effost of deas sl W1 i gadl sl iradeciorios, Grealir range octurs sl
the mihence of somadvnenie larces. Diag Bos shziillces efleCt in reducenyg the mnge and

Bl modifice the by shase (Tikien o Wesdan 3060,

In 20010 Albwsys uthd Hishbard mude s compilatlon ol sporta bill dota b diody the
hepllaeree of spin oo the hall corves i (0L by commpazing the pin reuls of sphens
sndd basehalls obfamned inoesdier by Maceodl (19230 Davie § 1049), Hearman: yod
Harvey (1770), Wit znd Femver (FF7), The result sampans wel| with Wt =i
Ferrer (10E7) which coholuded thul seum orrustion o Low spin had o signilicant
ifldemce m L. However, ithe eficct evatiuslly decremses il imresving spm,
Furter suly om ik ball spin apd 10 was tien cooducied by Mchis and Pullis
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(0] ), Jemes aed Husbe (3008}, Come el il (2002), Pesmore o sl (2008) wah
c1xmEnt work om the wurtsce smghmos by Halbe & & g.EI:F"l. AR I.me stiili=s
shavw all the parasrstzns ahose (1.2 wpin and poughness) kave sippificant oifed on the
Fall srndynamic chierucierislion il sabeegpuently inlluence the [lphl usiedisny. The
chunge in the. Hight tmjecwry piimntely medifies tho range of e bl Alboogh
mest of thee stmbes awtibomt] above did me relide dimcly the sordymmine
chaaclerztes b The raage of the halls, e mospls amEnbols o0 forther
wrderstainding il the ball physics. This (nformialion is cssential in e developrient
o bl mapes stuly

A wady that mvestigytes the ball mongs dmoctly wis comdipceid by Linthymees yrsd
Everstl (206 They tepesied thid athicle mosculiskeleisd stmictore him imore
byl an g compard v the bull pleel propesties. They alie (s i the
soptiomm lasnch sngle for mpoomam range o lower than 45° = o w relatively et
femr ihet iithlote o Eemdich i Dall st loweer Laeich stisle. Thedr reiioli s ecs well with
Woesnon's fndings § 2002 2000) on loothislls and s60) Bballs

2.22 Discus

Dy e e of the oldast sparo in-ihe wockl that = sl papuisr vedoy. Acconding
W the Internugicma] Asiociation ol Athlctics Federation (TAAF), the men™s Wirld
Recond o e lonseie discii thraw Ii Hebd by Jipen Schiull in 1956 with 5 theow ol
408 m, while the warmen™s Wl Reoom Is Bl by Gadrilcle Reirmch i 1948 with
= thmow of 70,850 m. DBypcys mogs ip mlluenoed by e refcase anglee (Lesgh o el
20N, eebeine apeed and Beight (Soumg. 19760 Balel, 19035

Chver the yean, sigmilacans cllarts kave besm muil to otimste discas e ofiimal
redosse condmomi for marimum mnge (Hilikshond, 30001; Hubberd, 272; Soodak,
0040, A comgrehenslee feview of s divcin Retstre s prinided by Barlet
(1925 bhis compitatinn af scury sy decadis of discs litiuurs sviow fis sabicd

apimmratim wark o be accamplished o lamr yean In!llﬂh’-nﬂmlﬂ and (henp

A3
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sucoemstully simulsied o dymnmic tmdel for opiimal discus rajoctmios (or men s
WO Ti'q“llﬂ[dﬂ!ﬂll:l':l.'-_sli meove serml] ive b the Wight peth mmgke rather
than, m) snle- (for bofh gendsm). However, thesr. findings il aot comids the
depensdonie of discus rolesie sficed st apin doc 1o lick ol experimentsl ks
avallible o the Bermure Thiv fsoor could possibly chatge the discus semitiviky
resil|l lerwamids Tangr. Nevertholows, Ihew sk provides subsimtisl anderstamdimg (]
dhincen opimaratim,

¥ g

Pigir 24 Diargus Setud held e mes’s Weoebl Beooed i 088 siiy i thres of 74008 =
Faken from German Fodeml Ashive. 1088

In permw of ihe flummue of athleie throwing wchniges on e |cigh and Ya
| ZT) comeloted discms thmeng  performance  snd the ftochmical  pammmetens:
befween mm esd wommn, They idennified that men rely most om theer | phiiod
uirenith b0 schieve tie Hnpesl distance whils wormen deépend on u spodifie thamwing
testisiegue Their pesult soeees well with Lainh =t ol (2008 wh fousl by o sed
smen have dilfersnt techmigees o thios the dons clicctvely, Simitar effor was
alna woumle By Chi (20095 3 estrmele B optima] refesse coepditions For e e
women whers be wsend g mumesical shnudniem i 0 feeeen wind comainn.

Recenily, Lesph o 2 (HN0) dizcovered thm the gplunal reipmes sngic of o discus
diepeed an cuch thoower. Theit hending sugposis thal the opnimal release angle ol 2

4
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discus v shouglel be i combimrion b e disus setodynamic chaneiarsiies sl
the ghrowse trwing sechmigue They sbe founil thal & relstmehin cxises between
the relespe angls god fhe relrase spesd @ thess pammcien g oot mdependent
Banxd fhun {he diso standy iovesdbpaicd in i thesiz the dathoe ulers sonie insight
te intograie the asrodyramies of the ying object aud the athiete tunwing tochigus
wilh 2 medhnd typeally inplemonist] &= ihe imcestmmly snalysis (HS1, 2005)
Fowever. this potntnd metiiod wnl] be docpned for e work m Chopler T
(Conetumion) i 1L b bevond (e scope of thili theiis’ and  roguires  firher
brtyestigatione as well ae doledisciplioary collsburstion between the fislds of
serod ynmmics nnd omectianies for complote sty

223 Javelin

The javelin ik shother field sport with the almi o whieve the liigen hmwing
distunce, Unlibe discus i wiich ll:.nih'u'l:u; nethan iteealves & rotdionel mobion,
pvilin throwing setion imvolves over-mm theow (Haetldie, 2000), Hmed on the
rocont by TAAF the men's Workd Kacond for the fonges) juvelin throw s held by fan
Felerrin 109G with & teow of U8R =L while ihe women's Wottd Record 1 held

by Barbumn Spothois in 2008 with 2 trow of T228 m

Mosl rscerch’ ciEviod ool b investioale ithe javeltn atld s ssociatkin with
ruxn s Tange b woailly Hoewed on e relesee gesll und anple Severul auibios
wore carricd oa bocsmmllate javelin iligat by @ing cxperimendal dota {Habhand and
R, 19054 Hebhard md Alrecays, 17970 The eewiin prowide some expectant ot
picumeters  for optimal’ aviclin  trajeclotes  (Husbbart 198 As  anlicipaled,
rusximising the relesie sprerd would e the prospect of (be javelin theewer o
schicye mnm ihro=ny distme: m:i;_r:r-m javeim iy, Lichienhery snd
Wil (1975 s=mmed fho fhe rolesss speedd und angic & mdependen of esch nier,
Althevngh the swsymption wes made b simplidy the mathorunicn) wulveis i b fowed
biter om (st (hese permmlens are st mdopendent s vl deviatios frm one
pursmetsr kads W sgniicans changes oo unather parameter and ulumasly wlied the

45
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i fuepe (Hubboed 1984, Hobband ood Bl 1984, Hubband ond Alsweys,
P et etad, 1)

In par=flel @ the deveiepmen| of 2 |svelie simulzEion o eodersfasd B (lsht
charuciprislies and prodic: the optimul relesse wnele provibualy, sodiss weére also
ermidmesel] b iwvestlste ihe milesse conditis frm & hinmechame. perpedive
T i cdone tex the wi gmilicot imfiocnge of javelm e ischmopse. m moresiing the
dittarioe drovwn, The Biomvechanics ¢l juvelin thimw were studled comprehohmively
by Red srel Fogalb (19770 Meto =i Wl (1999), Zatcenky |I0F), Marmes
Hanlen | 1%%0 ond Ramomicz, (M4 Most recommendations from these smdio:
suppes that m onder o impove the throwing leclmigque. thrwer ngadi. W) focim on
ibie minialur sirength 10 inctedie the méleme spoed Youne (3000 dscoverdil that
proimal-ao ol fring paltogs and the body scpments siive sceclirution-
decsieminn movgment e impories 0 incrrase the thmwer sucoces. He udenified
fhial this typic ol siwnemient has the ailvanizge W trEmifer the motisnim {rom e
lower body ol o thrower 1o the upper body.

Recenily, Thau [2000) discovered thid the javeiin phymcal struciure sl pluys an
Engoftand mole i macimizits the range. This s guils inleresdits = previous
bivrnture on jovcfin musily oo on the molese powmeeiees. o well o0 the
‘hinmeshanics mpect. Acenrimg o Chia {20059, the mvefin throwing dotmes o be
‘meremecd i the favelm comre of mue i jocatod nemTr w the javelin ooners of
pitenste. This wobld cvoually pmxhsce al simoller r=lene dngle and therefore,
b e the FEOYC

224 Shot Put

Shol-puiiing s anodser enciend wport with 2 simaler aum i dsos snd gveting but the
pEEn iy mumement B conlindgd withis § Sinculs Buse, 149 oodrsst wi fhe dincsie or
haviling ahest put by relativedy hepies, with e mule stiod put weighl ol 726 ke st ihe
ek ahid il weilht ot abusit 4,00 ke, St puty a1 beaviest crmpamd ko lissuk

A
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mtud jovelin Theretom, bhe distunre rooonded fon shot put teeow s mor s for s e
dmaws or pavelin. Aceoriimg o IAAF, the men's World Koo for the by st
put throw m hedd by Kandy Hames i 1990 with a0 thpow of T502 m whils tho
women's Wiord Roosad i I=dd by MNuilabre Blsenaldotya i 1987 with o thmow ol
2Mm

The developmenl of s ol rescanh mmiy Tocioes oo ihe biomechancs sspoct
pirtheulardy dhe shot-pofting othinigue, = stbies loand thal ihe mplomemdtion of
spprpriate tchpijues coudd onbunes (be athloe periormunce W e e b =
possiniz (Lichienhory smd Will, 1T Fumhard, H-I-l.’.l' Maoherss 195 Lamka, 2KNF)
The fiorean of rovemely m shot pol Tiimatire i3 ™ Bomachanics = sl pad s mamty
infloenced by peaviuithonsd clfocts ratber than sersdytamic dingg sbd HIL The monl
codite ahos-pusting sechnigues se the plide ichysue and te ol wennigue
= whown m Tigwee 210 11 observed curcluliy, both techmgues mvolve preluminary
mivemients that wre dillerenl bat shiere s/ milioziy in the detivery pibasen.

by sl i, et stilbes were comrleted I determine the aplimal ke amgle.
Although ihe oflect of mleuse angle on mope p les pignifreant compersd o the
ellet of releine speed, iny devizstion from e opmimsl relews anzle hus pnilicant
cllect on moee. She pui rescarchers foad thal the oplimmm relbne male b oy
less than 45" (Mol oy ot al; 1984, Hamonizz ol 1995 Srondation: modede for shat
piut were widely developed 1o etimate the optimal relzne: ssple (de e ot ol
1om: Maheris, RS Haobbird ef sl 20012 Lintbete. 30015 Recent shiol put stlindy
by Linitioene shirws similar st whid Leiph et gl (3010) in dlscats, The sy o
‘that the apram e amsle varias wih indrvidnal athiese o thesr decrement maie of
rejesss speedd varics with imreaang relesse anpie
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AXX AKX

(i Tha phide feschmacgpse

g 2000 T b ok S dehwine keismipues i shue-piuiing, The peeliss ey
eerrements &= difivren ud the devery plieses are o (e (Taben tromm 1 anboree, 25607

iht Thoritrdened echnbgme
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Chapter 3

Theoretical Background
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This phipter edbhfiahe Gue thosoieal e plis selevant b disc dvanmies gl e
Frniemresiibibls qikesl b aEstily B e il semadbebiliy ol & e des The sl
puct k=yw our e backpround primipi=s consimg of the vanahies g sspustom used 10D
shlyee the pesodinumsic @nd bl d¥samic; of 2 s Poibcples povasiiisg the
trims e stabilivy of the dise ore glven bere. The scoond part eersduoes e genend
evmeed il rames amd sersdbel |y ol & propectile apjilied onon pomil-res sphiene The

eeptEine ol K cfpgeter B wammmssend m e L

THEORETICAL
BACKGROUND

Diss Range &
dynamics Sanaivity

T tic i Bl S

| Asrodynamins | e E
| Sphere | [ Diss

‘ Fliuhf.

‘ Hmulluun

Frouse 3,1 Outhiae of Chapicr 3
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3.1 Disc dynamics

3.1 Aerodynamics

In @ selisd tpmel Exflerinent b shuds ihe srmvalypmamile dorces oty iy o dise, the
rypicnl menmmred quaniities ane the @il (), ol (¥, and side 1#7) fores. The
il and e foress on e o o donved quenfities. Figore 32 ilfssraies the
scrodytumie furos séting an's ks anil their rolationships: @ bs e peoimetric snpls
of ottack and' V. = the gir speed. Cooifimon of dimensionless eemdyopmic fonges
st oblained by normuilising the leoes with the dymimic presugee e ol snrlsee
pelariliim aiea X,

o 1:::" (=

—A
,‘I'

Hre 32 The sefiedymmic Aomes acsmp on & e {Taben from (i 2005

T Gl (L) e the drepd 7] Torees e derived from the sual asd e sormol forees
s [ollindex

L =Ffrooz==— FysEn= 31

D =Frsinw+ Fyoos o 30

% |
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The dvesimie prosstt B i ddetinred by
ge=zp %% (3.5

The cdeelliciens for e (L dad. suiibl. mormdl. ol slde lorcs are difirled,
ﬂ::l.l!:r.‘ﬂ'r:'_!, PR EE TR

f= = s fi4)
Lo= % (3.3)
Ly = E&? (3.
_I}':; = % R
Ly = % (3.5

The memments. mesnred on e &z e the wiew (N, potech (M), and ol (Fa) s
ibietr coellicienls Oy O i O ere dedined as fillows with o 'ihe disg dlameder.

-

T

'E'H'Z [ N

N
Cx=g o £3.10)

== EWEY
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3.1.2 Flight dynamics

Thin nesthon provides the background for the v and subility of a fiyug dine. The
full st -degroe-l-froodom sguilione of sotion tor = Mying diss baied on the
seatidant eyuations of muiens df = rghl Night vehicle (Eikin aed Reid 196961 have
breem et vty repomied by Crrsether umd Petta (2007

A dine i Dighi b by ielf ansilde i pilch witliood uny spinning fdicn, Figsn: 323
Hiusraize e ongliuding Jeeces and momsesdy aciing on gemere ke Nigh
vehichs - ke hang gliders, doft winpsd aircrftn, which abio ncfdes lijﬁ;.m
Thesz types of vohicles amly use 3 single serndynamic serface W ponemite Tift s
prrovide binlasie ard wisbiliiy.

