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ABSTRACT

drag t^€^f^f^:itient of a sphe:re on t^he 
t^c^r^r^c^tt^r^r^i^'tits and R^^^r^c^C.ds num^(^:r 
by researthe;rs for many yea:rs now. 

a tcl^;rrlct;^c^n bet^ween t^he drag

The iepeniente of t^he 
fr^er-^£^■rream t^ur^bul^^^te 
has been atknoWleigei 
O^v^zr t^he same p^zri^od, 
t^^^r^J^zitirnt and a tomt^ii^r^C:ion of t^he vazri^ous t^c^c^l^c^t^t^r^z^s-
ti^ts has als^o been sou^l^'t. T^Jis plo;irt■t a^<^;lysrs t^he 
rffrots of t^he t^£^al^ct6^rrz^itits of im^^^^^^tante in this 
rrsprt■t and provziirs a t^l^]lr;Latz^c^n bet^ween the drag 
t^€^r^j^zitimt and a v^2^zicti^c^n of t^c^c^r^c^tt^r^l^l^■ti^ts.

The rffrtts on t^he drag t^e^r^f^zitirnt of varying t^he m^a^ro- 
stale of tur^bu]^r^ntr keepin^g all other t^c^c^l^cte^r^r^'^’tits 
toi^s^itant have been presented. T^<rse sh^o^w that t^he m^c^r^3.- 
t^ude of v^]^;iat^zi^c^n of t^he drag t^e^f^J^zitimt taused by this 
t^E^c^l^atG^rl^i^'tit is suth that 
t^3^;^r;LctJ^c^n bet^ween ^he drag 
ti^ts that may be sougJ^-t.

it should be incl^u^ded in any 
t^€^r^j^:itirnts and th cl ar a ac t: ts i? is-

dLstr^;^t^ut^;^c^n of t^he va;rious 
W^dLth it has 
int^r^c^d^utes a

The rffrtt on t^he pressure 
t^c^c^l^c^te^r^l^‘^■tits has als^o been present^e^d, fr^o^m 
been shown that t^he m^a^t^r^s^c^i^^Le of t^ur^bul^^n^te 
dynamLt bou]^<^iary layer w^z^th tonfor^ms w.th t^he p^^^s^zLcc I 
m^(^€^;L in t^he e^l^lirr th«^I^P;r;rs. The m^e^t^c^i^zis^ms by
w^zith t^he dynamLt boui^j^i^zry layer is for^med and is cffett^r^d 
by ^he vazrious t^c^c^l^c^t^r^r^£^■tits have been anialysed t^oge-ther 
w^th t^he result^z^r^g v^riat^z^c^ns of t^he drag t^€^r^J^;itirnt. It 
has also been shown that betause of t^he dynamit bou:^<^,^zry 
layers int^r^c^c^uted, t^he skin fri^tt^z^o^n drag intreases and 
rcisrs its przltrntc^gr t^I^r^zributi^o^n t^o t^he total drag t^o 
values m^(th gra^-ter t^han t^hose qu<^'ted by previ^ous rrsrczr- 
th^zrs who inv^j^’tigated fl^o^ws of lo^w ^a^c^I^<^£^(^iClr of 
t^urbul^e^n^te. A^dii^z^o^i^^lly, a res^o^nante p^£^zzti^c^n of t^he drag 

j^zitient vc Iuis  has been shown t^o e^Jist at 
fre^quenty rati^o with an cm^PLit^u^ir irprn(^^^]^■t 
R^^r^r^c.is numot^ez.

a fi^x^ed 
on the

bet^ween 
W.th t^he

A series of t^]^;rrlct^:^c^ns have been shown t^o 
t^he drag t^€^^^f^;itirn■t and t^he t^£^c^r^cte^rr^ ^^■tits, 
stclr rcti^o being idr]^^^:ifi^r^d as t^he t^£^c^r^ct€^rr^L^■tit upon 
W^zich t^he t^2^:rnctL^c^ns are made un;Lque. B^c^jause of t^he 
nc■turr of t^he t^3^:^rlct;^c^n, a vibratz^o^ns eqi^j^iti^on for a 
sim;Lcr phenomenon has been used t^o d^:fi^nr t^he tuzrves. 
Wi^l^zin t^he d^-ter^mined li^mits this eqi^i^lti^on has been found 
to be an ct<^^^3rc■tr m^^thod of p^edzittj^r^g t^he drag t^€^ri^fL- 
tient fi^o^m t^he t^e^c^r^c^t€^r^r.s■ti^ts.

In determini^ng t^he m^c:^I^l^s^<^<^;Le of tur^bule^nte fr^o^m t^he expe- 
ri^ments tonc^i^u^-^ed, a m^ithod of pre^zLtti^r^g t^he p^£^jLtJ^c^n of 
t^he peak of a G^a^s^s^zian turve w^<en this has been t^lt-off 
has been developed. T^Jis has been d^zTi^ved fr^o^m t^he von 
K^^man equ^^ation w^Jith d^zfines t^he spc^c^tzral d^i^s^z^ty of 
t^ur^bule^nte.
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FCgu:re 8.4 E^:fe<^’t of iihreasC^i^g R^e^r^c^l-ds num^^irs for
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Q_j (x,x+r) D^I^t^]Le v^:Lo^;^t^y c^3^;tr;Latr^r^s tensor



r D^:sSaece bet^ween t^z^n-ts

G^t) F^b-^:riae c^3^]re;LaS:^c^e c^^^^^f^:icieeS

Rjj (x,x+r) C^rr^I^].a■Si^oe c^€^f^f^;LcieeS

Re R^^^i^c^o-ds num^b^r based on sth<^:re diam^eter

Gecr:Lt C^I^^ticaa G^^^r^i^].ds nbm^€^;r

Rex G^^^r^i^lds num^t^ir based on cir^c^bm^f^2^(^r^i^;Laa

dist^c^e^ce x fr^o^m S^he fr^oeS sS^agea■Si^oe t^:Let

S Str^obhaa nbm^€^:r

T Ti^me / T^i^pter^t^i^:re

u, v, w FLb<^■^ba■S3^i^g cop^t^c^i^r^i;s of v^e^-^c^c^’ties

u'.v’,w’ G^c^C^-p^c^^^-^l^(^l^<^;re v^J^-^c^j^'ties

U U M^<an t^’^me-aver^a^ged v^^Lo^zit^y

U T^b^I^v^]^<^]^•t v^:Lo^;it^y

V FLb<^■tba■t3^i^g o^-tpu'S v^^Lt^a^ge

V M^<an o^^tpu'S v^^Lt^a^ge

VCTA A^(^I^c^c^pet^;r o^'ttu't v^^Lt^a^ge

VLIN L^l^€^c^]^:Lzer o^^tpu'S v^^LS^a^ge

x,Y,z C^a^rtesia^n dLrecS^:^c^es

e A^<^;^e fr^o^m fr^oeS sS^agea■tL^oe t^:Let

Mi^T^r^s^c^i^^Le of t^br^bbL^e^e^ce

A
V

D^i^'ami.c v Lsco j^zl S^y

K^I^(^I^pt:LC viscol^;Lt^Y of air
s D^r^i^S^•SY of air

ts Wai shear str^ess



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ch ^^pter  1. i ^n ^trod i^(^t :[on .

T^crb^^;Lrncr is t^ee m^o^'t co^mmon for^m of fluid statue found in 

rn<^;Lc^(^;rL^c^g and icdl^u^t2^:Lrl use. T^dLs rbfrffcrf c^<^€^f^£^JL- 

rar^es t^ee a^i^lit^y t^o d^-tn^mine t^ee ULr^:^mrrr effects t^bar

C^c^r^r^rtt^f^r^!^■tics of suce rurbulfct fiel^ds W^Ll eave on

vr:rL^ous fluid a^l^t^lLcrr:^c^cs. It foll^c^ws fi^o^m teis rbar for

a p^i^dticular category, e.g. p^^^T^i^aatLc and b^(^3^<^l^C.ic

rracsp^]7■tarL^cc a^^^t^lLcarL^c^cs, rbrrr be a precise

dfirrm_c^^"rL^cc d^:rL^c^g design effecr of r^be

rurbulfcr fl^o^w fiel^d Wil be on t^ee drag of t^ee bluff

o^^jeccts being t^r^r^c^s^pcrt^f^d. A^c^C^l^(^;r exam^^^e of a cat^e^gor^y

of flui^d apj^-LcarL^c^c be rbr d^■rrrmi-Ci^•rL^cc of r^be

bfrt; transfer t^o rurbulfcr f^^c^w fiel^ds. H^ere rg;^;ic, t^ee

effect rbrr t^ee rurbulecr fl^o^w fiel^ds Wil eave on t^ee

rarr and drg:^rr of e^i^'t tr^ansfer m^u^'it be d^■tr3^mi^crd in t^ee

of W^c^'t t^ee

ea:rly sr^r^grs of design. It is of c^^:^se recognized, teat

num^frcus oteer cr■reg^]?ies of a^^^tLLcarL^cns r^j^l^■r for W'^zLce 

tee im^<^3^rrnce of t^ee t^ur^bul^f^nce effects need sp^<^:^al 

cor^n^3_d(^]7ati^cn at an fa:rly st^a^ge d^;ri^ng desL^gn.