- * Cargen of
o S - ey g
il | R b=y
- A -—
M E ! ST ]
T * - =
— e u
b
B T

L) md T'l"li.l'l'- W
Sl B —

LT = LT Y

Fipure 1% The Joag il forcos and momsonin scing o6 3 g o sl The
mass illsrituon i oot socosanly el s e g o of s genere vobiohs
{lahien Trom Pons, T4,

The dimemmbles baleme cquatlon ke the pitching w0l e Gililoe
configursion is gives by

e =G = GK, SRE

whiere A, by the sintic marysn ohesined pom the fillowdng redition
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e = ['%‘) HREN

The wyulem b tri:?ﬂi‘:diliénﬂ',q = O In tirder t obtabn thie siallc. mazyin in e
.af ihe Tl cociTuaent and the oo lif piching moment cpctficent, Equation £3.13)
bs-aubtitertoxt ittt Befuastion (3. 12) o ghve

k= {Eﬂ:-_] £3. 14

The chmmge in the pitching moment shoot the conree of grevsy with ropec e 1R
coelliciout moid be neasdive [oe pouitive lanjfitsdiai? stibilit. Fom dillenoniialion
ol Equutioe 5124 the sharic murgin i siven by

n Mﬂ

Real on Egmma. (215), sn omtyble cmfigomsiion. such ax that of @ fiying Jisc
‘rerpulres & tegnt{ve {;-?_Iin'hllnl.:ulll:ﬁjn Figre 34 Node vhue the dlse cenere
of grawiry is bocoted @ the cemtre of the disc. Thus, the stallc margm s neganve =
the disc snxdynammc centrn i wiiEfly showd of the contre of ey (T 2005),

1 ks

."lﬂ
P B W

w,

T
e =

Figare 3.4 Trim chamctaristics of 2 s & 20 coEmple of o Lalilos hight vehicte & diw
meneed v posatvr cumbar o prosode batunee | ek m o, 20005)
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3.1.3 Disc Simulation

The pall dive numencal simulsson inplameted m ks = = donved from the
work of Closihet and Robts (2007), Theie ourxnics| codes wis ofiginally wrillen in
Mty 1o simmulute e Hight of & Frsbes dise. In the work prosonied . beee. the
Ml progrem his bom estonidad b mokmle the capshillly 1 perfarmng miltiple
umulupne smulpnoogesy; this sximmen  dllows mlmm ml wCTRILNTY
anslynes (i vasios izl peEmmiters (0 be performed

The core of the simmiation o 3 s degree-of- freadom mathemptionl madel ol 2
rejEng diss. The grroscopic motion sssociatad with & spimning diss i immneporated
Ide the modal vin ihe parsmeler called the Advante Rale (AdvRL a dimensloniens
meribe disivesd brom the apls me= the dise genoweiry, sexd the ight velosity The
mnm assumptions balt min the moded are that the dinc is & mitnem cinmilar cylinder
af noghgihle height, thal the diss doies oot wobbis, md thoe e dise spim i comstar
diisin Nlght These lmitisting delinilely o not reproentative of the fel sitistit,
hwmmmﬁmﬂ N lnl.tr-iﬁ'uli!limmq smoniding o
Crovwiher and Poge (X071

Dhise Aves, Forces, and Moments

I thi sectiom, jrepertm wjepn m the moded derivation s beiefly desibon piarting
with ihe dofinitieds ol their sxes uvmleme (defotled mathenstien] forsrolation of
hesss wieeps aee pelemreid o Croughesr ancd Pott (2007 ) Festr saes svalites go= pevelnd
o dezrvve the dps cquutang of motoe. Thess anes are definsd s olowe

I Farth ase, [n:h
2 Body sxes, fxyz)y
1 Zem widentip body axes, frvz),
4 oo padetip wind axes, syl

- |
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The molglonship Wetwesn the carth sisd the body ey coonfimte systems s
Hitmrateld i Fgure 3-8 Totatiims from the carth sacs mbn t body s1o b adtliiyed
e Vhe Huker rofl (@), peich (@ ami yow (@) sglos. The sco sjdeship body smd the
wind sues e illustrated in Fple: 56 The ingle of simek of th disg ln schicved
Wrenrgh & ool i from e e vindesdip bl gxes im dhe mqﬂal:m whimd dses
The oormspoading coodinus waRAforRunoos betwesn these different s havo
Been detailod in Crowther sl P (2007)

Lo

Figws £.5 The migtemslup between sanh anes ol and body s (2ya) ooovdinass
eystems defined im fome of e Hoker mil (@ pich | Bund 3= 1 g0 angics (loken: from
Crimvitier sl Hyxds, 2007

Figute 16 The sevo mdeitip boldy aies see obeaioes] by futsting the body s Gl e
sidenlip amgle (), The asto sidelip wimd aues sre olitEned by mitling the body sae

36
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The system dynumics of the model ks developed somtinog from ihe spplicutinn o)
Scwinn's Il Law on the dnc im i bdy ases, wherr e divc linesr =) smelar
socelenufions e related o ihe extermal forces and moemenis and @ finesr and
sugniar vehiiciics, The urtgulsr velucitics, i the bidy ar=s, 6= the kinfical o the
palchng (gfy, molling gpl ond yewing (F) mies. Afler oomsforoetion ot the mom
sltfeslip beady muo the soolymma Fomes sl moments s wemTilion =
dimermiamize  coctficients. e this sindy, the vajus of thess dimemimicss
serodyinmic aoellicienis are catmmcied frivm wind fimmel dali.

The forces aoting on the diec, m llight, are the maviistiond bone end the
serochyrmmic fieces, which sre the TRt end the dmg, The comme of presere of the
scrodyinmic furdes |a bocoted away from' he gooinelric centie i the dise. thin
pesnliing in 8 sossero piching meoest The serudynamie rolling and yawion
ety gre weghuible for the raoge of speedy sied m the cxpermeni. Aler 3
sitnalation is perfurimed. the main oupily e the cootdinste. flight time, wlocil.
mtul necelorstann of the dise centre of preirr in ihe earth o sysderm

Gyroscopic Precessim of Rutating Dises

An bmpontun sspect ol the dise |l bs e cougling betwess the serodymmic
snd' e gerosmopic effects o the disc fight This is achieved m the moded by fing
scititi the dine Wit e () cguil fo the dise spitd isie (00, which i desmmod o be 2
d.lh.l.l.!i.'l'h:l;ﬂﬂd:_g of the cfisc, it turn, caties the i b precess wis fhe
nyrmrcpin:ipf:ul‘n:tqiupﬁﬂﬂng mnmendt i tramlanmd o & wilmg moton
The gyroscopic’ procennn. resulls when the spinmm: disc ties W rosjel B mpio
sppliod i & pitch (M) porpondicalar fo the spiRfine oxi tsuf in i minibesded into
8 rolling mwation o = anguler ke pin e sty perpendicylar o bt e spinee
In.dﬂl:ph:hmp nﬁ.11ﬁlmmimlmmhpﬁmﬂjﬁ|-ﬂm&hlh:
Eislhenadical lurm ai

M=—pxill (3.0
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white [ is the maumient of inetin ol the dise_ Frivm the relathship bn 3160, the il
raric s prepertimml o the pishing mometil it krversety propmmimil & ihe sprmns
rate. Hence, the rulling rale can be reduced by increnung the spinning rais andfor
degrrusing the getching momenk. Increesing the mounent of jheis o the diss cEn
s roduee the rolling tale; one approdch o sohdeve lirper moment of inertla is by
dmititimg the e i1f s diwe 3wy from |is geommtne soaite. A, the sifining
dhrestioe) distormimes the dimetnan of The mifmg mmtGon

The st Mlisht dysumics ol the dite 30 mulnly govesied by the sesudytamie s
lhl: pyroscopie el ore,. i addrtion i the pravitatsmad infloomee. Howeser, spunmine
does pot affect the nerodymmios characieriiics 3 ks heen mvestipated e Pokis
(IS 1 e Ahmows & dise withoul ipmning (o, With £666 spin reic). the tiicamp
pltching imetpent will destibiliss fhe disc and came | o tumble. Therdore ihe dise
neeeds w0 be wpun w rEmlate e picking mopwst (which causss e imiabiliy) v
paroscofic procesnlon inli s rolling edtic this tsnilidtioh ol pich itshilioes
dise. The voupling botweert the pliching and rolling sutenbs causes the dise s ateer
left ar riphv deperling w0 Ihe s dimetom. Thimwime 2 des In & cinck-wise
dyreciion will caue e ding b0 bank o and vico venia

Dise Aervdenamic Ceatre

The s=rodymamie centrn | ar ) s defmed 1 the focatiom whiere e piching mmmeant i
conatirn with respecy by the pnsle of dhisck e 2 typleal wifoil, the sorodynamic
eentrs i osatod e alient 235 ol the cwid (Lo the qusnier sl leeatro | o e
brzufize edpe. The {Tw dynamics an n ding is nat sinuler to those of a tyyscal aurfl
Ax s bl the dises serisdyviumic centee s miuch clover o il podenetnic cenire, of
conire of grasity gl = opposed bo by lesding edae Fipen: 35 shivds the definilion
el w schrmatn locmum ol the swilynamic conre fie 3 disc. which s messared
with respect i tae dine promesnc centre
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L
M.
—a M,
| { 1
o
Xy
e z -

Bajme L7 Thee faiiilisth of e Jes scrodynasss conine
T el sicfing n the diss, b i disnessionlse ferm ) is delined = beliw:
x
Co =0, —= 405 3,107

Difzfenliation of Eouuiion 307 wilh reshedt i an anigle of sfiack froduees:

...l'l'."._= CLE - *.‘H-'u.,
o der ¢ d

FLIE)

The dlise"s sceved vampie et can B:cﬂ:nltﬂ-h_'lrﬂ!nLEHg Uhint e priespmarecty o
it acmdynenic contre. by dofimoon, do nof vary wilth noipscl 1 the anglss ol
stinck The, T, [dar =40} hehioe:

[dCng 7 ]
K . _ .| sl |
- =—7ﬂ i N
[ -I't‘, ] m
.'!— dﬁ -

(hoe pbiained. the walok of the dervdynnmic conire W mied (6 caléiilble the aksilc
meargiin A, which is dirvetly weed in e simutsiion, bn'this work. (e scrodymumic

)
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conire s dssimned nob o vary with respect e the unles of stingh (within the renge
stulledh. This soaitmplien & sepponcd by the experimnial deta of the sommmerslal
dincs studied here, where the vanunons of thewr paching momens with respect 1o the
sigies of ihark are sppoos jrus|y lincss

O the wiler famd, thers cmm e cames whers dillermi die dosdzm milpht prohiee
puchmg mrmments Sl do ool sxhibel lines vargtions with the segkes of sk, For
stich a disc. e delerminndion of s stathe mEwin b il e sienieht Teward s
ieribed shovs s b will vary with the angles of stach One imguit of ssamine 5
mmﬂtumg'nli;rmq:n:ﬂ[ﬂdhlmdnﬁdmllhﬂmh
simrmlathm: Howeves, the cone of wariublc stalic msrpm is nop expbored o tais theeie

3.2 Range and sensitivity

‘Haogs i defined an the linssr digtance the disc ravel from fa: husagh posbon o
ph oitat el Dpact wilh Dhe oo, e e Danlingg poind. For this peessis wezlk, i in
mautnd thi dise bs lsnnehod w0 ground level The undyals in s thesbs b hisinly
enncarned sith how the moze w alfecsd try the tanmeh mrinede aether than by the
Eairh wpied

Semsitivity i defined s the pailil destvithe of mngs with mpect ko lulinch
enndfmions (e alimede and veloaty) For dhe smitviny mnalss the work =
ety focused on the range sensitivity with respect to lamnch anitode. A “serwitive’
dilic witl be hirdds lo theow secdrmicly (an en Cinkcmilive” dink bocamse o (e
same Jovel of precishom i tmding ocation, (he tolormes dreurds @ varition
taench smisde for an smuepmtve due will he higher than the wlerasco for semave
dinc Fout ermmpile, 2 simall varition of lauoch patch strede would sod aflslt the fange
Aravelind by = potier ise os much s ooopercd o ke moge toveflod by & driver
dme Thin Hehuviie muy be trmmlaied ink & regirement for o bithes player il
feved fop w seastve ding

fild
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32.1 Sensitivity analysis of a spherical projectile

To wmrodizes the conpept 1 range apd sspunvezy 40 8 dwe. 8 dieoreseal foraustuion
in deviied Har o siEgpler probles ie Sllow ee @ emive of en analviedd sululios] (e
prohlom ks redisosd b that Af o Dyicg poin-moes. sphercdl prsjectlle ender the
iiflieneeil ol ihe mavilstoml fimme oy o= she i By £5. For s llylng dbs,
the problows gt gt forwand gnabyielly dus 1o the inclusion gf the
scrodymanic Torca (17K atid dise) acting on b De f i incresscd complexity.
uﬂinhm from emmesen] simubene we wed b0 caloubaie the seesnllivity of elises
snalysed m fhis hesi

The Might renpe of & polni-mins fphere bo's fnolen of the lmmdh spoed 1V mind
Luu.'hﬂhl.:hj,u_.!_l;r-ﬂ.. if afl isthes Aspch verishles (e g launch height nd roll o ew
snples) remain Fn.ni., The iniJurm.E amatytioal prohlem i smmplifiad by esammeg
thiat the aphorn ooty = only inlluenced by the gravitstioms] soocioration o,

¥ (m)
'
[LL}
AN\
s \ ik
- N *

Fagure 38 Mt ol 2 sphior ember i i scockerstivs due by gravity and e
The dimemiommi mnes R of ilie q;h:n: m derrrexd dimogtly: from: Newiom™s "."Ii.m'
phiat promioes e relationship

E:@'ﬁ’,_ ﬂ_ﬂ]]

il
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Il the inmitinl lousch pitch anple b (ed sl the midsl logeeh spesd s varbed, e

semitivity of e rmge with rspee) tn the changs of inifiul Tasch speed 2 desived
from Esquation {3250 s grven by

E:Er—".—.—l ;lg-" lu”

1 the inmul kwmch speed 1a Ticed whiks the migal lnunch pich angle 1w vaned, the

sexmitivity of range with respest 10 the chunge of millsl Lumek n,gk:—'dnhni
lrem Eguistion (3.30) hecames

o s 1 -
E_. ..:;_I:Er?_.} o
e S

etz fhal Equitinn (321 shows Ih:ﬁmmn:nn] aphere manee i s comvenicn i
defite & dincimionlcn mnpe B by sormidising e e with e eovitatiol
sevelerutoon wnd the itiad looh spesd s allmes

f= % =zn25 (327
From Eguation (3234 it follows thet te dmemsinhless mige sesmltisity of the dise

wilh 7eagaces 1 ihe tmamch speed b rore while the limensinless Tnpe semsdbvity il
the dyac with respesd 10 (fic fzunch pitch angle s prven by

#18

=Zees2d, £3.24)

A peak i e dimomionios mmee wan be domid by finding the masimum of
Hagtiation (3275) which bocire at 8, = 25% this solufioe s wnivers] for sl pois
mues prideciile mmoving under the infienie of sraly only. Shogleilns of e
imsernamil| s diTermionies rmmee = sensillly of 8 spher with mspevt 1o the

fra
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initial lsunch ooditivss me prosented m Chigier 6 QSomalofion Kesulis s

Dbl

3.2.2 Disc range and sensitivity

The mmpe of o fiving s in 3 fanction of ite Tamsch speed (V)), i Temch piteh
mupte (5 and it Lunch roll ungle | @) The runee could mol be obtamed dirctly s
e the spherm cme bevsase smiylical soluliom % e dnc povamimg cquativm
ACTorwitner sl Potia. 2005 ) oo - lmese @ can ondy bz sofved mumencsfly.

ﬂi: defimtins of the rEnge smilivity with ey ﬁ.l-ﬂl.q!ﬂhllﬂ-niﬂi:"ﬂ'ﬂ.' Lautich

=E

sped, the lautuch pitch dogle, of the famnch mll sl s defited == '—_ar;aa_f; o
;’-:—, ; wehy, 11 i) O the lmneh persmsiers wre allowed L wxry within g sell
ey 8

iolerence. then the msaiirly ovenill semibvity of e dise anpedR o be
codyipinen) s

= |f“ S f R (25)

The relstinmship aheree s denived galng the sbnderd method e dielermaing te
overll mecTtainty 4l 2 oilleetimn of in&,-pmn:u.l ﬂ:tﬂld.l.u :I:h ih.rrrrg on
uncsriamty of 1t own (RS, 2008,

Chupter 6 (Simndafion Besulis ol scussions) presmts the smdstion rmobis for
e e sermsliiviiies of two dives — petier = diiver disos — 6 compaTe betweon
thee shorl and lomg mape polf discs. The memil i wesd o domominae the wes ol
rangie semmbliviles m dédemimng the wocursey of U thaow. Dimenslmless Immeb
apee] Ve wisdd [ Chispler & 4o conmpaes dies with 8 lived dianeier o o varyio
tmmnch speeds. V' ntnuned wemg the Huckimgham B Theorem e
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This chapior presems the eypenmonil method performed on 3 generic sel o)
paranmie dises o ommeereial mll dikes & meuswre sored vy bewils ke
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4.1 Experimental Method

4.1.1 Experimental Apparatus

Windd Tewnmet

T experimonts wiekt perfores] e e 00 o) 1 i oozl s sectizad ol (he
opon it ow spebld Project Wind Tonnel ' si the Unfversity o Musebestor' s
Grlidein Research Lsboranwy i Barion (s sl & sow closed smd (b umned
mved o the mmEm aniversity compue, The wind fnne) o = top speed of Mms’
with tEbibimes level of Eoimd 03, and. s ‘ogilpped with a sly component
caplzul helirws Fﬁ'dimiurylnuuﬁru ths beamd labs Joe the disc mwsdel were
kependeni of Reyoolds momber over 2 speed ramge ol lﬂﬁi*_mliﬂmi*
Therefrre, i mder W sl ommpyresn with proveses wimd meic testing: porfommisd
by ot (200051, experimenis weee conducted ot 2 lixed Reynolds nlmber ' 3752
ll}"ﬂﬂ:.pnudm-gw:m:lm»wm e’ 27 e’ dependiing oo e dise
diameters. The wind tuneel operzson was monwesd from g control mom. An
evverhesy af e widiel] tieesld Faeility with én IHustrailon of Be el secllan B shown
i Figore 4.2 and Fiymers 43,

g 42 hagram of the Projoes Wind ‘Timact (soiivy 2l the Gialdaem Kosroh
Labsgabiry af L §jnpeeesity of Marebescr in lues
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Bulyner imnechunivm

Imnges of ihe #wmd wonel falanee momieciored iy Hiveo Precsoon Lid § moded
[538) s adierwn 0 Fipme 43 The owemesl o compornend halaes ysed o fan
sdptedy gl the forces and miamienls scoututely The hulence ooosisls of w5 e
frame motmbad on 8 Touss! lummiable which illrws W b e Wil el e the
vertlaml o et st Figees 4.4 ilustruriess e view of the-halpnes fmme haolisg
=l ihe contre’ of the tmmihhle, The fommbile we bodli-in e =) seetion ool ]
ety b sotnded teough 360° Tho miaicn wes performed w glbow struil sdjustment: b
b Bujlamer 1 -bieam, pariacil=ly for kad messsrrmenme. In ot &5 avold sxcondve
foandioy des e weiphl dasinbwibog of the modsd or nE- e moments and foross
i=mis weke [oakesd W il carih l=me wihen ihe: dint il beics Thiked = adled 1o
e baleme The losds abwisb] met sacesd the macimum allowahls luds an ke
Rnimnes o provided i Tabda 42 i Secuion 4.1 .4, The deznled configoraton of the
blomes e bobied o the ntabie in shewn m Figies 4.4 00)
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festmg. For the primary ng. the dose medats monmed m the wand tonnsd o seotirm
were sbiic and ieiori=d vertiesily o s hotioonial aele suppdrted By b vertbcil sl
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D ki lt-u_.- ureoree it mesniing arameeewsl sl e o memlel, the dise plich
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gicshish aoel. gl B Suninillad e icidenics adid vaw sutls = illeiEuned in Flinsge
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sotocynEmie el mepimmnenl welup s slpen in Fogure 4.0
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Figere 4.5 | ol messarmmend o sslup in the Bt ssolnm

The spcepudity fig was died [of srinoe Do wssiifnanon g shoe'n ) m Figars 4.7
The dise model wali mounicd in ile horizomal between iwo vertical strma. An
Ishilerc: =w ws el o sliest the dise plich angle. I ddidbion. = inclimneter
war pdeced on the moded and balancs o chock the renpeaive incidenes goube. Ths
wie [lerfiormmesl W peiee emmes Eseiciubest wilh infsslipnmend when ibe enegde] was
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Disc Models

The parurcitic dise comflputalions wers dodpnad uing Solld Works 2007 sl
mnnetecnrred weng ARS (Aotinimie fandioye smyreee) plosic matsrial sl 0.3

m damrkeraxsl 000 -m thickeean {Hicknes-ro-dimeter wmtin, o= 0,T) There wern
inithdlly I7 disc models munalachered oy Invesligule the dise poomicirle varation
byl 1 poleenlr il phemnmﬁmnummmuanium}- ummnm-
vuriplon (sl ot were AHS Howewer, only 12 selocied dise modols am
presspind i iy thelibs dai to theld dfpmifsail oot The goaitesic vViaazion wiss
grougied imtn 4 categntics

« Rim el gurvmine
*  Camber
= Covily

The poowectric vanisthm were calcporirnd it bom csisgorics (o serve 1wn
pirposes; fipty, 1 inpluls-the-ding desipn feziures in onder i undenviznd the cfices
ol varoud dellgn pummsciens, und secoidly, o evaliale the dsdipn pebtuty em=)
umirrstemd hiver the serodwnnmc performance varies bor dillerem dise e,

The banic poometnic definons any shoywn in deiuil uaing schematc represemiaioom
T iFoms sebting wioew af e dine medes sot mErescnisd in Fipwe 435 o Faeee 4100
A elrruler sl dise with thicktess o i sepeies raiko of 0 | was gied 5a 5 buseline for
comparrsam o cach b Illm.ﬂu'hh{.'ﬂll'.m ﬂmhﬂmmﬂmmﬂlw
Jenvestizatnon, carninl siettin e given i the serfae finmsh The weis schusvied
pollshing the models with o miniment of 10 grmde wel @il dry shraidve fheet ol
spexyifio with st Bliek paln
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Commercial Golf Dise Moilels

The commiersisl pall dine moceds g=ad nr e cxperimen wene soiociod hanet om
ikietr dinlinetive peometiic denlion (o regitrsent. typlesl commigrdial poll dise nndels
withely waend i the St ol dise goll] The mesdels wess lo Hesle ofipinl fnrm. excepi
thai the thim wall section ol the centml part of the plastio modets sme stiffonod wath
gt Filere undsrmeilh b vyl peeviesyl Ui Drost deliwissing deering Hie wiss]
turnne] touting Mole thei 3 Wal ploke disc wiih ek ness wo-dinmpgter rato of 001 ws

scid o 4 hasclipe for ormmarsom i thes, case M pememad, dypaoid il dibe poometTy
ean bedefined = foflows:
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T P
M g - — pemphestog
il
= Caprari s =

Filgars 4 E2 Seliemusie viess of & ypictd gl disc predile poaisoity

Dhzmeter: ihe dlstmnee oyl e disg centte from the adfime edee o e

il lnm edpe

* Thickores the mvirmm dExlamee botwesn the (ng- upper amd | fowest
wisrlmcen.

o Rim-whdily the dlstmes bopeoon e dise ouicrand ey edecs of e rim

e Rim depily ihe ditanoe beyween the dise mmer sdpms of the om,

o Camber the curve tho s haffwsy between the oppor and lower suriaoes of
e sl (m hvie case U il orvms-seetinn)

s Lawy: the haliow ans within the Jisc,

e |ouble rim dimmeter Use Gistenee seross the dlse cavity,

* Lawer surfoce rim eamber: the diss rim wiitth cores camber
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4.1.3 Experimental Measurements

Lol megaursitenis wene performied @ snalyse the dise srodynasic duracteriio.,
due 1o the lorpe umoynt of dise smedels i=ted (0 the wind wenel The mmple ol mmek
bar e bond dem win varkcd friems -5 6 137 with 17 incomenis Thee angles wore
chomen an from the simulsson dai for = Gypecul disc theow, de percenge o
ety 0t witich the anglos of attsck I wually larser than O @nd e than |59
Uil grngyentionsl bigher gipect Tatlo wing deve b wsslle 3 olesr sl st hene
it is more dofmad over thie commnon seples of otk mppes ltn:dﬂ:nn'hmldlzc
plotied), The opersting Reynolds aumvher was fixed al3. 78 v 10 comnespimading o
specdd'of 274 m i ke pisramiitic dises and 22 m's ! 1o 27 m o Mdepending on thie
cosrtercial podl dise dinnusers unbens stued otherwiss (Note il e dise paching
M nmuﬂmhqﬂ:vﬁﬂmhhﬂ'dlmdﬂﬁﬁr[mrﬂhmmlh
crmventicennd ez chond positiom g i the code of sn airrsi)

e perveral proceilime to ram (e wime fanne! to ol the Toehs datl s described s
faflown. The dasc madely were atashed 19 the aupporn strus snd sct af the reguired
sl of sttack by mtating the balunce turmtdbic. Th turtiishle wes locked salihy s
thi bitlnge wan revond. The wind el wes un op ke the ogeined speed and the
nitied Tnmd dabn were soqumed This raw diits from i Ratamcs tramsdscers wern
pusicet fheoush @ 16-channet, analopue-to-digiul (AT} convesier. The oulput tnom
fhe convenes wis then Exd inte 2 cosgegler. The o dida s stored in thoee Tuemg
prs borces sed momapes by Noor N serodynumie eneflieienss and o seumgls
sverase i counfe The funncd et and the disc inodence angles wone als
recorded. The wimd temmet wiess then slopped wred e oversll rocedire was epeansd
ke ihe nexd dise ‘models

All vests were repeatesd @t lemst thiee wmes o sowmne eommencs ol the ool n
caglet ) mpmiam g repestEbifity @wd oot cesriogdfing the Joml meashces,
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catrm care wi perfimmned s the disc models were remuved und during fining of te
dme mdel 1o ihe balmes beam. A small mevemes o vibmtlon oould el s
ferge chunge of vuipus yoles and fhersfore, @ e vital o enere soemie foad
mrsutementa,  The loud jola=tes sssociated with the halance 6 camsed el B
Sedlon4 14

Surface Flow Visualisation

Stirface low visualssthon & 3 valinble mrtbot) & ypport the serdymmmile ko
snalywis. by providing imiomugon ssea the fow chaactensio sround the dic
However, i this thesis, the sutwse uw visialinalion was only perfemsd b
selected pusmmnetre dises und conemercind ol dhvos (e sebacrion s bised em e
dmlipsiive dise svmiigirstaom hﬂnlmun the hinke smometryl

The surfioe v vinludanten paim miatuie comists of two pars ol lerosene sl
‘ome rt (luoreses) pwder. The minioe was peinked b e wrfes of e dis
mndef mumg 3 paint brosh o shoen i Fzare 404, In ondet @0 prevem. amy nom
dipsolvex] pint missire particle feom forming wiich coukd dierugs Uss Row, ofess
soid wiii wdded oy diloie the mixkiee The paini mixieee wan ihen spplicd with rmsh
aiznkes paralled b e o dirpetien w0 avold gny resdual sk masks Tio vl
‘the thiw pottem. Ih:pﬁ'ntr.li desc mndol =2 -mmn:!mthrut section il the
korrene svaporsted, Then, the dsc mode] was rowneved from the wonsd tomet 1ol
seetion ahd photogruphend. A pair of oltrs viohet strig Ughitn wens wsed by iBeeminote
bz Vo it b whilist @ cammern wes posd | ned Lscir the conine ol e iise mmadil.
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4.1.4 Measurement Uncertainty

The reswlis presested in this thesn had already laken inio acoount the megsuremont
unceEaily (o onsie the acoeacy o the edperinemal il The wintid one
mirssuemenl syiliem was cafibited Ao cnsure socurste sl olishle experinenial
resiilss. Ureertaimty cstimalis Sor rosiilis prescmiid m e thoh s made o 3
confidence loved of W% hused on (he Hniph Sandanl insuwess - Guide o the
Hapresalon of Liseecaimy in Menswresnest (2004

Balance calibration

The balnnee wits cdlihrted s conre. the losd dets chisinad in the oxporiments wis
scolicee. AR "X culibraibim feme compriving 4 paiv of callhrmm st pralley,
weight hanger. pulicy base and = calthmyied weighd sel were used jo perform the
Balience calibrution A lnsne] conbr live 'was serilusd on the bst section ki
codrs e pulley e was glipoed precisely. In order be loud the bolanee drag
eomponent. & pulley = afigned oxcnding oe fom the "X tame 3 shown in
Figue 415 (a) A cfibrated weight wan appleed W the soight hanger fimng
verticully from he pidiicy. Ax mitee calitnsted weighls werd sppliod. an inclinometer
was placsd un the o= frene coine W0 s b tee frme reamin i e level
pesitin thiroaphour the :ulil."n:'.nm prigess, ‘lh:hﬂlm:l: 1Y, ywe, bty rodl e s
componenl were toslad simlarty in reepective direction W the desz companent =
described abirve. This setip lothows te slandard Frocediers utlined by Batiow et il
(1909) “The pa b sllowable loosds on e babynice. with the sessilivity ol the
syxizm i cach degres of Beodom spe shown o Tabio 42
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Furee! M ume Hangy Aecerney
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Tahic 4.2 Wind ismnel Felspor rasges and ulorasces

Blockuge correciiion

This thows applied she Mashell's methnd supeostod by Harfow o o (199) Sor
Blockage cooecuop The blockage fur the range of mngles of aneck wsled n the
experimien I comildersd negligitle. cotlilimt With Potls (XM5) whe upplied s
similer pesthiod Sinces i b mephpible, commeiions due 4o Moclase slize hoe s
‘e appliesd b the wind fmnc resiles,

Tare and interference effects

The sl tarc and mdoricrepce cffech wore  meusuncd. wang  the  meshod
fechimtianded by Badow o sl (1709). Th strt) tsre jo the ditect dosg feudisg from
Whes ofitet irnprmarie of the sappan syt bo the Bow The int=rforonce i the smsuly of
the dirurhangs of the flow on the moded cavse by the presmoe of the smppon
sykiem The demmy str identicsd so Pots (2003 () was stiached (o the halanes
termituble scling i 8 mimor inoee of the maln ssppc seret (Fidore 3140 Tolad lare
aind ilieriesnce eflecty estiiuled |oe e stperiinetd wees spprvsineaiely bess thun
2% chumes im tho dmp mewaned. Smoe the milog s conodembly sminlll corectoms
due o the sire tors oodd interierence offectn have net heen apphiced in the winsd unne)

Ni= TR
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Uncertainties in the lvad measurement

The imliv it crron oecciusd with e calitEim peocess fave bern comidened
apiptopéiitcly besbve e fobl iinccrtaiity i e ciablikbed THE 14l e fhe the
et mirrrpieml of lond wom £ 035 which s sn scseplabile leved ol e

4.2 Numerical Simulation Method

42.1 Simulation Implementation

et it simraliticn s eesd om (e stmibmd cpmitiors of mwitlon fors ok
flight vehicie (Fikan and el 1997, Simulntron sode developed by Crowther and
Potts (2017w fneplesiugeibes  wdilly souess mibdoafio (o simolsie e G
grompizics simnlimenusly. The modiffod simulution oule uwes the O3S siver
iy MATLAR 7.11. For commrismn. (e mridified simmilitiom oote s the @il dies
wind wunoel duls ae anpuis B anulaie the ligh uEesones of shon, medium mnd
hemig Fangh dikes, Futher releretoe on the dothation ol ihe diu ojuations of itk
ciun be redermed o Cros ther sisd Pons (307},

4.2.2 Initial conditions setup

The Hight trajectory -ﬁ::mhh:p wm this thems only comsiders the mnps o6 3 fanotion
ol Yasch it dniighen €550, ThE adwittes wafin (AdvR), defined = the siic of e
dine’s i speed to/thal ol the. ree<tream. bs faed ol 0% The value represets w
spprusinmte typecal vallic widely modd by pilkyer ke mad it (iats, 2005; Nk,
Ak, Vor each dinc. The mpss apd I'H.I:II.I.I wizne st i ITT ke apd 0007 m,
rexpectively, Ax range B Enodonidl o ihe dijuse of liech ipeerd, dnd each flayer
b msgmed b Bave & mundmom achicvahle lunch speed the lagseh spueed o this
aned i i fioed ax Wy = Him s ! with defanit ithal conidinions @ follows @y @, vy
= [ mbess stated] itherwise. Nige that the Lilimeh kinistic crietiny alan was fiasd
wittes miss ks appreaimely conara, The beumeh positiog wes fived w (0,0
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This chagier prosenis und dscyises experameninl muolis obtsined Irom’ senod yvemar
bomdh messerTTETR perfimedd o & st of pemcre perameTie ks el & =i
commmercial palf discs. The muun cbjective of ther wiork @ @ enderstundd the indluenoo
ol s peisnusric paEpreiss an ueralyniors chisnctersiion, persolsriy the eflse
ol thicknose, rim odpe curvawe - cavity sl condher, & conpsrsan o (lan plote daty
wilh linlle winz ihesty will dse b prosontod & ostahiish the Femdamssstal
eredisriEnding ol oW mipout ragn winge The meph petered from o slody has
ailiblishod the mipping betwoen the dise goomnesy onid sernsdyiamios (e dise
ibple ks ju proprd (bl b gdnied Tl ot oo fllusiests [jus ghant=r & abuswn By
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piate disc with theory
: * Forces
* Momeni=
1 —
s Effect of thickness «  Putter
« Effectof rim sdgs «  Mid-range
GUTVEILFE s Drlver
» [Effectof comber ' =
o  Effect of cavity
e -
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5.1 Finite wing theory and [lat plate data

A comparism of (01 e ding diste for llot plaie G with finiie wing teay (fods,
ETH o sboww ng.l'rr L2 The e plas (sts wilh Wikhmess- to-dimeter TEn
1A ol 01 and 1.5 am chowen bergewe (hey wore used a8 @ banching compansn in
fhe amulyais o] porsmeiric dises (000 = O 1) and commeocial pplf disos (048 =111}
Malke thal the ssped ruilo of the disc s 1 237, whoress (he finlie wing theory s
pestriviod o epeut el Erester e 2 (e thermobcud sppraimation ko delrmine
the Jift e deap chomsctenstics of 3 dive 32 e cxsmpie of Taw sapec] o wine cam
be roferred to Polts (2008)). However. lhe commparison wii made i chablish (lie
uekerstarsling ol bow sspect rEtis wiigy bl Seusing e the decusion of
sanoEs geomeme vanations thal change the aemodynumic chamotsrstcs doreeed
sastmcyyoren Ly

Li

The it tierve graddients of thie o plate dises ore dimist slmilar b thed peddicied
Wieati thesey (0041 per degrees with (il plits dise of sl = 0.1 fus slighily lower
pracienst an higher angles of attack. The s plate decs have zem LA of zere mele of
sttock sfoe w0 thesr symmetricsl profiles, whersan the theorstios] carvie Has positive
lift =x 2 tesuil of eanber.