ccl^c^G^f^C3ratL^cc in this prc;]’ect ^iLll be on tee first 

caregcry of W^dLce an rxrm^^lr is t^ee design of a pipelL^ne 

fcr t^ee rrr^nsp^]?-trr:Cc^n of sp^€^f^:Lcrl cb;ie<^■rs. In rbis crsr, 

t^ee rfffcr of t^ee r^urbul^f^c^ce fL^o^w fifl^d on r^ee drrg needs 

rc br de■re]^mined so tbar t^be pressure drop in t^be ^^pflL^cf

crn br calculat^f^d. ^^z^s ^I;^1 affect rm^o^c^£^■t orbrrs, t^ee 

pump size (fl^c^w rate and eead dev^eloped), pipe dLrm^ftrr, 

and pipe rbickcrss usrd. Ulcf^cr;uI^£^r;ely, becruse of rbe
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cuicrent li^mitred u^c^e^i^istcnding of t^he ult^i^mate effects of

t^he t^ur^bul^c^nce C^c^r^c^c^Ce^e^ j^i^-ti^cs, theee is insuj^:fici^ent

infor^m^-ti^on c^^^jLlablc t^o d^!^;igni^]?s, peovidi^n^g only a

li^mitred b^i^iLs foe t^t^e^m t^o sti^z^v^e t^c^w^;rds grei^^tee accue'ccy

of d^jsi^gn oe cni^;lyses of vc:rious scfet^y fcctoes em^^loYed.

The deteemLncti^on of t^he effect that a tuebulent fl^c^w

fiel^d has on t^he total deag of a spheee is veey useful,

both in increcs3^r^g t^he u^c^e^3^:3tcnding of t^ue^bul^e^nce it^self

and in increcsj^r^g t^he a^ilit^y t^o pre^JLct t^he effects that

such a field w^i^^ld have on sim.;Lar o^;^e<^‘^s in ind^s^S^3^;Lcl

a^^^P^lLCctJ^c^ns. To achieve this, t^he effects of individual

C^c^Cc^a^Ce^e3^!sti^cs of a tuebnen-t fiel^d have t^o be ide^ltifi^e^d

and isolat^e^d. O^Oly by idel^t^;Lfi^cae^i^o^n and isolct^;^c^n is it

p^s^s^^ible t^o spot an effect that is net due t^o any of t^he

ex]^<^(cted C^£^c£^c^Ce^e^c^:^■tics of a field, and als^o ^o b^z^ld up

t^he ex]^<^<cted individual effects t^o encb:Le prcd;Lct:^o^n of
t^he total effect.

crc m^ny C^e^c^c^cCe^er^^^'tics of a t^uebulent fl^o^w fL.cl^d, 

the im^c^lctcnce of. ^^jLch cre dep(cn(^(^i^-t on t^he effect that 

is being ob!servcd at thc inst^c^ncc, the

tuebul^e^nce C^c^ca^cCecis^■^ics of im^c^]^■tcncc in d^■teI^minJ^n^g

total deag may diffee fI^c^m t^hose in d^■ter^mining hcct

teans fee, m^^ss trcnsfer, ca^i. ■tct:c c^n, o ' even noise

peod^(^1ti^on. T^c^e^(^;fo:ec, en;LY by bcing ab^lc t^o ide^^eif^Y and

t:^me. Foe

isolate thc effects of thc individual 

C^c^c£^cCe^ei^<stics is it p^s^j^jLble to pre(^:Lc-t ^hc 
t:ur' bul. e^ nce

tctal effect
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that a turbul—nt f-^c^w fiel^d may have on each of t^h—

factors being co^!^;ider^—^d.

T^u?bi^;Lence as d^;Ei^n—d by H.nze [1959] "is tn iri^r^gular 

coi^c^d'tic^n of fL^c^w in w^Jich t^he va;rious q^c^r^tt^L;i—s sh^o^w c 

r^c^r^c^c^m v^]^;iat^^o^n w^'th t^^^me and space co-^(^]^d;inates, sc that 

stttist^L^c^aLL^Y dLs■tL.nct av<^:rage values can be discerned'.

B^<^iause of this ir^I^—gulaIit^Y and ra^n^dcm^c^iss, m^t^t^(^I^att.cal 

ap]^:^cach-s t^o t^he sOLuti^on of d-■termLnL^ng t^he -ff-c■ts due 

t^c t^ui^buL^r^nce can be very involved and are li^mit^r^d ^c

stctist^i^cal av<^;rag-s only. and T^ujlLin [1955] su^mmed 

up the prob-^r^a by sayi^n^g "the fluctuatL^c^n w^dich is 

super;Laposed on the principal m^C^tion is sc h^]^e^r^<^!sslY 

com^^Lex in its d^i^j^C-ls that it see^ms t^o be inacc<^^^^;Lble t^o 

^a^a^l^(^I^aat^<cal t^r^r^c^■^a—nt". A total drt—rmLniatL^o^n of t^h—

effects is

ex]^<^]rim^ rental

therefore p^£^£^;iblr only by tC1^5^:id-rL^r^g

resu^Lts, u ^C^JLI t^he advancement: of m^C:^]^«^inattics

b-com-s such that t^hese ccm?]Lex m^C^;Lcns may be analyse^d.

Id^r^r^:LfL^cat^;^o^n of t^he -ff-cfcs due t^o indivi^dual t^urbul^e^nce

C^c^r^l^c^te^r^l^!^■tics irLtL^aL-^Y involves isoLat^:^r^g th-

c^c^a^i^c^te^e^l^i^-ti^cs that are cci^j^zidered t^o be of im^c^^^'tance.