Drag

1he themtutical dreg curve & dmosd ientigdl & the ot plise dise of pof = 0.1 wah
shght disparity on the profife dmg. However, the redtmnon m o dep e significant for
Mat plato dinc with &5 = G001, This = desic 1o the smal] expoves of propctsd Frosss)
ared i the Thvw with increlsing aneles of sitiek
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5.2 Parametric discs

The geomwtss of & dise miluences s perodnarikes. The following soboscitioms
e fmpertant, festeres o dise permetry mad el dhiset on bive dls sevoely e
choracierucs. Tai, drag und puchung moanens about the haln chord on pon-spemunog
pursnicttic disds v micisired of sl o Stthok rangine fros -5 W 15 with |7
incremetin The dperuting Revinhbs ounber was fiaed o 378 1 107 comesponding
b & spead of 275 m s umlss stied wilitrwise A snmmmy of e wimd imel

sorpdlhyrmmic sharstorniice dela hig Hie paiEmeteie daiss |8 presceiod i Tebie 5]

Asrndynamic characteristics
Geometric ‘
parametar . o'y c c ity | |
L | s Bhy i A | Trm AN .
Thicknais
i NN oL it (-1 e i
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Tuhle 4.1 semmsrizes Umportinl perpswiers (Gr the armdynnmie, chanoeriat e
e are e T, g e mment ool Bcictits a8 o angle of sltick, Cha Cpos 30
Clam, cospectively: the change of the Ll and momept cocfliaenis with reipsat 1o the
siiples ol mftach. & dCy/dor nnd dCwd . respectively: and the Hm anple. Le. the
arugilie of atiaieh a8 which the disc’s pikchinm awmenit i soro. The sarmmary b gl | st
thai & symnczrical disc with @ sofid whape has zom I ssd oo peichiog momeni &
sorn sgle ol #iek (Cri= D and T = 0). The gesdients of the pilching ionicnt
shout (he coiier of gravity (ACwilo lor sl the Siscs mre pemitles slenif ving that ibe
thmcs are mnsmhle mpach. The profdile dmyg (€40 for 8 doc =aith l:mrm: i i vedy
higher coreparcd o g salid dise. The triem ungfes of afmont & the pemmetric dines
hiislied ar: found W he zera

Now thar the poodymamis conire ob & ding in obtuned by ysing Fastion 519 in
Chapisr 3. Howewer, the grislients Of the pliching mioienl were avetissed s fhe
rutige of suples of attsck frbm 0" 10 155 (Lo osing Bhesr vamation’. The fmpuct ol
nen-Tincarity am the pesitiion of semdymmile comtr ol e dise i dissmsnd ba b
scciion L1F T i imporan o ighlight (hud the copcepe of sicady-staie ligh) in
typlesl gircralt in e @pplicubie inthe conigxs o 3 Myingt dise == I exbibils varisbic
arxblity thyprapho i it e e aoole of siud vares.

5.2.1 Eftect of thickness

A comparpsm of e fons snd momend dais for vaoous (T8l plite dieos wilh
fhickneie- o-diameter mgio of (L01, (LOZS, 005 and (L] s pesintes? in Figue 33
mites “The thickaow io-dinmler i will be meforod o s the thickness dnly
hemaliory

Lift

The datn: iy Figane 555 (4) showes thar afl deses: have oo LI o s=vnangle of mock,
cotiminend with soomelric symewetry ol (o peolfiles aboil the v plane The
emmdignis ol tho L coves ore olissest wlroiced @400 deeroe) b slivhi decremeni

oy
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ataried by oot fir i > 127 as e Whickpess inoses Fom the Nierstere {Ashicy
and Landahl 1083 Polleticr and Mustler, 2000, U would he sxpoctcsd that
‘mcreasimg thicknee redsces e Tl cwree grahient, Himeover, m the prowent case, the
diire tpect mtio = w0 low . thit the thiclness elfoct s nly apparemt ol relstively
higher snmits of aiteh grd the 1L smrve o domimaiod by the 3 elfeon. Mo i
the wtall e not evidenced in §ift curves aver e uoge of angios of witack tesjed
However, the sarfsee flow vismshisacon ot suppedts thal incressing thackness
bewds U u leper separmicn bubble ob iz apper surfsce lesding edme Hence, Uis
bty v ot ridecs fhe esfing adis pesk i the chmiwne proare distribiio,
ol ey imvesm guion in she fulure i regquired o confirm s phonomenon,

Dirag

ThicEnew kan nigoiffout eftect un g tirough sn increise in polile dmg o hown
in Fipure 3.3 (hi. This brhavioss socirs due o the luirge evposure ol projecusd
Frmtad s s ihe (o Simee the 1 o taresly imchnped By thicknos, the mdiecsd
dmgp il dopendepn component i sl betwesn dises of diffesont ducknes
Thete s evidetice fom e sifeos Tlow viptdiugion Bl chisnjiing the hickiess
chimpes the gbni ol the upper surinee lombing edee sepustion buhble s duans in
Flidre 4. This hehaveiuz s indiised by the formudien of the cocomt shape
scparation ling @ the snple of ansh inorcises fom @ = 0° w0 = 5% Ths
plmmmswn dives ke 3 siemficen contribionn o by overall drog

AL

The (it desg Talie (LA or Cp/0g) restin b Figune £3 (e) shiws et inoresiag
thickness wuld incresses the drag bt hos small effoct on the K {ibe tom of 20)
sl Cy/C wil) bz mied imerchanpeshiy in this hosin). This resolt mesns that €0y
reduces wiilh incressing dise thickness fir 2l ongles of mesck mnpe iesed The
Cpfn il b commamly wed b0 evaluse the serodymams Eflcmes s
performancs of = wnrall (Aodemon, ZENTx g higher valus: of magimam O
unitidly indicides 2 befier performancs, However, ibe gmEph shown in Frgume 33 (2)
il e whovw 8 ¢ommen tend of T, plol which gy hes g peak o e

o’
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munimgin L0 Vior dises. the CCn salor horeses with increasing snple o)
stiick, shen 0 ke & plattss mi) smims Teddlively comtait. The makintim
CaCn fop the tinmem diss (bl = 0017 B snnumd 3, wheress the pesk €40 for the
1% thichk dng b enued 2.5 (3% madoctonh

Pitcking moment

The phiching mimers result bo Fipure 573 (0} shows thar all deses hirvee soro paiching
e &l rero snple of atiick, oot witt Wl proliles il brave ror csmher.
Pilching et with sogho of stack for differont thickneses 1 spprow) matety
gitchla' Foor Tovwes ieskes o difbsck. AL higher amglcs, the ellees of fHckisess i o
flatten off the. plilching moment wurves, wirh eressing thicknes feading 10 proater
redsction i ]_Iiliﬂihi momment. This is comistont with the sall bebaviour of
comventicnnd wisgs in which sl shifla the soodyumic conize aft @l roduces the
migrittice of e up pibching moment

v o
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(e AN -his-cirng mainy, (7K (d) Mackeiny stewncsl oriliciend, Cw

Mlguire =3, Compiarmses of e infaesoe of dso thicknin on srodsmumbe charscieisbol
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Aervdyaamic centre pasition

The pusching . moment resients &t ponitive, vigmfyimg e o free Might they am
dymumicslly unatsbie im pilch. The gmdienls of e piching moment cutves
prierlly s with sple of slbick and decresse with iy idiees, The
pradients o e swocised @il the posimon of the emdynamic amme (L) with
texpect fo fhe dine conlee Gf gravity (Ekan, posl Redzl, 19300 A gteeger pracdient i
mavciiod with the location of the seasdysamic contre thul bs ortber fram the dise
eenire. coplvalEm & a largsr wwe-agy priching momo, Bl on ik pesition of (b
dinc smdynumic senire: (pbtuined from the cxpenmens) presended i Table 32 o
millexics thal & dive with lower thicknoi (8= 01 pdisces i lapee o wp
gulchme mweiment o 8 sewll of the pesiine of the pemdpnamic contee locnied
burttics from the dive come of previty (mdlcakid by & socper pilkching mmmcrit
pradfiont) ot appromiicly 219 of the cherd Tengih sbhexd of the ofnd pomi (Note
ibie chord of = diiie i ogial 1o iy diameter. The lerm cliond (s ed e i Koeping
nﬂhmm{-nlﬂu amadyaisi MMIH&E‘HIIIIHHHEM
foif = (1) prodooes & rediced ot down plitchmp. momes n:n.llh:g I‘mmlh:
penitim of the serdhmanic cenire thint i fosisl coser 1o the ifiss comee of jEavily
sl apgEroumitehy 12% of the chod lenrih bheal! of 1ke chord poinl.



Chapter 8! Exporimientsl Hesuylis aod Piacyssions

(MY Ample of uldaek =8, ol =100

e Anple ol Emecl = %, il =101 idy Anplcof Mk =5, =101

Higmre *4° Rimbece Tipw o st petformresd on ol plois decs wilh o8 =000 and (11
aill incmeeymy emnike ol dibsel Raegvome of sepmmesd [lew mear @ leading adpe vl uisd
by Hhe crosernl shope scparution B inceosses il hickness The Bew. i s
wittdicully Chouss Goh (o Bodhisn ol 1he Hniss,

]
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noin 21% af Hhe Lhoi et atura) ol he sl s poet
0,026 1% af the chord length shead of tha natf orond pean
0 &50 14% of e otrord fergin stwas of B N chond pEoen)
o400 12% af the-ahord length =hede of the hat ehard pen

Tublo 3.2 Locaton of e seredymumue conine with respoc o the diss Sycknos. A unner
dmwﬂm:hwmmpﬂﬁ]m.nlmﬂldu:prmmm thir
sonibrume ceniie Woonamd ferther: fnoin the diss contre of presity Ondieonnd by g pher T
ol ihe chrtd kengih shosl of bhe hadl' St poinl

5.2.2 Effect of rim edype curvature

A comparksn of ithe Foroe snd momend Bxe lor vadoims discs wihih fim cdee
et fromm sharp o blun e lofing 5 el pipe dis with 4 = 0] = peesented i
Fomm 33

gt

ATl dizoy hyve zemo it 31 7o angfe of stiach dee o Ussir svmmcEical design =
abiorwnt in Figore 53 (o)l The' dise with squione leadims nm) il edie (d =111
cutiitriie e hipghost Gil grafied ooarpaned b ll evalionhesd diee oot
I:i!n':;::m;_iﬁf. m.m:d'mu off or tapering nl 2 squane leading of milmg odee leads 1o 2
rechiicizon m T b the mops. of mgls of aftack toied, This holipvine was Bol
enpocted intldily o the ronmded sdpe shape |s usimbly obsereall with & bower Bt
gradienit cormpared] ko the vhap aldie shape. The e obssrvallon i ilnss cases
in iz 0 the lrpe wnoon of muiing vooucss podaces by the roundied cdoc Sup
cresie s larpe indnces) draj ansd masl in the redoction of the |10 grudient. As dise i

s
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principle is claalfed = & wery low wpect setin wing, Prondd Lifting Ling Theory
(At mil Vom Deeatmll, 19591 coslll ant be ppplicd & cstimite the 10 o i the
usiaud eompariean o the roundid smd sham edge case. A reasanable explanaiion may
be deshuced Tram the investigition (] Floemat (1993) o sharp am) muansied edges,
which toscly corroipond W b present siudy. Apporenily o sharpes ediee ifise bus 3
bewver Elfevtive s mllo compored w3 rerded odee il thid hes @ Bilpher
elfeiive uspes) o Ax 3 smaller effsctive sspoct mtin fesds i nghet insdocad dmg
snd ihetolore. cilsen (he WL Ediem o todsos. Nole thal glven & not-sganie ieiding
of tnilling cilpe curvaioe the diﬁz:m:.m lile between the pmliley s misively
shight, with e mmded edee profile pmducmg higher it grodiem comparad 1o the
sty e profile.

Drag

The drag resiill (Hiistraled in Fipwre 525 £h) shows that soime degree ol Tnirme of the
lesling o erailing eulps aigsilficandy rduces e drep compared w0 the - lurine
m[mt@jmthm@mmﬂiuulmﬂ mﬂ.ﬂn'nt:nlhl:fm'rd
cans, the twi tapeied proliiss (ol cilpen) porform bester than the rosiod podise
purticliedy ut higher dngles of sibsck In sddiion. qualiiative Dhdw vintalintiomn
conducied fe phaervs the flow Belagdour betwesn shary snd suanded ¢eloe siprvrn
the toud routt. It rrscabe that & sharp sdge shope han fower drap hocme they
pricmtie 8 el emmount of waks conrtpusred 10 the rounded odpe. This i indficated by
thir siee ol & puir of dodes peoduced clivse (o the ailme sise st i Flanes 36,
Bt whizwrs b stagnmin poviils thid saigeesd salling vortiees dasch fmm ite surime.
1'huh:h.nm_uruup:q!antﬁm{t‘?ﬂtzht&:pnrplﬂmnﬂdnnhrlhun.qld
foanded =dpe whipes, which clisely comespom? 0 e phsend inveutinsbom, tle
shivws simils serodyiamic choreteristion Howeves, Pellaber and Mucller § 20007
ﬁnmh:ﬂaﬂdim;h-npﬂrﬂlnﬂﬂﬂn:linniﬂﬂhhmu_l_:lcllﬁ:ﬁcﬂ
iradiog odpe only) ohecovesd i the edge curvaluw docs md kave mipoiicent
flusier un' dmg. The dilloronce beiwezn theie olwervtion s the  presand
hvoitigation b belicend dus W e influsce o Reysolds mmbier. Their
nnmlgiﬂmmnmmﬂuﬁqmﬂdnmrﬂ'ﬂi ', h‘l‘ﬂ'ﬂ'ﬂnﬂl:]:amt

o
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stuedy Acennfing o Lsione {1977). the effect of edee curvanem: ls nob spparent ol
ibils e Hrpm:hﬁ nqnﬂw:ﬂd therelime, cxpliimed M sy

:-l- — -.Ll
— 3 | -—
 e— | —
- - - — .
i ..= & D — . *
." =
- g L
- -'.'_ B il'..
£ | ..' .__-
- it Sweaig s e e
3 r""* £ -
.|||‘.
L L] ¥ T v El L] " - L]
T C e el E el -
A LR soelTiciand. Cy () Nimp ooelThies, Th
e T o
| —
E—
i e
& R —
. rr;:---*-'f”.-- T
| '_‘- r.—*,‘,-"il-.pi‘"
t*.* § __,.--I"'.r
Jrie — il
| —
- —
" ] ] ™ " 1I.| § [ | - -
e E . LK g w—— Ty
e Ll podess etls, C, A () Mching meaesl Loeflkcem Uy

Fignme & 5 Infrarnce of dec rim adge curvatore m scradmomic charucimaiics
LN
The overall effea ol fomng the lesding o tmling odee a5 shoem m Fymre 5.5 ) »
o mcrrdss the Ty of the diss for the mnge of sngies of sitock evied, comparod W
thir aoe-faiving tase (squme cdech. In partscular, the sharp sldpe profile: produces 2

peak €3 il aroumet 3, vimitas s (st of the Flal plike dime (044 = £007), commpmrd
o m O ol o 2.5 Toar rlse sqrure prafiles {509 redeclion)

Pitehing moment
Figure 3.5 ) sbrwx that &) diso have soni poching momes) 38 acro angle of siack
i sy their wimmeimcal Frolile = expected. Fiiching moment withi anple of atack
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bor dillerss 7 sdpe curvatnre s ppprosimutely similer foe wer stbs ol sitaek
Al hisher ansles of anudk particadarty oo = 9 the offect of om-fainng. { squar
edpe) = o Rebien aff fhe piichong e Girviel. Howeswe?, tEichmp He g sdps

bedidn fo grester incremient in pliching mdment.

Acrodynamie cenlre posziion

Uahle 58 mwlicwles (laae dhe glporp ool dises pemaluie g lusge Sucke-n palefy
mremen] B8 the angles of atack mowmecs, comospond o tha destancs of e dis
sorplyrmmie cantio el sl feher o the dije centre o poainly. (belwesn
220 o 2R of the chond length sheod of the hall chward pannd). I ecritrast, (He
ajdints ilies ghigce padldess g srjall et iliade A0 et POCKIRE mbiEral e jhe
sngie of attock increasss ot smoond 12% of the chond kengeh ahead of the bnll chond

patifl cowrospitndy (o the dinlsoe of the dise aondynsiric cenbre |ocuited nonr b (he

idine conire ol prmvity,

inh Flise weifl) uninded odpe it ke with desp edpe

Figigie 34 Suilere Oowe vasiipilingbsiin pectommicd] oy fromded ol shors odée diles o) aiple
ull b=k = (F, Reginss ul sErsied Mo s indliciie] by the el alaie syjisniion
fine = e soon o e Jendimy) aljpe for soslmded adpe dise. Tho fiee e dowsircsm
nesarts 5% ol (e e dharenitr lor shorp Sdee St A pumm Al memdis wes prodocd simch
ppaliiiis g e lireai] of (riilipy wediioes [obn e st The e dirsciiod b varcs)
Heewni Ry Lo Daibimees o e inpse,

o
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Location of the Jorcdynamic cedire

2% ot the chond engih ahead oF the half chord posnt

5% of the chord leegth ahesda of the hall chotd ol

17% o1 the chond eogth ahead of the half chord por

HIE

1% o twe chot levgtn ahead of the hut? chisrd pent

Tiihie 2% ocalion wl e serollynamie Sonme wilh respech bly/he disc fim sdpe corvalare. A
sijisiT cdpwr dise phisksa= a nsleved e i piicinmg mwmarnl, 22 o reei] ol e poditen of
e perodymanus s oosed chomr Wi e esalm ol preaviey dndiculod By a lower G
al it chiml bemeth ahend ol e hul chord pla)

5.2.3 Effect of camber

Fowr dase proametnics wilh visyime comher iml.lllli'ﬂ-l 3 et plets dine wdith 0f = 0.
were siudied  mvosilgnis ihe effec of cunber as shown in Figuree 37, Camber s
introduced 1o pevlernle Lt ot zem unple ol altiek.

Lift

Commpurisans of the resulis fiw the elfect of camber in Fauns 37 () show ihai dise
wilh & peetlive &l eovo cambier el 2z I a8 ammne angile of sttack (O, = A
D wivh 25% =xd 50%% camber prodocs n wizhl moreuss of O, w0 006 snd 17,00,
tempeciively, The dilferencs il Eestiie distiibiion over the bppeer 55 Towes sefeco
whieh 2 el i colberod inereand due o the s=vinitictry s themione, bewds bo by
MCTEmEnl i !‘Iﬂ.. .T'm gradients of the |t corves are ahmostidemtscnd {-003epre=)
big The hascline flat phoe Jiig prabent m ofightly higher (<00U&zree). The
developriont of dise cumber and nobseduent intérsctim with the  derodymiimie
———

i
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chumcipristice for 2uch cme shews i gumber b the sdvantaep. iy inerease the
pesitive flh et s ample of sesek o sspesd

Dirzg

Camber his wgnificant offect an dreg as shown m Figee 37 ib), with the mdoction
in Erskile drea as 2 el of increassyl cumber. The discs with paiitive cambe! Have
bowez profile desg ol around 008 pompmead o the dsc with negative’ sl e
cumber which faye & e dsg sromed 0.1 Comqamnons of e mults with
Carsdon asd Rem ( 1985) imeentizasom of low aspect Tatin defta wine planipem leads
bz a canchusiof thal 2 dis dovigned with posifive camnber prodoce 2 smal] wthe
cumparal o g Qg with seen camber, Hence, (e smaf wale sesudin in s sml] S

14D

The Coltp reiibis I Fignme S.7 (ch starws il disss wiih positioe cmmiber e @
sgruiicamily higber CuCn companed (0 e disos wilth negauve and o camber,
Fhis b sxpegied die b the amsf] wwand (o teag fodiice by the posltive camber,
Tise ronin lmply that dise with o posite conther oy the advaninge b ineresse the
Wit 3t sz smegbe: of attsh s well o o mriliee the dies gsiie skemilicemity,

Pitclving moment

Dhecs with prseose comber haes apprximnicly reve pitching maomend af 7o angle
ol aftack au shiten [ Rgwes 5.7 (d) At hipher angies o} atack, the effoct of ansser
bs (o plervane the plicking momsont gurees, wiih incressing cwnber leabing o preaker
rcrement. ity mikchine momem griddn). The roedl indicskes that there i 2 linyit
by which the piching momont beoomes mone: desiabifizd i the camber s
Bizressed moae than i disc: fagisines 38 this wimkd romilt in » leme nose-op pikchiing
msmenis. As lhe eifect of conber alloues the srvodynnmic chamueradbos ol the disc
b be champed I1.I-:|:h, i my saplain why 3 commemiil 2dl diss diver s
sty dewignod with = moderiie comber 1o mdwe e lirge mowe-ap pikching
mitsmeit o the enple ol atinck liscreuscs while ving.
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Aerodynamic centre position

Tuble 54 shows thil diss with 0% oumber producess 3 large nese-up miching
mibsmeny, correiponds t ihe dldlance ol the diic serodynumic contre that e locdied
Virther o e diae conier of Eavity (o shoui 335 ol the chund lenpih ahesid of the
fnlf chond pormd s Thse sith zoro camber prodoce almisst loss than hall of the smoeom
el powme- WP pichihs mbinenl pEisdiscs by dis3e withh MFE camber, g4 itdicsisd by ihe
bocation of the serudyaumie conine o shou V3% ol the chimd lonsth sheud of the
had! chond R,
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Camber Locatign of the aeredynamic centrs

Nagstive | % uif the chaind length shiead of the $aif choed goint
Zero 1% of the ahotd lendth absad of tha hall chard pet
5% pil pf fiechord lencth erea of e half ehiond ot
Birs 2% of thee uhord lungih stead of e Nalf chold post

Tabke 1.2 Lisculiom ol (e eErrlyrEmie comre with I b Hie S camier A dis wilh

highes comsber prosbuies § Larper mive up pal g meseeil, & a st of L pusdghony of the
wiridynmmic centi located barther fenn e disc comre of gravily dnikcaed by s hghet %
ol ther el benpth sisoad of e adf chord pomi)

5.24 Effect of cavity

Tt variglions 4f e penmetnic shape With cavity hoighi to-thicknos mtie oyl ol
Y square symibaol) snd 39 ) itinele sianbol | were compared with the (lal pilae dise
al il = 001 o stidy the efleéct ol ovity un sorelymamid loalls o= sharey in Py
3.8 Mot thod the disc with ot of (L8 has 44 egurralent w the T, pluts Sinc

Lift

The smwdisnts of che W Clarves b inCRgpee 500 (d) are sl leilicil | For the
divew with gavity ropariless of the cavay beisin, with 5 consiund offsel o Lo
evrmedent wiih ihe difforonee n O Hitwever, (e Il pliss dike (wilh rere cavily
heizhi) has a fower TN gradient. Companson of the discs with same thickness, bar
weith uned withowt cavity (djuids snd citcle wymbol ) of oo agle of stk el thal
introdueteon ol 8 cavivy un e lower serfsce produces = posbiive increase o WL The
resl |t eabahits vimllar behaveoar bo s b wiilh prsitive camter, However, increswne
the s cavey d.l.,pl,l': further. fmacann thickne=s i alpn mcrezmng 21 the e ume)
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prniduces 3 neguive churpe in Cre, teonslslend with the ailect of Incrsaning camber
1 is betievend thi beyomad & cortaim cavity depih e camber smlogy b frappropiae
du @ the malury of fow wpology insss desp cavines.

Drap
The okl i Fgiee 5.8 (h) ahow ol intmdustion. of 0 ciivity Instsiber dreg
comparcd 10 & cxvily froe profile ol the sone bickees This b comlbdent with the
i elfective Fmial arce al the cavity prof e diee 3a the projection <l the Tear
mner (o of the cevity im the free stream dirscism. Floweser, for incroussd caviry
dipith sy, the demip e larpely uechasped over the cizpe of ieples ot aah ewlod
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L
The renplis in Figirs 5.8 () shows thit changes in 1ilt @l doiz = 2 roalt of the
imroducthon of the cavity medns that the Coil’n For the some thicknesa disc with emd
whthowy cavity s appmaimeisly dmilir. The ieemsed cavity depib dise (iangle
cymibal) has migni ficantty redued €y vmpared 1o the ather dircs |

Pitching moment

T piching meyment resill i Figinz 38 (d) deomztmijes the coamn why o)
practhenl discs nesd 1o hive & cavity in the lower sorflice. The prsenoe of this cavity
proudies & siznilbcant allorwasds shif] in the acrdynamic coie positen {ne) sich
that the pichimg momomt shom the amie of the dic o wosmially e
prticalpriy fie the mgiey of jitack mrmmg from 0F i T Thn mesrs ol the dise
will have minimal lenditcy (o mll shoot thie Hight o ud enes, reguite o skifl
b thirw Liwands & given bmpet s achicve s sl Tanes comparcd b & diee Wil
the same Uy but stropg il diverpence. Notz that e imimdscoon of caviny
pEoduces o feversed flaw an the fower surface which wibssijunily ciuscs negative
Ui 8l oo anple of sitook

Aerodynumic cenfre position

[hars it Tahle & % dhyrms (ing 3 tise wllh:hiﬂlrnﬁl}lﬁmllﬂﬂm a sdpnificam
reducedt pome-down paching moment s mdicated by e =mdynamic comre ol
sppotintalsly 4% of (e chond lengh shesd of the Rl chord point The
immduetion ol cavity reduves the magnimde of nose-diven pilching mument by
slierst S0 cormmpazed o 8 cavity free pEfile of the same thickness.

13



Chagter 8! Exporimients) Resulbs and [ Xacussdins

E'“I'IIH Location of the asrodynamic cantre
zZeq0 1% ol Me chord fength uhesd of the hail chord pont
0.8 0% nf the akeed eagih abaad of = hall shatd poied
a8 4% of the ahieed Sngfh abe=ad of e ralf chand palnt

Tubde 3,57 Lomman of the aorodysamuic coulre with espect. 0 the diss canity hesght, A dic
with higher covity berghn producss & milisald mese ap pichimg e, & & el ol e
fu].l.l-u'uﬂ. ﬂl:_.ﬂ“hmm Locidid ¢homey wh QU siae crmies of gravile

5.3 Commercial Golf Discs

The acrodvaanmic e an oo apinning conemercial polf discs. were mucssisrsd 4
snples of attiek ranging from -57 o 13" with 1% incremenis. The cperaiing Reynolds
petpiber wied Fyed @ 378 ¢ 107 oorrosponding 10 g speed betwerny 2! =
m pl depending on the goli disc dizmeizr, The Reynolds number w== fiaxd 1o enspro
the vincals effecis were arciziely susledled for 2] disee == the diameter for aloret
aiul bong runee dise vary, & ol pluie disc with thickness o-digmses zutio of L0
wis meed & & hescling |.1!|: s prrrvde relorence ders b witich the commroroal il
dincs cam be comparedt. A suminary. ol the wind bmnet serodvnam)c charsssermiions
duis fof the conmrgeroisl golf disce or sbied (patier), modior (osid-ningpe) agid loeg
range (driver) disg is presenied in Tehle 3.6

Ties rossiltn o Fipoeo 5.9 show g compmenion of the feroe asl moment dats for (Ta
plate snd frisbiee with potter ‘Asinr’. mid mnpe “Rov” md driver W™ disos.
These ises -:-:n?rn:lll.lti\r:wlhlnlluhhup:ul cummezil pobf diecs tha
s soudely mend i dise it e A comporismm of the force amnd moment dato for
all putter s amd all driver Giies is froeted 0 Fipee 5200 ot Figare 5007,
mupectiesly, im dmbor /o demdmiline the semdymimic charscieriitkes for short i

i
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botg range dise. For complefensa. all pommenidy] goll' dises semdennmile dotn
oemed m i e perrmicnil s shoen i Frgmre 212 The resilis lie the et foree s
rillig mpments e alvg shown m Figone 553 and ey wens approsimately zen
thiEmighoul the rEice af Angleof oiack ieled, 'z= capeched o symencical discs

Lift

Yhe datn I Figure 410 (a) shiws e ivpleal shape of tirgmr 1 with sl goil discs
irtuddiniy frishee hive mmitve 1 il som sl of stk ommbsiont with Svily
peomairy of these profiles. The pradienss of ihe (il curves are sumilur bl Insbes hes
= afiphi incroment g hipher anpghs of atfock. Althooph Eeisbes tricknos i nelatively
Migher thun the gl dises esbed hvwever, the clteet of dicknrss bs et dominsne o
nifluemee ihe 1IN curve gracbiont. Bued fom the cheereation ot resslis
prrareific disc staxdy, the Jnic numdad odie omvature s sipmificent inffomes on
ibie grscict f i i1 Edrves “This b indicatod by the ssadiont decremem us (he sdee
curvee varics (rum el edee frisbes dise 10 sharp albe driver diee

Drag

Thicknes hes = significam stlees on lying diocs dme = shown i Fagere 34 (h),
T i nddycaieed by the wicrsment of drag with respest 10 imcresnny facknsss by the
st pilake dhise Fnlfowe by driver. mid-rmmee. putler and frishee. This sidy explain
thir: remment. Frishes (A0 = OU14) lus the lurpesl dras ove the mnge of angles ol ok
tostad compared to thie golf diso (28 < G,1). bn addition, the dmg merement mighi
alna he influcnced by the rim odps corvatore s il vy fmm shiup edas drives Wise
o rodinided edpe pritler dise.

140

A pompurim of the A, bor e dscs kn Figirr 39 (e) dicnies thit the minimal
e af the flet plule diess manimices s pedile do commemd ba eehier dists,
sl therefore resifls im refatively the hiphest widee of mimmem O fnllmegd ty
ihat of the driver dise. The introdedtion of camber i the aofmmeroial poll discs il

s
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thr rihes dise, oo the ather hand incecanes thie B snd the eormesponding Ciiy s
peuitive ot @ =0

Pitching mmment

T mtdting, reamen); grmbicrs sl for the dascs are posifive, sipnifying that they
srt dydamicillly whviable i plich. Aa expocied, the ellect of civity In woll disos i
slysificamt thun it eodaces the pradent of pliohisg moment perticulety (or frisbes,
putier aned mad -mnge: disc. Nots that the pitching moment gradient. moresses from
abjoert ramge disc o lotig Enps g

Eyulubing dise perfomuanes using the O curves whee wopld conlute thal ibe
flat pia: dire n saperior, ]-hm the parformmnce -|;.|t & free flying disc does nit
et g pijsaiesing iy 100 2 minkmising i dran aleke. Died on e reiulls; i
The mtchmg mnment e s it m-mllfngr-;-:ﬁi:qmlﬁnﬁmmll'!,,
iz that the reffing motion e mmmersd wnd this behywioar could impnave the
diine poriormunce.