In ^he d^■t-rmLna■ti^cn of ^he -ff-ct on t^he total drag

c^€^r^ j^^icient of a sph<^;re, ^h- im^c^c^ltant tui' buL. -j n. ce

C^c^a^r^c^tt^r^l^!^■ti^ts are col^£^;Ldered t^o be: t^he R^]^r^c^C.ds num^c^r:;

the tui^bul ^n^c- intensit^y; and th- e^c^c^i^£^<^iale of

t^ur^buL^r^nce. A^ddi^ticnal factors such as t^he m^ithcd of

supj^c^o^-t, blockage and -nd -ff-cts ar- also of im^c^iitanc-

and t^herefcr- need sp^<^dLal att^-nt^z^c^n d^iring t^he co^i^i^c^lti^n^g
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of ex]^(^rim^i^i:s. Ii^€^£^^:igatI^c^is int^o t^he effehts of of

t^he turbulenhe h^h^ac^ctt^riE^^ciGs on ^he total drag of a

srh(^;re have been honi^T^c^-ted by many reseaiohers, w^-th t^he

ex^<^]^1ti^on of the effeht due t^o the mi a. r" o ss <o  <ale of

t^ui^bule^noe. T^h.s, u^t^zil ieoen^tlY (Neve [1986]) was

hol^£^:cdeied t^o be of any im^^^o^-tanGe in t^he d^■tei^min^■ti^o^n of

t^he total drag. B^i^i^iuse of this total la^ok of ho-ordinat^ed

infoim^^tc^on on t^he effehts of m^c^o^i^o^s^^^:le, m^iny ieseaichers

have tr^eat^e^d the i^-tanhe of this ' tur^buL^e^t^re

h^c^ai^crG^r^i^!^■tCr w^ith soepti^r^;Ssm. T^:^s soepti^r^:Ssm has

probably ari^s^e^n behause insult;fCrCent reseai^oh has been

oa;iii^ed ou-t on t^he effehts of m^c^r^l^£^<^<^;le. The isolat^i^c^n

and idel^t^:ifi^oat^:^o^n of m^c^o^i^£^<^<^;le effehts on total drag was

t^herefore t^he riI^me hont^iern of this ieseai^hh projeht.

1.1. Revi^i^w c^f wor^k.

The drag of a sphere and t^he stati^h pressure at t^he bahk

of it w^re CnLtCally used as h^;cteii.a for d^'ter^mini^n^g t^he

d^«^:ree of ^ur^bul^e^nhe in an aii^s^■ieaam. A h^:ItI^ral R^^^r^c^]Lds

n^-t

num^(^]i

of t^he

Spheie

^^fi^n^ed by Dryden and K^e^lthe [1930], was t^he value

R^e^l•^c^c.ds numD(^]r for w^jioh t^he drag h^€^e^J^:ihieot of a 

was C.3. At this h^;itI^raL value, t^he pressure

oo€^ei^;Ioient was deter^mined as -0.22 for a pressure 

tarri^ng at 157.5° fi^c^m the fiont st^agna'ti^o^n p^:iat.

Though not ool^^^;Cdei■ed a direht of ^he t^ui^bule^nhe,

the h^;iti^ral R^5^r^c^cLds num:^€^;^ was ool^^^:Ldei^ed a of

t^he aerodynamLo effeht of t^u^bul^e^^he on a p^l^■^ioular body.
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Interes-t in t^he sph(^:te as an o^;je<^'t of aet^c^dysamrc st^u^d^y,

rat^her t^han a m^i^ns of c^;Librat^r^r^g wind t^uss(^;Ls (Prai^c^ttl

[191-4]), was t^he beg;LSsisg of a st^u^dy int^o t^he rrsr^£^■^^^r^cr

of sph<^:trs in wind tuns(^;Ls, jets, air, w^t^<^:t, and many

other m^c^jia, t^hus esiabZli^ng a b^l^-ter u^c^e^-tsta^sdr^s^g of t^he

rffrcts of t^he tut^buL^r^sce C^£^a^t^c^Ce^r^t^:^’tics. B^(^i^iuse of t^he 

m^a^t^(^r^mtt^<cal lr^mrtat^;^c^ss in hal^(^JLi^s^g probl^e^ms asso^:rat^r^d

with t^ut^buL^-^sce, of t^he w^:^k conc^i^c^-ted on ^he effects 

of some of the turbul-^sc - C^c^r^t^cC€^-^t^!^■tr^cs has been

rx]^c^]^;im^-^S:i^:L. T^:^s rx]^^^-tim^l^^:al w^:rk has brrs depeni^i^i^-t

on, and sim^lLrfr^ed

a fe^w trsrarchrrs,

by t^he thr^l^<^-:ical w^irk ca:trr^-^d o^-t by

t^he m^£^^t prom.ni^i^'t of whc^m w(^-te G. I.