Aeroidyuamic centre position

The dise smdynumic oo dats shown 0 Teble 57 badiale tha driver dise
‘il 11m|:|n|:-=; & fwres nos-gp .|;It|:t|m,| muoment, 18 8 resadf of the position of the
scroyTImIc comere - sinch @ farsher from The e esntro of  gmavely G
eppvimotely 215 o the chord length hced of the hall choed point. In et
patier Wiae “Asiar” praduies @ b pree-dowti pllitilng memiem dise (o (e
pesition of the acrdynamic comre tht i Toced clows joihe dise are of prvisy
i= whonit 5% ol the chord tenpth sficad of the hall chand poink),

Floy viswadisath
In eddifiot. gualitntive flow shiniasdion condictad o Hvestipale the belvour ol
e by o diees (Flick, Wrslth and Quarter K presesisd bn Figary 3 13 aef
504 foomd that the bomndory layer sepomtes pear the lenfmg edoe o form a
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scparstof) bubble thal predines & crmacont shape spuestion lite o @ = 0" oo the
Hi’_l]‘ﬂm ﬁlﬂ:uqﬂ:plm;tmmm?.ﬂ;mmrmnm
Yierther dirematroam cloner to e iifliog odee and the phoar fayer i the tilmg edee
separmi=s frvm the sepraten line. Thei indicaies thot @ailing vonkess detach om
the sarface. The scparutan Vi sovement s inflienend by the des shidkness s the
driver diac ek, jnoreusing fmm - Flick. Wraith w Quersr K ipmpemss ol
eomnenciz] goll diss gan be eelerned in Chapier 4 Method), The segusrution =i
teattnubnnent of seversed Hows undemouth the kndor anrfoce shows thal e shour
buyer et scpmrates ol the Tradling el rraltinches in e siifacs fwadd the wailing
~edge rim and s predomnandy mfleenesd by the cvity.

e



Asrodynamic characteristics
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Chagor 4 Exporniental Hesulis sl Iacussdoms

Madal Location of the seradynamic cantre

Aviar S of the cherd it ahead of the rall chied apint
Hoco % of the hged Ength ohead of the hall chord poirt
Burz 1% of fhe chord leagih shead of the hadl ofiord pain
Stoim B4 OF Ihe chord ngth shedd of the hall ohatd Dokt

Cusrmer K 139 o the chord length ahead ol the haif chopd paint

Wraiith 157 ol l_h: <t hﬂ;;h {aiesm Ll The I'rh.lrchm_u gl

Flick 21% ot the chprd fergh ahesd of e fae ohord painl

Tabie 57 [ocwben 4 e sovalymemic amre i commerol poll dece. A rikor dec
gonerally peoduces 8 nihend e up plichEng sesmont s s el ol e poiion of te
wotidynmmiic covire loculsd Cliney i lhe dise comire of grawity (indicaed By & lower % of
Fhr o] Vengih alsiaed of T Tl eraord i) The resil be o coness] wiih o drvier Jyig

which growzEily producos & urger nosse up pagdung moancnl

1



Chagter 8! Exporimients) Resulbs and [ Xacussdins

L L
o - | e
o ] LR =
L _" -
e [ . .I_I 4 -
— .--I L] = -
™ ek - '
d ‘.'I'
; i
LE] " T
off . -, -
ii § " —
l!" "-‘ i » i-
e Tissiz2t T== o
- = =l H —— - S
:-:-_r N T AP
ay ™ W
L] ¥ i ¥ il ]
L T . --.,'...—_.L" - -
i AN eoeileuml, it iy coefierami. (5
LN ta
" s
I
e T
. | . et e
| sawside e oy . ow b
] !I'f'! - "
.Pi. '-..
. - i
i r_r.* ) *‘. '-.'r
-
¥ -'_' '.:_'- E?;ﬂltﬂﬁﬁ""’-
L L I ELE = -
N _— N
“ F i —_—
& an
L] ] ] ] i o’ ¥ i “ i
Ao o Bk w Lo L =

{ey Lo deg moe, 380 oy Piectanp mesmont collicion, Uy

Higune 3.1 Coampurison of (e seeodynume loeces snd moment beie lor tephsl putier mid-
ronge wid diver discs whih'n N plals dise 2% =401 il & Prishoe {Mholi], 20055

12



Chagter 8! Exporimients) Resulbs and [ Xacussdins

- =
i i
g i W —
“ T2 - =
&l i
L] '-i'
& = ,"- i
rr h-h "'
ik - - ..l
-n. .l'. ii & —— . .'
l'-:---.‘ ‘l-; -i...
_..l.'. -8 e =
L ] L] L] ] L) Ii |. ; -l'. -
aipen Wil a1 gy
dak) LA poelBrai T LLTEE =THELS Ea T Y
s (XK '
(] L]
LTS ]
- f..‘.
e - & I--. i
i -_.-l'-"""I T — _._
. i -
" -
"I .'I
< | -T-I-" - N e -
-F-" EN P Thi L
_l‘ & -. L it
-
. - —
L -
y ' i . - ' & ' i - .
e ek L =
i Pibchsing st SoelficH. (v () 50k i, AT

Figmme %00 € nmpsnism of (he acrdsmamis fonoes and moment dats for s e dis
“Awiar w2 (il plate diee g =001 gad 3 Frishes Thil, 2000 ) e



i
L] i
—— il - = —
— W Rl i
" | 3 e
Ee=" & -'.'Il —
[T e
.
& o '
s _.:'F'--ll-‘-II Wi { = g
[z ':".e,l'"-' -.-:-:
== " S0 e
1$-- u - -?.;L-J
'll | ] L] L] L] .
& N L] L o L] - L]
(TR T [ YT ) Deag asfiacwesi, ('
im (R )
LT} ®
L
-
- il
— e . L - ;:;:.-_:_ S
LR i - |
i 34 ] = 'E""
- - & - £
il . - ¥
- | 5 = -t i ‘_** ._.._.i-.n._ - — =
o T g =
R g 3 = | —
- = i
o il
- r e
L] .
- ‘—ll-ﬂl-r"l o - . : e i —— N -

(g1 Miching momem ool Oy (e Fadh-bivadrog vubinn, Cy ATy

Higure 511 : Comparsson of e st promic foves 2ad momens dow for e ormmer: i
drinet” poll diees

114



L =
¥ ey - e e -
= e & gy R
L B . e il w i
e = = L1 ] —— - e
e F L] .
. E3

!‘f-" e
Ili L] ’ - L Iil L] ] - ]
et ai b g il
vy 1t coeiTiomi, O ) g oxclfcenl Co
g, LY
T #
i< § = | ‘ .
= — :rl'l. § M N
- e Lanwd Wm
- - ) 5" EE =
_.-""_ . - Vo _:.'ﬂ;i
sl *-If' - ‘i;;{“ -
3 | =
;Eﬁfg?' 15‘-' ﬂ:h s o
Lia b~ - |
&l 3 11 = = il
. - -F'*'-_-.-"H- o " I.-—'i-—-ll"l' " ’
{¢) Taching msmysnt cocifient, Cw Coln 1y el eion, Uy
i n
. ~ s iy oy 1
u e h— o S
R .= Ny -
b —_— i e i PR
i Wi
¥ ] LT3
'w e
ha - - - S |
" '-ll-ﬂ-dl'bll-:qu - N . . ll-!-_l..r'l - x
i B froree coelliziond. Cy il 1N cocificient Oy

Figiaie & 13: it of the seroadisnic forces and miane das (i ull commeslil
proll’ dises widith = (s priwbe dhlisg o = 0001

I3



Chapter 8! Exporimientsl Hesuylis aod Piacyssions

() Ot B =T i) QueEsr K. a=5

feh Wiridih g = 0F

il Fick a=0° 0 Pk =¥

Fpare 03 Compamsan al il apyer striee (i srstaisissn hm oomreernel divverksce
oes T atide =5 Th: Dew Witk i weridoalty Domebig b bastlors 60 | iage
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ihueEzr K. a=5

i Fhek = (P il Flick; =5

Bligaiire % LA Cpprigeiinaep o Uhe Livecs mipiiese e wisiesBaleeji, [ Slumumeerri] dipest Jiais
o= 0 g = 5 The Pow direction b vertioglly G g b bobioes of gy s
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Chupier 00 Simmiatien Resulis amd Ddacyssdoms

This chugrier presetls and dsgusses sl lon resglts for- commearcisl poll dises
puricubarty the pliiser srd driver dbes The main ohjecive of the work s o
understand the [Hight Unjectones af whort and long, range dines, with focus on the
ranie and denaitivity. A ciimparingt of sjibicte with ithet T1yig objects In presetited
it the begimning (o cstnhlish the concept of tme sl sevsdtiviby snsd vaes, FPhen | e
il iflscs IELgl'mim:l & el s well & ihe dlbod of lminch allitiele &
schicvabic mppe. A mmge and wr=ifivity sl vas will fmidiy be employed 1o s
ik Wi e alibll bewed Eguinied ol & player with respect o 'the ol disox calbeyorios
Thhe curtlitie o [[laedrste rhin clapier bs abewn b Fpone il

nanps & s abirging f .
oo aqibers will H-*-'-r:u ]'Hrm-m
ity il s by | gl 1imy
dine wnrge ol N
| :l'r'lﬂ:i--] Iamirvey ptach amprhel |
Carll il Inimiliemgg
L abls

I-I;pnt-.#:mlill:-.‘-ri'ltq::ﬁ
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6.1 Sphere {light trajectories

A compurison of sphiere [lighl oajechories with sospect 1o louneh anples 29 o furotin
ol Lastiieh speedds ks presentsd i Fjiim (.2, (Neae it e sjrhere in te simiilatiom b
snalogss w & basshall with a dismetor = U073 m, mase= 01435 kg and Cy= 05),

6.1.1 Range and sensitivity of sphere

Range as a function of liunch angles at varying lusack speeds

The data i Frgures 6.2 13) phaws tuy dosensional sphers ruspe & vasying lapich
st Cruet O o 0 have: parsholie shapes. TheE minienem mupe oodims ol irnuss
477 bowsr Uin the sngke peculicind by pritjectile theory becaies the sphess i utiter
the infieenced of the dmg forpe Sphore has mmmo semuitivity (dRARE = 0] o the
stimaimun rangh with lounch angle of 13° = shown o Fgure 6.2 (BL 1 titins 3
chonpe of yphere tonge with fespect 0 tie changes of Lomeh sl is oo sl s
FoaT

Rygian® &7 Cospa—rron of shers whih dg ol surying lwimch specd Tor dinemsional mige
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6.1.2  Comparison for dimensionless range and
sensitivity of sphere with flying discs

A compurism of dinenalniees e od sensdtivity analysls for sphens (with sl
wilbst drag) sl goll dises (panter A, mitlranes Rov s driver Wrieh )
mcluding Frisbos: (mmwlotzd by iiog Pois 2065 datad b shown m Figee 608
Mesie fhal Har esse ol eompamise, e legetnd diiplays sphers == i Chaiehal” o
dlustrate the plrysical aleo of the sphens

Sphere with aud withovt drag

Fliure 6.3 (2) vhows the boih spherrs wilh sl sdthout dimg corees heve & parsbolic
shinpe = enpecipd. The munamuon o for sphene withoul drag ocours --L."i';l.llle:l
apheere with @iz ccrdn o spprucimately 43° As drag is intrdoced B8 the sphens
ciwe, mws by sphere thnge subsiontisllv reduces o0 355 This suggesie thit. drog
has sigmiffcminl, et of rducimp (he mmummm e

Flying disey

Ther i sgnifpount dinpimulanty betwesn the sphores snd the ihymg dings resulis =5
shoswn Jn Fipuse 6.3 (B The Fylte dise curves genseslly shewed o the Tell with
rern semnibvits ocours o lower leunch eios between [0 i 137, Thes bs minky due
b e priftiseres of D s Wessm (2007 sl ohserves similar pliensmenn in @ hul)
vhis woek sndicwic thyt 22 the U i wimdocsd i the ball cass, the symmeinal
pursfuifie camve slaried] L akew o ik lell dmd e ofeibss] Tl shiple. vl
hevomes buker, The lesel of difficully b b b guussifle) by the width of ke
“penk hacket”, with sider width can be ssocinted =il 2 less semitive dise. Figume
£i3 (i} nbows that fying dixos are generally muao semitive than sphenes == osloned
by ibe namaw widih ol the peak biekel. The meimi thtd Hying discs e more
diltzuh W he thnown u Laioch sl percralle syuins, gizaier i) o thiuw than
sphesrs
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6.2 Golf disc flight trajectories

The renubii b thes sectinn only cdemdder e golll dise {ight trajoctonies s o lundtion
of lamnch prch mgles (8 4 Eagh dine w== lmnched with a clociowns difochon and
phi Jamnch, pitch stigies (B viary from 57 o 307, The ainainig initial cofdtionms
wor o follows: Vi =20 m ' g =0 =1 5 = 0F amd AdvR = 05 The
commercial poll disc modeln miod Urnigbout the simmmalion o roproent. e shony,
micdzism’ and bong rEope diios afe pulter “Aviar”. mkdsmpe Woc " and ddser Wiediih*
iislews stivhes] pberwine

The mivence tatio in the sloulution i fixe) &t 003 az i fepeeients the tyhical vilue
wlidely useed by pldyers in practboe (Potls, F0GC Nuthan, M08 The etleet af the
mivare willo bs briclly ssphored o the stlidys ) was Joust (st inomesing the
lﬂﬂ:p:- muo w11} medoces ihe rofi uie bul .I:'.lbll- prodeses replpible :“:E_l'.‘;; om the

dine Tlight mmnps Far (ypical Nizht iajectorics

6.2.1 XY and XZ plane
Tr#ﬂmﬂiﬂdlm]'fﬂxhﬂﬂtﬁpﬂmﬂﬂ forithy fixed rodf angle)

The poll divcs Hiht t=jectoricr @8 2 fibction of lamch pilch angles i ihe XY i
X/ pline zre plotiend jn Fpurs 6.4 2o Fipee 5 The pol] discs penersily bave 2
tcndency o bank right { positive mill} mitidlly before hoaking left for the mmumder
ol the Tigh! & 1 dEae Ty thnough ther mim cemiinion, The coasom thi) caxises the
changes ks thic o the Rllowing. The disc e 8 nepibive pitching imomenl when
Lamnuhed ot Jow soole of witsck As the anple of serk throusho the gl gesdily
meressss dne i the moemental vhee of vemucsl velocery and reaches | amele,
the pitchimg momegn) heoomss: posjlive lexfing 1o o nesntive ol rEie with moressjng
muenitide e shorwn bnibe g1l time hisloty in Fpore 66
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lhmdh:th:nhmhabnﬂrhﬂrh]tluﬂmulhﬂh:mldwmdpmudhu
T resalts shivwe 1 for & fiaed lalireh wpead, ihe dﬂmﬁ-:wnlumlhm
range. infiowed by the mid-range disc and the pair dise. The opnimal luanch pach
stgle e miazimuan Eiec fof the publer, midsamie and driver discs oesur
sppronitnuiely st 137, (0" ond 1", mspectively, giving rnpes of 57 nu 34 m_and 61
At Mete thut the symibvds == @l lived line Hitorvals so ihe diss pilative vekicity can
b mierred by the symbal spacing.

Th: simulution reeill spress well with Potly (00057 Gindisgs 18 which simiilar
-h:hnnmrmltmnhmﬂmmtlrnh::ﬁm:mmﬂmﬁh:pnﬂihm
comparison mplics thet (he optimal ssnch pich anpie & jempe wa the fisz s
means Lhirt e optimal leemch plich anple valoes o oihiér goll disc models wodld be
dilfert: which depends o the dise peomsirics) thape el (hele scrodymaoic
Characierimios.

Trajecturies at verying launch rell angles (with fived pich angle)

Mot o the noshe docsmed previomly were obstnined when B @ Famch rofl
miaple (g ) ks fined wi oo (Chapler 4 has stniesd the ' defel nitie) conditiom fur tie
simmtation). W ssvemes that the lmmch pirch angle & imdepesdem of laangh mwdl
angie 1F fie dise Jamch ool anghe o not fised ) s, the dies ight' direotom
chanpe more shrupt due o incresssag ol aile. Thersfore. another cuse study ws
sttt b uapderstandd the clise bebavipur when the Loanch mall anekes were easind
from 3" o 3. The goll disc Hight trajecromies ae a function of lammch il meke in
the XY anci 3o pilame are plottsd m Fipaes 0.0 meed Figiee 6,7, Al perammetin remaim
ibie stfic e (e Previos caae siiidy Except tad (he Taunch pitch nile was Haed it
By = 15" The rossdts ahine thist ihe aptimsl Lameh rall gk b i pmlice, mid-
ramge @nd driver (fiscs ooy appronimaiely o1 07, 57 aod 107, sopeciively, giving
muximum reages o 50 mo 5 m. mad 80 in especlively. The genenl tend of
beusersmesl o Lasnch ) sngle vilises o puster b v dise (fulicans that
the driver mil rate i isher than putcr and therele rosulis i preaster rinpe
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19 murneminey, thue erljecderies fesult Righlighls thar
* The ding-permdynamics iv & fammm of tdis peometry.
& The dise dybamica b 2 ubcthun of e smodyneitics and dise
el properiles.

The pammeter valuss for mavimum ranee depend on the peomeicy. of e dis znd

B, el it csiepniied ave o be eown with pdniesls iniial cotdijjons (o
schicve muayrmum coige.
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iz 4 Crmmprissis e () g, (1) il 7an e anud 42 ) driver dise o ples Vs a6
fhe Lesiich pibih ke wury Frm 5 o 3 The ikl condithn e Vo =20’ gy =

&, =0 =0

0.