T^a^y-oir, and T. von K^:rman.

Bacon and R^:id [1924] w^2^]^;Lsg on sph(^:tes in wind t^unni^^ls

obiserved that factors such as t^hr m^ithod of supi^c^iT^t,

istessit^y, and scale of tut^bule^nce, w^ire coi^ :tibutr^ n^g

factors in t^he drf^^-^t^-^s^cr, beyond ex]^(^]^;Lm^r^t^a;L error, of 

t^he data that w^ire obitai^ned fr^c^m drffrt^rnt wind t^uss(^;Ls.

One of t^he co i^c^Ius I^oss  t^^ey dr^e^w was t^hat:

"The one d-ter^mined effect of scale of tut^buL^-^nce is 
to col^t;tol the drg;ter w.th w^z^ch tr^ur dynamic 
sim^;La:tit^y may be m^ar^1taised t^h^r^o^ughou't a serirs of 
tests w.th sphi^^es of drffrtrst sizes. If t^hr scale 
is fr^se, as com^^^ared w.th the diam^-ter of the 
s^alL^<^!3t sph<^:te, a good ap^]to^;rm^a:ion may be had 
t^hr^o^ughout; if it is co^;tsr, R^^^r^c^lds le^w no longrr 
serves even as an indicat^ot^.^"

Though this was ap]^c^a^<^i^itly net col^£^:rdet^rd seri^ously by 

tesearchets u^t^^rl m^ny y-a:ts after, it is a very rel^e^vant 

cor^t^ttibutr^os t^o the ptesest rrsear^c^h because of it^s 

idrl^t^:rfi^cat^r^r^s of ^hr im^c^i^’feance of t^he m^ac^t^£^c^^^;Le in 
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ex^^^ri^m^i^lts w^'th aer^c^d^Yeapic o^;je<^'ts i^ppe^frsed in t^br^bbaeet

fl^t^w fiel^ds. T^(^:^e is no at]^<^^ree■t iedicaS:^c^e as S^o w^dich 

aeegSh scale (ace^:^tbdieaa or lateral) lacon and R^zid

refer^i^e^d, a g^I^i^e^r^l^;lzaSl^c^e of b^'th seems probab^Le.

To g^]^€^]^i^-te t^br^bULeet fl^c^w fiel^ds, gri^ds of vaLri^ous shapes

and sizes w^;re used. T^dis Shat a ca;refba st^u^dy of

S^he c^E^a^r^a^tt^r^r^i^-tics of S^he t^brbULeeS f^^o^w fiel^ds gej^c^naS^ed

by t^he grids had S^o be init^z^c^-^e^d. Dryden et.aL. [1937]

d^SeI^pieed She scale and ietresit^Y of Sbr^ebl^ r^ecr

dow n ns ^tr* ea <1 p of square grids of dLffrrret size and

C^r^i^S:rbc■tJ^c^e. They rr^c^c^pmended ShaS m^e^s^i^rem^i^lts closer

t^han a fe^w m^ish aeegths fr^o^m S^he grids sho^^ld be avoided,

as t^he "shad^o^ws" of t^he grids w^re s^;ilL trevi^;LeeS in Shat

regi^oe of t^he fiel^d. Oy^e^er and W^i^iden [1934] had also

trrv;iously n^itic^ed She "shad^ows" due So w.re and cord

eeS^wo:rks a fe^w m^ish aeegths dowr^i^■^r^r^c^p of t^he eet^wo;rks in

Shezir ex^^^ri^m^i^its, I^s^nes and P^’^er^s^on [1951] condi^<^-Sed a

m^re d^ltail^e^d iev^^£s■tiglt^’^c^e bsi^e^g grids of dlffrr^reS

shates, size, and col^i^StrbcSL^c^e, and rr^c^c^mmended a dist^l^i^ce

of 5 So 10 m^!sh leigShs dowr^i^■tr^r^£^m fr^o^m grids as t^he 

mLe;^m^b^m rrquir^e^d "to resbrr rrasoiaear f-^o^w 

est^a^b].Sh^meeS". Mr^l^s^2?(rm^r^i:s by I^jarman [1971] showed that 

She iitrisit^Y aed sclar of sbr^ebl^ e^ecr w^:^e bo‘th

ledeteed^lit of S^he free-^■rreap v^:Lo^:it^Y. L^i^:rence [1956] 

wol^]^;Lng on JrSs, ca;^rl^r^d ou't a t^h^ol^c^b^gh iev<^£^■^igat:^c^e int^o 

She v^3rilt^’^c^es of She ieSre^it^Y, scllrs (latrral and

loe^dLSbdiea;L), and st^(^^tra of t^brbbar^ece dowr^i^■SI^r^^^m of a
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n^:^;^;Le. Hzs  resu^^'ts sh^o^w t^he v^]^;ict^z^c^n of t^hese t^urbul^e^n^te

t^c^c^l^cte^r^iz^■tits in t^he v^irtital pla^ne of a jet.

p^ rim^ its inv^j^’tigat^'^r^g the effett of turbul^r^r^tr

inten^^it^y on t^he t^;iti^tcl R^^^r^c^o-ds num^€^;r w^;^e tc:rri-^i out

by m^ny researthers intl^u^ii^r^g ^ii^li^k^a^n and K^<^:in [193^3],

H^c^r^l^(^:r [1935<c ], S^^by and M^o^rgan [1936^], [1936] and

D^;yden et.al. [1937]. O^s^s^irved by all was t^he v^3^:iat^;^c^n

that t^he intrease or d^<^:rease of t^he t^urbul^e^nte intrn^;it^y

had on t^he t^:iti^tal R^^^i^c^o-ds num^c^ir. H:^c^r^l^<^:r a^c^i-tion^^lly

obiserved that t^he effett of t^he tur^bulr^ntr intensit^y on

t^he sph^:re drag was sim^ZLcr t^o t^hat of surfate roughness.

D^’yden et.al. n^'ted further that t^he sphere drag tan vary

"by a feotor of 4 in air^s^'reei^ms of differen't t^urbu]^r^r^t^e".

In ex^f^rim^i^lts by T^c^<ob:Ln and G^v^^^zin [1961], t^hey trst^r^i

m^^^zing sph<^^es in fl^ui-d fl^o^ws w^'th t^ur^bul^e^nte in■trn£^s.ti^rs

of up t^o 45%, and found resu^lts sim^ilar t^o t^hose of

H^c^r^]^er [1935b] who used fi^xed sph<^:rrs. The signzifi^tant

dif^^r^l^r^r^tr was that t^he t^;iti^tel R^^^r^c^O-ds num^b^rs t^hey

found w^;re m^<th low^:r t^han t^hose found by t^he

dLf^^r^l^r^r^tr bei^n^g a feotor of 100. T^j.s, T^i^obzin and G^i^^^:in

ton(tluiei t^o be due to t^he difi^r^r^r^r^tr of effetts bet^ween

fi^xed and m^^^ring sph<^;lrs. Clamen and G^i^^^zin [ 1969]

to^-ti^n^ued t^he w^:rk by T^]^<^l^:in and G^i^^^zin and ext^e^n^ded t^he

r^^nge of t^he R^r^r^c^C.is num^e^ers t^o higher values. They found

that in t^he lo^w R^^^r^c^o-ds num:^(^r regi^o^n, i^he turves fol^mei

a series of mini^m^i^m drag t^€^^^j^;itirnts w^c^ise p^£^sLti^c^n was
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dep^nt^i^i^-t on t^br icrecsit^y. Tee eLgeer r^br rurbul.e^nce 

icrecsit^y, t^br low^:r t^ee R^^^r^c^lds num^€^:r value at W^i^ce 

t^ee minL^m^u^m drag c^€^f^J^;Lcifcr occi^irred. B^;yond t^brsr 

m^ni^m^u^m p^sj3.rL^c^cs, incrrasr in R^^^r^n^o-ds num^(^:r produced 

cc:rr^e^£^t^cndi^cg iccrrasrs in t^ee drag c^b^e;j^:Lciecr u ^C^:L1 

maxi^mu^m peak values w^:rr art^r^;^^^G^d, beyond W^zice increase 

in R^5^r^c^o.ds num^t^^r caused cc;rr^e^s^p^ccdicg d^<^;rerse in drag

J^;Lciecr.

inrrc^:it^Y, so

THe p^£3 JLrL^c^cs of t^ee peaks of t^br drag 

c^c^e: J^sLcients w^ere again depimc^i^i^-t on t^ee t^ur^bul^e^c^cr

t^ee peaks of curves W^'te a eigee:r inrrc^;Lt^y

o^(cu;^red at lower R^^^r^c^lds num^e^ers r^brn t^eose of lower

icrfC£^jL■tL^fs. N^'ve and Jaafar [1982] rxr^e^n^drd t^eese rfsu:Lrs

t^o an even bigber R^^^r^c^o-ds num^€^:r range, and cb^trL^c^rd

resu^^ts rbrr foirmed t^br d^<^:rrasL^c^g drag c^€^f^f^:Lciect

p^3r■rL^c^cs of t^ee curves. Tee comt^bL^c^r;icc of all t^ee resu^Lts

gave, superposed octo t^ee st^r^ndrr^d drag c^€^f^f^:Lcifcr

rg^^jLn^s■r R^^^r^c^o.ds num^(^;r curve (A^l^(^l^l^irch [197^2]), a srrifs

of 'S’ curves (fL^gure 1.1) depec(^<^]^■t on t^ee rur^bul^e^cce

inrfcsit^y■. T^<^!sr 'S’ curves showed t^ee p^£^j^;Lble ex:Lst^f^c^ce

of t^wo c^;LtL^crl R^^^r^c^lds num^b^ers for a fL^xfd icrfcsit^y

curve, at R^^^r^n^o-ds num^(^;r differri^r^g by a factor of 100.