{nj
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Fludre &5 Comprrisem of ihe (1) petser, () mid-menee and (¢) driver dise in sbde
wiew ax the lsistich piich angles vary fram £ 30", The initizl conditioits s Vi =
Wms’ gy =0, o= 0, =0
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Figure & & Clmparmos of (e (o) puttsr, () ml.l-r.ml;: snd () debver Gl im plan wivw 20

the Laterech prodl angdes. wary fratty - 307 i 30% The initial conditions g V) =X ms*, 8 =
15, m=0n=0r.
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(eh

Fleee &7 Coumparinon of ther (=) patieez, (b} mid e aned () drivist ding it sider vies
the jammch ol apaes wEy fnm - 31 o X, The il cmditems @ Ve=28ms" f =
Eom=0h=r
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0"

30

L —I—%
| — s

o - = Mhfurge
B

=15

<H & L

o a2 0.4 o8 on 3

{ay Mich dnigls

ih) Rishl angle

Flgure 68 Aldiiisds time histesies R i ool poler. mid=snnge sad driver discs loanched
A Vi=3ms B =1="q =T w =7 Nole i ibriver disc vl rule’ inagminids ls higher
Jihin mid-rEisieor (e e (0 ohe dimeaslohleih ok

6.2.2 Golf disc landing locations

Figure (i3 shovin the anditg location For the putter, mid-ranie s diver G il
dilierent tomth speed of (3 m s’ W0 m s sl Bom s In this investigstion, the
bannch pitch ansle is fixed ot B = 15, with the baunch mill sngies vary from -3 1o
W, A spocd of 15 i v, the golf dises prodoce 2 07 shiped locus, Flowiser, sk
thet sprol increases 0 25 m s | the U shaped lovin boormes ke prosounced. In
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spuirts sclenee. the lnomifieg Joous plod con be g dsefol boed 10 visgelbee s urderstend
b mci || wilw al I.iﬂ:lﬁ'mg_lnrnﬂiﬂq Wil repet = Lmeech poramwiliers, Given st &
pluyercon influsnes it lasding locaiion of a disg by varying ihe Inunch gjtouds, te
Isading Jocks plol saiahl give somio inslght opon laEanching the diss o each
|t e distunee

¥ (ml

P giamy W0 Elima”
» il = Rl g W e Bt
R LTS
= Parted N, 30t
= Warewe V.= Hmy
T L Th
oy Faiine W oo TRmaf
mie gy ¥ = F3mal
e gy ¥ n Tl A"

2 & &

E & B

¥{m)
o 0 a0 &0 B 100

Flgure &5 The luhiling locsthom [ puticr. md-range md dnver dists m o fmcton of
fuzmmhy foli Shgles o 307 dis W sl diflenin lnch weed. The laiech pleh angle is il
g2 =15 md AR =05

6.3 Effect of release attitude on range

6.3.1 Effect of varying launch pitch angles on
range (at fixed launch roll angle)

The sagmitien of Immeh pitch saglon lior the pilier diic. mid-ange dise mivd driver
i towants cEnue s whown in Fewes 600 The Leanch roll sngle 2,008 fiuod o 0
with bmnch pich amgles vaymg from 0F o 807 As expecend. the driver diso
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produces the preolest munge oompored o ibse mEd-mege diac wnd the putier dise,
Huowever, the Uil loonce bolwers the mradimum mmee of the putter amd idriver dives
1N F w0 much as expeciad huscad l:l-I'I-ITH!Il difference in goometne psmmetoms. Hased
e e mimmukiiifon rosulie, the Tocal optimesl lacoch piich astisle fof the pidier, o6d
range und driver dises potur spproimuiely o 1350 and F, resgpectivety. lor
memrimnim ranee ef 37 my, 3% moamd A3 e as sl m Tahle 6,1, The valie of locsd
ot faonsly prich anghe el the corroipmnfing volus ol mmaamm sssge o o
amilysis bs didlérem Fem ihe saloe n ihe Wight trajectodios andlvis | Section 6.1
due W the angle piterval In the Mizhl irapciores sanlysis, the gl dacs were
simmtated wath 3° mueral 10 copome the penem] tomd ol the poll discs ot
tmjecinmes mi U Benmch pinch unpkes very, Wherens in this matwin, the poll dines
weere simmilibed with 17 interval o delermite mote Gectiraie kecal oplimal imrch

plich sl shost posrespaanids bo Uhe fmEsiaeim e

The g=iply lskllkaiiss fhal the lsmmih pHch &igke v 2 sl peEmeler nfluenckng
thet tun e bmom range 3 es capected Mole tud the Incel opbios) baseth pich smple
yudoe # which masmiim detrmes aanes ey decresess Irmm shion-rame s

o toow rungs dins dise 1o the difierent acnkiynumic chanenstees of the djscs

Maximum | Cptimal lsunch plich
| distance [m} anghe ()

Tl s, 00 Thee gl diso ol eyroamad Taoemecdy prich snp ke (el coomespond e (Pt das
seiEriEmE delaEne ol g =10
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6.3.2 Effect of varying launch roll angles on
range (at fixed launch pitch angle)

Thie elte of verving linnch roll wieles (ram 6607 s 60F B shown in Flédone 6,11 In
thin cmee, the lannch pitch angke () = fyed 2t 157 The romits in this sty afso
Temensd (et s Wil Teconee oy Dot the maamim range of the et gl dEves i
is mol so lerge = cxpeliod The local optimad lmmch ol gl lor ihe poll disc
exenrs 4 -5, -2 w8 for she putice, mridmmee sl diver, revpeetivisly, for
maumum rangs of 31 m, 33 w0 moas shown m Tehiz 62 The conull shows that
e in setiadlive o ek ool aiple, @8 owe]] b the lalanch pilch spgle sl ated in
the prewions csse Iy contrsst to e cese o launok pitch angie, tie locsl optisal
bmmmeh il amile valse romd ey o e =g e &) e Tanes
dimc. For positive: lannch roli angle case, the s distuncs penemity resluces 33 the
lasnch roll sl Beiecies. Whils i the case of 2 ieestive Roash ool pbtnhe the dia
dlsturice reduces as the Linnch eodl angley become e popslive

Maximum Optimal aunch mll
distance [m) argle {4 )

Talde s The ool Ml loce! ogimol laneh eoll dngles g oot b g dee
e e e

Concluding remarks

i sfresly culahiished s the Eojeciile study ihid moee i poeElly iolludnes] by
s parimmeiers; e speed und the lomeh snele 1o ibis thests, (e lunneh spesid in
i simralibives ks fonasd to eliemimmie the itflacece of spesd = ranne (as 1he mEnpe -
propirihimal W the sjpErs al poed sl each plaver Tl @ Emumpm achiceshle
Lkt apeed]. By doeng thizn, i1 can focui the ifHiehee ol Iminch anitles (plich end

rall} o fliss runge s g resall e thesty found thee @l fiss ranee |s sossitier b
—_———

Iz
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Ntk ptith ngle sl anch rodl anple which msdilied ihe s impm dise distinee,
Ay b, e ol Bt il smple et ol Luissh oll sl s i
Mo the dine. This intormusion would goe 3 player some insight i mamipuiie thesr
s Epon lnenching o schieve duvmen dufanos. The rall et abu s sibseiistial
eticet on e disc runpe = disg desiened with wore stronmlined geumetry ke driver
proflecsy higher il Taie thid cvemiuilly Incresses the mnpe. Hiwever, U mnad
sigmificard smwmite from the vimmlstion show that the differcice o between the
irigximuin range of the plitice md ditver disen & not v laree desgiltis thicie dilizrences
i lhe peumetry

.g

B g 225 3

Launch plvch sngle, 8 (%)

Fighume 1 The elfect of varying ey pitch onjies liveords tange lor uiter. mid-mnge
el ey s Wy =T0m " Sy =1F g =", =10, AR =1l 8
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4 40 20 0 20 40 60
Launch raff sngle, &, {*)

Fagne & 1= The eflees o varying bamety pisil amphes | vwamids rampe fov il mki-zanee
and dhriver disox. V=20 mat, Si= |55 =17, Vi= 0, Advil="5,

6.4 Goll disc range and sensitivily

The iheso bus cashijvbed tha she varation of dic scometry didd dhamge the dis
scrodynusm)c charmcienaties 2= the quentiuive daty messured i the wind unned
stucy sigfport this The chanpss evenludly influetcs the Sk perftnmnce in (oo
of the Tt s demensirutend iy the cesmpariuwn of shan, medun and losg Tange
<dimcs wimmmtation. @ pomcnlar mianss now s how these resalts oo he mterpressd 10
B2 ihe plaver mmprrevg b perlormmmes ' e pamss This siectiom wifl dipcung the
relstionnblpy desived bom the dive merge with rspect o chumpes in the Immeh
conditivm — the dive e senndtivity, A sieme (0 msich the sAill leved of 2 player
wiih the fype of dimcs thrown io nohieye & g et dwtonne will h:mmdnmd.
Mot thit the analywiy onily vasiss e fEmch irch anglos with fespesct o range Il n
Ut thai those rositlts sre suificiont enough o demunsbrle the oleiondhip of disc
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rutige with resped ' the changes in lousch cohditions and how the dise renpe
sorndiivity 18 avorpread

6.4.1 Disc range sensitivity as a function of
launch piteh angles

First, s imporsant bo hightleht that there s fwo pursmetess that contribute i 3
wecoaiui llying de< geme: the player acaomcy compined =ith the dsc s inty,
It s s impsorant (o oo that thae thesis wil] oniy comider the dic senmility, =
thir pluyer sccurscy regquines hibiechanio study which is beyond the scope ol this
Mhmsie, As desribed i Chagier 3 (Theory), the diis ranje com be ssoctaisd wilh the
changes of ihe launch sondiuom. Thie rclubonsip will be called 2= disc ranae
sermitivify B herealizy and ko simplily the snabysin, i csi be classifiod 2= the
latlowing

o Fem scmitivity mogne Ve sy chenges of the mitial lmmch oomdiioms
weinild reslil iy 2orn chimpes in the fntliding disiante.

*  A» rEngs seswiuviey vulue inoresses, @ weans thar any chunges of the inidal
Fastsich coneifives wioald rerull b minte dlivetpence thus the tarset dislaics.
This merpeuts thee the dise s more BTl 1o be beemched ool beopmes loss
mﬂhmﬂﬂhﬁﬁﬂm

o The kevel of diftcally o gembifed by e sodih of the peak Bucker. Wilh
wiidar wnidth can e sspocinizd with @ loe senaiiive dise and iherefone raser
e Jaunclseat, Tn cotlizasd, samower wikdih cin be apociuied with & =i
sersiltive disc and theeebore difioull e thrnw

In Chapler 3 (Theory), an cxample w lusirats the hasic theory of (he relaiomship
derived for the fEstis with toupect fo the chirjen oF indisl coniitions lor 2 sphens
has been demematraisd. As dine iy mom complles. the renpe coald nen be abisjsed
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direetly = in the sphore cose becsine the dise poverming equalioe can only be
sifived mnimerically. Therefre, the simulilion bs et s determine the de IEmp
The disc mngs sy s then mesaumd uimilur o (he method demonuirated in
the ephors manpe sefiallivity,

The maalis i Fyiim 6.12 b Figore 615 show the plot ol mmee wilh mvpect 10
EzEnch pirch inzks = o foncima of lmmch spoeds for the puitizs wnd the drirver discs,
i dimoiminnl and dimenslonless e ‘The phits shown i Fiolee 612 (x) id
Figues 613 1) repmzsent the putier s driver dise dimpesn fonl sunge vari st with
respect b taameh pitch snele & @ fonetion of eomch spesd. As crpeod, the disg
ramge isscreases 8: the lamnch wpeed riies with the sfriver ding s 0 highres o imrem
ramyre than (e putier dise. When these rwlis si anociaied with Figiere 602 (h) e
Floues 615 i) that represeits iy duiy fip chanoes of munee with smspest do jhe
changes of Lusnch pich angie. the tollowiag wiormanos can be samcsed:

o e senaltivily (gl which chunres ol runpe with sespect o the chinnges ol
Lemch plich amgle is 20w (dRASET) | nocams &1 the s mnm moge.

o ‘The shipe of the peik backiet for the pulter disc b prmeraliy wider than'tie
drvver cfl=s.

* The tnd of focul optimal luanch pilch anghe e coresponds 1wy ausm
tmnpe pirally decrsiiics e the luunch speed incs=sies iegandichs ol ihe poll
ilsc caleprivies.

In omker jo provvide soms imught o relus o odbe player skill foved wath ithe ypeol
dibics (havsen, e cxtraetd informialios cin be inemeid @ e (llowite. The
driver disc ks ponerall v meore seositive than thiz putles dise o lnricsied by 'the surmos
widih af the pesk frocket. Alhongh the dnver disc produces & gresier disance. they
= hiphiy serdtive o the chanpes in famssh comedfifons which made Yeem difficui w
be thrown ot Tounche ' 1H conirdit U dimver diic. (he potier disgé typleully covers o
mm.ﬂ-mh&uqrhu uuuwmm:wmum:hm&m
and theretore, casier to be commlled a8 lamch, This mppens that disc desipned tor
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big i poguines o greater skill o lrow campared o dise desiotsd for shert
ramec

In ruemle jo he locs] uptisal lsunch pitch mgle tetd thel curssplta jo dis
e v vanpe W iphliphis sitne imporuel sspec to be comidered by (he plover
parficalsily the liunch spoal Beed fom the sty showm in Foore 6014 s
Figure 615, i the player decides to throne the e with a how ek spreed, 0 i
sifvissbic for the pliyer o throw their dise il high Iminch pilch mghe o this séthn s
mete (mourshle 1o wodice 8 gresisy amee Iy conirast ot il e plaser
dendes to hirow the disc =alh 2 hegh fomneh sped, o is porhaps best {mlh‘#m
thirorw thesr ding a3t Juw Tamch pilch wegle for the same reison vigted previossiy.
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Launch pitch angle, 8, ()

(s The champe of ranpe wiih mspet w lameh pikch
Eirgles ub varpisk luacach spead o pisther dime

Pgure &5 Dimconmang| coanpansan of pusiar dix esnched al vayinp taench spesd. The
stape of lhe peak ookt m ponoratiy widor idicates that pubier s of foss snnse b e
shiunpes in Lmnch undilines
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Launch pitch angle, 0, (]
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{b) Thechisnge ul tangpe with mpeit o Juunch pitch
angles o varying Lmach spocd lor drives dise.

agure A 1Y Dimensloeisl eosnpursan of drves dise buenehesd gl vinying lasnch speeld. The
shape of e ek bucke in poocrsilhy aErps ndiceus thal griser diso oo semsiive o
the cl=mpes i lemch comfitiong

(L F)
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0 20 40 &0 0
Launch piich angle, & (7]

it The chanpe of dimensiomizen range with spoct o lmmch
plich ungles o varylieg Lunch spoed L it dise

Flgnre & 14: Dimenalmbos comjurien of poiie dine: mnchel it serying laiech apeed The
sl lommch pich) sngle pErnnraily merroaes 48 sposd rodeces and e mest ivopnbic
she ocours ol A =10 s ranpe seilivity (s acen 2 G point,
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0 20 40 g ]
Launch pitch angle. &, (*}
s} Dimenubimleis nimge o dilferem Tanmich spoed for driver dic.
aRae
e i |
———y ‘I':"
e 'lﬂ'lﬂ
¥i'n ja
— "r.'l'“
e e ——————
£
o 0 80

4 &0
Launch pitch angle. §, 7]

b The change of dimenslenizss fange with respect i loondh
pitch angles a1 varying luanch speed for driver dine.

Fgure &0 % Dimemiomss compenon of & dec immokad @ varyny sesch spovd.
Ihe optimal Leomos, picy ol that cormgiomts W rrrs eTRbiviy peoerally ioreiss s
spood podiacry '
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06.4.2 Golf disc favourable shot

The previous results bead w snother interestimy wspust 1 be conuderedt 1 the player
decidis b Haviwe o dise o B o deslend mink i oorge. dhe Julflowists inlamiaiion
uﬂmumt.ﬂ[h_ﬂﬁhﬂiﬂjmﬁl_ﬂj i Fugeere 0,17 {a) or Figure 6,13 {4l cich
s Tangs b & awrmn lameh speed el 1 b indicmed by the peak il
the praph apd comrssponds 1o zon valoe m Figure 012 (b) and Figure 603 (b). ki c=n
e Cotenladznsd 33 the enoat foveusabbe abiol an moge seeilivity ineens o this poinl

T bemr endersmand ihie mmaton, mi,h:-ﬁ'h;n'l-immll'nn- & putier ding at
shenod 332 me T Figure 601 2 {8) ral mepreseni (P pariter s pled, masirmam cinge ol
52 m ocows w lameh spoed of sppresimalely 203 m ' with heocal optimial Imifich
plich atgle of 13% The plipes ool i bo lyunch e dive o the stsied luimnch
enndmions. Howover, if the player decides #o throw the dic ot higher lanmch speed,
they Rave twi xaitatle Tamch ihes) optionss, They < cither throw i with “skimmer
ablin” (dow ) or “lob shot” (hinh .