A.rb^cugb t^ee effect of rbr scale of rur^bulrncr as first 

m^f^C:ioced by Bacon and R^zLd [1924] was co^!^;idrr^rd in

relrt^;^c^c t^c c■tbrr rerc^dycrmLc objfc■ts (van der H^<ggr

Z-jcen [1958] on cLrculrr c^:Lindfrs; B^iarman [1971] on

flrt pLrrfs; and Lrr [l975^/6] on square prL^s^ms), r^be 

fffrcr on spe(^;res was cc■t rradLly inv^^^■rL^gat^€^d. It is teis 
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use of complL^<cc■ted cer^odyncmLc shapes wizLch int^i^c^c^uce 

further un)^<^<^(^!^scry coI^pll<^^^^ei^ons that hcs dela^yed the 

isolat^;^c^n of t^he d^s'ti^nc't cffcc'ts due

tui^bul^nce. T^i^ob;in and G^i^\^:in E1961!,

t^o t^he scale of

who qu(^’^ed scale

ratd^o vclues (L^//d) of bet^wecn 0.16 and 0.5, obiserved ne

effect due t^o ^he scc 1. of tur^bule^nce. The reason for this

.s that for such sm^l-1 scale rati^o values, t^he cffcct of

t^hc scale com^'^^ced t^o that of t^hc t^urbuL^e^ncc intcn^;ie:Y is

ex^<^<^'ted t^o be -igible.

N^^ve [1986] coi^j^ ^ideeed t^he im^^^^^ctance of t^he scale in

d^-ter^mini^ng t^he drag c^c^e^d^^icicnt of sph<^;res. He obiserved

that t^hc v^]^;Lat^;^c^ns of t^he drag c^c^e^f^zLcicnts w.th R^^^r^c^lds

num^€^rs w^:re dep<en(^<^i^'t on b^'th t^he scale and inten^;ie^y of

t^ur^bul^e^nce and that t^he mc^a^r^n^'tude of the:ir v^jciat^i^c^ns

deserved t^h^e^m sp^c^zial coi^E^jLd^rcti^c^n. It is thus a^t^dinist

this backgr^ound that t^he cu]^;rent resear^ch was conduccted.

1.2. J^imofh^hepocject.

As an ex-tensi^on t^o t^he w^:^k by N^'ve [1986], t;he ai^ms of

this pro^ject w^;^e t^o achieve t^he fol-^c^wi^n^g:

To e^•tcb;lis^h t^he eclat;;^c^n^s^hL.p bet^ween ^he m^a^c^c^s^c^i^^Le

of t^ur^bul^e^ncc and t^he total drag of a sphere.

To es■tabLL^s^h w^e^ether t^he v^]^;iae^;^c^ns in t^he drag

c^e^C: J^zicients have co;rr^e^s^p^ondi^n^g base pressure

c^€^e^i^;Lcient v^riat^^^c^ns.

3) . To es’tablis^h t^he dynamic eelae^;^onship bet^ween ^he

drag and pressure c^t^e^j^zicicnts, and also t^o c^<^(^3^■tcin

t^he exsist^e^n^ce of '"resonance" at given v^rt^ex shedding

1) .

2) .

23



fr^—qu^i^c^c^<^£s.

4). To e^-tablish w^e^Ither t^h— effects of individual

v^3^tic-s paissi^ng t;he sph^:re can be d^-fcect^r^d.
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CHj^]PTER 2. TURBULENT FLO)W FI^ELDS AND THl^ItR GE]^]^]R^T:tON.

2.1. Tu]Ibl^;Le^nce generatd^o^ni.

Ge^nrr^Otion of turbulent fL^o^w fieL^ds in lab^ra’tories is 

usu^^;^lY ahhieved by t^he use of grids al-^t^o^L^gh other 

m^ithods suhh as fri^ot^:^o^nal forhe g^i^c^e^i^-ti^o^n of t^ur^bul^e^n^he 

han also be used. G^^ids are als^o used as redu^^^rs of lar^ge 

shale t^urbule^nhr, t^he distiltrt^;^c^n bet^ween grids used as 

g^l^€^I^<a•to;is and t^hose used as iedu^<^:is g^l^t^e^t^]LlY drrrndin^g 

on thr:Ii size and p^£^;it^;^c^nI^t^g. G^0L^£^S;rin [1938] made t^he 

dIsti^trt^;^c^t based on thr p^£^dItI^c^t ielat;Le^e to a 

oo^^t^:iaoti^c^n n^^:^;le lradi^t^g t^o t^he w^n^l^iing srotI^o^n. He 

ob!srrvrd that grids rlaord at the rn•^r^a^nor to the

col^t^;iacti^o^n w ^:^! iedu^<^:is and t^hose rlaoed at t^he e^d^'t of 

t^hr oo^^t^:iao■ti^o^n g^]^€^3^<^■^ois. B^z^nes and P^'tir^s^on

[1951] madr a rI^goi^ous ine<^£^^tigatI^c^n of thr fl^c^w firL^ds 

dowr^ts•tre^^^m of dIffeiett grids and honhludrd that

m^c^■t

^^■n-

ra2?■tioulai oomt^bI^t^ltions of giid h^c^r^i^aot^ri^^^s;io wf^ecr 

rffCri^rtt for p^31■tirulai t^Yrrs of giid a^I^C^;ioat:I^c^n. 