A skmurer phot it caee e llusinied o powitive slope of the smph and cun bo
d=tides] mil the dibunk of wisich ohue faEnsede dngles e lewi then e Todsl ofib auare) Dsiich
pitch angle Wherras = loh shot |s Hheurgeed bn segitive slope of te graph ond con
be Helinied e the sbet whone the angles are s Hun the bacul optimmm tmmch
pich sngie. Hach shols woeald grve the sasme mpumum mags vuluo of 52 m. This s
dhues Gy phie lact thal the mavimen mnes does i ol ooour it the majemum ipecd
prupuiensd bart abies oceurs ol @ Miphey speeed anll beth shoty can okl the desijed
s imaEmn mngs. Hosever, v important te pote th i the player thoes the diso
be=s than te mmmietmm wpcsd rogared, the desimd mnimnim rengs will i@l bo be
schieved 28 demonitnred (0 the steiilstion reull

The next hthr::ﬁinp:q::c!ﬂﬂnwnﬂ-mh:umnﬁﬁ::diﬂmiu?mﬂt wticit.
Aaiml oo the groph of Figare 6, 14 oel Figoere 015, the mos) fzvomshle shot s = the
optrmal lsimch pibch argle o which the muldebm ranje ocdtrod. This s due o the

s
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luwt thai chumpes of mnge with respect W the chimpes of lsunch pligh snple s em
RAR = 5. bn pravcuical, Vs shot s onby possitile if the player knoes the spocifie
fose] expbrrma] Iziench pijeh angle hig thod dnip (adthdneatr 51 wimidhd e il W
ibrow thee dise cascily wf this anglel However, sinmrming Dl & plaver does niot know
it valtie srd ostaly wuakl ol 1o huve cither 3 e dwit or & Migh shed fr meach
maumum dsluncs, thesclops @ e imgeaeast 0 denlity whch sfwst = puyo
lavemershiz, The resulni eogrpe=t il dhe Kigh ahol e mwiee TEwiueslle thilsd e o
shoil. This s dor o e Sow jpnpe semsitivity values of high shot compared b Lo
sbut which can e seen clesthy o thie sinpe.

In =emEry; (e Sl sl sensbivily il folsies the diss cxlepoties Welth the player
skl Torwed b [T lustrmiedd ifg Fu.-r.i-: i 1

Range Senaitiulty
&

High

.

Fl-llﬂ'lr shill
_ T . b : - :
Baginnar  Intsrmediate  Advancsd lavel

Fagare o di Phescs disimad S g e sinch & dnver s Biphily soavblive Wy e s
ir Leumch comditsoms g therofome, reguines & presier sl b comrol bs goidred. putier dis
pipmtatly caooerl @ dbmeh alsaier Snismcs I ey =i lose scnsiiive b dbie chiidaed B Tuaish

seEnfitiome gEsl fhemchoss, cibeer i comizol o oach
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This thesls b stodied the werodvnemios gl Bkt dvnimies o Oying dlses A
review al (he wtasly of Nyinp diso, cxpecially these wsed m smte. s the (bl
performance of other relevund spons obeots were piven s Chapier 2 The meview
highlighted the neod to invietigeis ithe relaiicilip between e desigos of dino. i
ther flight performance, particulorly (he munge ctvered during fighl For this
paese, capetimenml i compailions iImvetizilors worr oo an e
oo of gl ey < poiler, mid-rnge jE dover doce: o sddnion] 3 asmber of
puriinétric dise modcls were liibd ¥ experimentalty loldie the ellict of drrguirtam
desdpn festurre oo the dise semulynumic charscietiuios Neas (hal dise parmpetris
study {for low =pedt mmo wing Ios than e ) hes nover hamn performed prevsomily.

This chipier povides conclishons to ilie revnits of this work amd hiphlights ilic
otigiml costribution ol this work on the sudy of fying dece It svalues (he
schugvements of the yroals w2 forth i the beginowg of the thows and wdenniic: some
Fimittutions uf the stidy. Siune reoommendition Tor b wotk b abo nsgpeisd.

7.1 Concluding remarks

. The cxpermonnd resull 2hows oy proaia], disy sevd o hooe covmien e
mitigfociory i gmilines

= The man ssmdynumie churctersie mituesced by ihe ding cuvily s
ther pliching moment, The @ perimental racll demonstrates that the
prosence of his cuvity poduces 3 sbimiflcand s shill in e
scrodymmin ot posion (500 woch hst the pricting mmmenl
shout the czoire of the disc j» sbsianually zere fgr e sagle of wnack
mnging [mm 0" wT.

= The shill i ﬂ:ﬂﬂrﬂn&:ﬂlﬂmm{i e dine will haes &
marpml iendency w0 il abayt the flight axis and thesefore, regairn
Rzl AT iy theron bowenridl o jofwen barset, and etievie s prester retps

14
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comparod tn g dise with the swne L te dreg o | L0 b with
sirmg roll s orpsTe

2, 'Phx shicimezr infleemcez e acrodyngmic chareceerinicr of gl dliscs,
pesrsicaburty pee drap

* Thicknoa toyi 4 megnaficunt offect wm dmag hoagh s mercsse in the
pansllle deue As the 11 s lirpely anchased by the thigknee, e
dsend ddeag (111-sdependent) compomrt 1 sl Hetween b 0]
diftersne thcknem

*  There s evidenos fioom e low vistislizalion siddy thet chbfglog thie
thickrews gventully changes Ihe =xion of (he appes surface Lesdion
edge separation ubbile. This bebariour ¢ well a¢ the profife drag hes
u significatl Somtribatien T the (verall dreg.

3 e tverall effeer of fliving fLe siunding o napering) die circumfeoeniil
wdey i v barrete the 8 so-drag rane of de dine for de eamge of angibes of
ariel sepbed comgstreed o Ol Ry IR St

* The experimental resll demonamios that ihe sffec of faing on the
divc fesslmp o WrEifmg edpe similicaily fedsioos the dmp compaed
iy the mon-fiiring cise ovet the ranpe of inples of dilsck 1=ded
Rﬂl&mﬁr!ﬂn‘dmﬁl&ihﬂn‘pd@nﬁup{rﬂu bty
where its i-to-dmg mtia i hlgl:r tham that of the rommded prodile,
parficularty 3 higher angles of sk,

4 The pesformimee uf @ free fyieg dise doey sy depend on e Ui ar-dres
rwky (€T abone vack ax fur w oyscal mrcrage, bar also she puching
minyrm ), feciase ohe dide doey i eeadcll g sheady Svname s [Tkt an the
arred vnoend gned Hphe dvsamics are conpaoety Cldor ny e s or pie

7
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= The cxporiimental roull shows that the drivers dise b desiosad b Huve
a mdanivedy hugher W o-diy retio comparcd W the patter dinc aver
the ramge of anglos of stinck il Althemgh the putier disc bas 2
kow lill-nkdrap rotho i has (be sslvantape of redbced nose-down
plhing et (e 3 ol of the pouten ol e sorodymamis
cemtre focamd dhower t the disc eeatre of priy | which Taads 1 3
enmaresl temndeney to rall sbowl He: igh sam

o The runpe ol o3 iGmmed {inelwime lyime wehicle ks directly
propeerieomal & B Bl-tiieg momn, In aomizest, ilic manpe of & di< &
miflucncetd by both s Tifllo-drsy o and i petching momes,
which i couptad s the diné rolling tistiimn via i kpin” Altholh the
drivef I e haphest [iTh-lo-drg Tt jie soiud Tange je bt
from a poteotinfly larper runge doe o thin mdfing matlon

5 The differonce besween the ronge of tt it il bowe ninge dises iy ssall

& The potier dis hos o maeiomen snee thie e 215 sl than o for 2
driver disc. while the mid-range. diec hes & movimem e that
1 2% Jewn than that frr a diiver diss, Mearmwhiles, the patier (fisc bas o
maximmm CyUy Tt o 24% Tew thisn 't for & deiver disc. while the
et ohise buss & ST Ly Cn Uil be 205 e thg Bl (o a
drivey dive |

& The mige compudad. Iom the dise slendidion muswins e poosd
range (hetween tho lnunch io landing poin) indesd of the et
gromd dstuse Fedtmwnd by the dise mamemry, A move swrved dise
rraeciry redisoes the masimun poscntia| raee i oonld schuove The
razge Al & deiver dise (s Teih than ek peeingd beeacme of i ftone careds
Etlisht psth cetmmpramed fe thal ol the puttes dise

jx
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A A sl meethod m guamiify dise penaitiviny with roepecs o changes o luunek

= T mpprosch of guanfilyig the dise senshivily is elinl becuiise it
pritvides o mcthesd bo deteminge the abhility o "conitrol’ ihe dise when
fimomg i ot & mrget 3 ko wmeitve dise i§ camer i condmd
ormpeted o3 meT senwiive one, As the contend of & dins cai be
refaled b the. diffienliy level of tuowing the idlse, the semitivily
smlywi could be kel o s et B sl e kil evel raqited
W, hrow the dise. or other. objects in pomend) (g hall, discun,
Javelin, cke).

o The semilitien ema) shows thae differsn Mipht characiesiaties cai
between the long and shon nnpe disc.

s A driver diso can 1Ty the fmthest hel wim highly semifive 1o
diverpence e dhe opimel rclcwe - comdiinnd. A puner disc
typiditly sovers & muh shaner didtimes bat e les mmidive o
ihavwing priurhatone

» A pmrciidlen cxisls betweon skitl devel ol diverpence Bom ilie
iprided tareet powmitioe Diss desigrell for lose mnge i 3
tigher wkill level compored o diecs designed tor ghon range

7.2 Future research recommendations

The thess tus sxliffedind she mmepping Between (he poometry of & dike sl i
scrodmamic chassietinies amd eunomaenily ix Might dynasfice. The findings in
Wi utiidy can Be itllid o oxiended b beneiil o nimbér of rilaied wirks, “Thise
predemibinl fudite works ars describesd below

I, The perfivmetnr of un athiere Bezed on Ay or e drowime acoariey oo
e axnetwrd guunnivatively by combinap the mdy of din sewsisholry ol i
skcwmerdutnsdicn uf e phirvmliey,
—_——— e
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&  The ovemll porformmnes of & disc to achizvs s gnal (of rexching o
larpel) m ey i 3 combrmstion of the doc sensitivity oo e
slhiele hmwmy somacy. The dise sensifivily determines s
chimoey of =uching ¥ coriain turpet ghven @ dolesince jn bhe bipu
comditiom. The throwing acoeacy of 3 player, on the other hamd,
descrihies hin or her afilily 10 prdstoe cominient throews. Whike the
somsitivity ol z disc has heon shovwt in s work 10 be yoonilinkhle
wirip Might simminlions, the quaridilicsiimn ol & players ihmrwing
acourasy Dz dus o e abiloy o reprsduce mpalar o desbe)
sepeuishle  (owing  actho) sequites kowledgs  dh Do
biomochenics ol oowing BY wing 3 pointmuss shhere lor o
demmmstralion, & method b promeed her s oophs sariahles relaed
w bymh aspes of ding periormunes (e, emilviy and poowrsey)
P tn ibe tecBmigue oF sisl yiing uocedainly (BSL 20031 The
o¥enall unceresinty oF o fosching @ desimid targed runge when
shrring & spher. given thwt anfy o independert vanahlas can be
wEried, (8 gven B3

E.Fa:_ﬂr[:;—: :I‘F]I i—[fg :m;l:r. =5

whers dV s e chumpee i the Lainch poad and &F b the chasiss i

38 FE .

ul the “sphore semmeliv iy’ i initial Lngeeh conditions, whioh degponds
e thee withiee i i il Laimch wped ¥ andd fhe inliist Lenrsh sl
Sx Howerer, the valuss for dV and & meuwurss 5 playes's throwing
acousscy. These wecutscy ficssutes depend off 3 players anigus
Larradmg skifls which differ betwiers players: these yelues cun anly
b maemsiieed thmegh fsld eeperimentie Mete il the suiam Tom
semrmtine follies the hasic Techmigque of sammims wnesrEmiss for

the Lok pitch angle The values lor
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1 munther of indepehden varishiss e abinin the bl unesrtointy i
ol & rmmceer K s esprmesed e low

dfi =

I;f_g';_ dx, . s

r—-
8

Jov e i o tharovcisse o e, where N le rangd. Uhes e bt ehatiss
m the midependent lammsh vamiabics liIlE-r w the changs of mnge
with revpect 0 the chares of (e letich varialiles

2 The cxperimenad s can be ated w0 beschmsark, o0 il
compapsines! flusd dvesemics (C01) pwly, The ssdermuding of romple
irflow aroamd dise wish @ iy st e enhamond aimg e mots of CF
Pearmaediric variaions (f wiriogr dexign featires coadd b perfirmsnd mack
sigmer il sory efficionily with bearer resoabisihm sechndgurs

= The somdynamies of poii dsce hove beon evalunind =xperumenizlTy
i this sisthe fram wind lonmel expefinenm Thoe cxperitiznti,
sl valushie were Ume consming  chinlleasing partbculary when
deulimg wiik cywipmmond mallimcsem, @il lmmited in e ol the
type of informayon oollecied. These fuigons cogld be alsremed
mnd miniztized by sidving the same Eoblem ming CFD iboly e
ety puthemd beeeln froun sypoerinents con wrve a0 (e benclimart
chirts i valudnte amy CFIY stmdy.

»  Followin & fieoper validaion, s CFT sty sk be fully utilzst o
capand tho cormoni sty Cine erample would be o extend e
[ESIEmTEL atindy m this wiwk by mdﬂngﬂhtnwm
ot mcfuded here o addioon. the: gcrodynamic ansdyws coald bo
detiilod furither by culending the repitcs of shgles ol sHack 16
buihude muore pronounéed s of e sepastion  oe verying the
flos spocds to suely the sffeo of Riesnokls number oo flos regimes
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bevand ihime common b Juw-speed dise lighl. e o modims w
lmee & Mach mamber fldw, More lmportandy, (ke dlloa ol dise
p=omstneul propertss couid be stusdied in moec detasiy with refagve
L

* Thoe compuisiinil stalyses =v usslul s they Eoviie further
mui:rntnn[n:g_mldh: t_md';jmmicdum:_lnrm..nwﬂlfuﬁlm
fmprvemcnt oo disc dongn &t Tow cind,

=  Meer uniguely, = CFD stody would sliow one by visosllee the (live
dyrmammies Wi resicr detuily 82 varioms ool Emalons. Beed m ik
Fendfimpgs ot thesin, i would) be mreresfing o be sbic o vispgalieo
it flow' dynnmics mndeonedith U cavity with griaber detail. 1 should
also be poseible o irecl biow e comples MNows [fwide the cavidy
ewnive with varying amgles of attack. for sxample. Stodyine the
owotgtion of Bp. vk aspasd divg snle odpes crilld wlso prove in be
imporiinl with mipect o the overall dise serodynomics md Hight
dymanpes

I, The otz (o dise pooemcin poiiimiiery Seguinrg st i eiise iy
denpun

& 0w chesr from fhe smdy thot mimmeng: the pinchims moment. n

niceHaEry W imgve disg stabifity; howeser, the parametng whiely

ahimies thut ' this Ferimbestion |Le increming the covily beight) also

Hu:u:-nrhrdn; As aecly, speeific desipn retuineme)iie on 3 e

muest he tmlored 10 the purpose of the disc — for example. 3 lon

dantamce e el P desiprang o have Jow dreg chenelenfio while

n dise deslpnéd for high socumaey mml hive mantmhl pliching
erwinietinl Shumastis s

- In'lhmr::gmi,n fuiure work is reoomenended - swdy the dessiled

vifed] of comnaite diffemmt dnd leatoes S specifo purpwek. This

I.E:hu'.lr_!i:nl]phmull.'l b s (o lderlify desnisen) seopediies)

featumes amocatrsd wih any mepred flight chamaenmies. Sach
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study could bo. ol immediste isierest 0 inpeove te efficiency vl
Nyme dises i my precticsl appliceom (ee. s, miliry
proyeciile, sic ), Anather fure work could (ncus on the fundementd
anpect i a (lyineg dive weith regioshs do the diffoten Esc pomneirgl
lenttsris studied in ihis thésks Here, dotileld experimental andior
cormmtallemal stidiss cobll be oomdected b amdersiiod bow cach
deng foaterr mifocte, or prvers, the flow’ dyamics ssrennding the
dise. Underitanding gitiied From this type of lindementil siody m
e dyrtumi=s ot Bl fdemslify betier dise pumires | spudind
wn thir thesay that comled have supenor lyms quaditics,
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