A:ioha•t o -.1!. [1982] on t^hr othrr hand su^mmed ur t^hr 

disti^ trt^ :^c^t bet^ween g^i^€^i^<i-tors and rrdu^(^:is as bei^ng

drr<rn<^(^I^■t on: t^hr R^e^r^c^c.ds num^(^:^ of o^(^]^i^'ti^o^n; t^hr

turbul^ r^nhr prol^€^rltirs in t^hr absenhe of t^hr ^rids; t^hr

turbul. r^nhr prO]^e^ritirs orrat^rd bY t^hr g^ids; and t^hr

dowr^t^^ti^e^^^m droay t^;^me riovi^d^rd.

Von K^:iman [1937a] stat^r^d tha‘t t^urbulrnt fL^c^w firlds vjere

no^rm^l^^lY gei^c^irated in one of t^wo w^;ys:
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1) . Iry-r or w^t-l t^ur^bul^r^nc — ; g^i^c^rat—d by

2) .

fri^ct^:^c^n fcrc—s at t^h— w^c^l, and is co^^tL.n^uouslY

aff—ct^—d by fi^x^ed

F^(^e-st^:^(^i^a t^ur^bul^e^nce; t^ur^buL^e^nce in t^he absence of

w^a-Ls, ge]^(^rtted by t^he f:Lc^w cf layers cf fl^ui^ds Cf

o^<^;rdiff-r^-nt v^^^-^c^c^-^i-s p^ist or one anc^'^her.

The seccnd of t^h—s— t^wc w^^ys is t^h— g^]^(^]ial m^Ithcd by

w^dich grids g^i^c^rate t^ur^bul^^nce.

2.1.1. M^(chai^;i^c^s c^f c^€^n^er^at^:^<^n.

The m^r^C^c^r^r.cs by w^dich t^urbuL—nt fL^c^w fi^—L^ds are gei^(^rated

by grids was studied am^r^r^£^■t others by O^en and

Z.—n]^;i — wLcz [1957], Ho and N^ss^s^r.r [1981], tnd L^i^dfer

[1981]. O^en tnd Z.-nk;LewLcz provided th- baisic

ex]p Irn^-ti^sn by showing that th- stati^c pressure

diff^r^i^r^nc-s bet^ween t^he dc’^r^r^■^r^r^^^a and uplst^l^-^<^a faces cf

t^h— grid cause t^h— dcw^^r^•tI^r^c^a 4l$ll pr—ssur— fieL^d

interact w^'th ^h— initial v^i^'tices cf t^h— sh—ar lay-r.

Such tn interacts :^c^n produces a ccl^rtractLn^CJ-e:^I^c^r^d:^r^g

m^O^;icn w^dich r-su^^ts in an t^<^€^-.—;ratL^o^n and d^<^€^r^'^:rat;^o^n

of t^h— fL^o^w, tnd this in turn changes t^h— stabi^LLit^Y

c^c^rr^act^rl^i^-tics of th- layer. D;^u^;Lng th- u^s^'table

d^c^e^I^i^rati^o^n phase, in^-tiaL v^T^-ti^c—s coi^^Lesce and rOLl up

int^o a Iri^g- v^i^lticrl str^uct^ure, w^h^r^eas in t^h— sizable

a^(^(^].-:ratL^c^n phase th- v^i^-^ic-s do net ccj^^L — sc — . By this

process a turbul-nt fL^c^w fieL.d coaarr^!si^ng of lar^g— tnd

sm^i-l v^i^ltical sti^uct^ur—s prcpi^<^<^1ti^n^g dcw^^r^■tr^r^^^a fi^c^m t^he

grid is g^i^c^rated. Figure 2.1 shows this —a:rlY deveL.o^p^m^i^'t

26



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of t^he v^i^ltical sSl^bct^bres.

Each iedividbal slat of t^he grid forums its own wake w^dich,

w^‘th iicrelsl^eg dlst^l^i^ce away t^he grid,

ietrract w.Sh t^he w^l^<es of ether slats. It is

beg;Les t^o

this ea;rly

reg’^on of t:^he ieser^lct^;^c^es Sha't and W^a^^den [1934] and

Dryden et.al [1937] d^!sc;ri^bed as having She "sha^c^o^w" of

She grid trrvi^:Leet. Iryoed this regi^on, when She

inSer^acSz^c^n bet^aeee t^he w^l^'es of indivi^dbll slats is

comppl^ite, a unif^o^i^m fl^c^a field is forsmed w^dich can be

coi^s^iidered t^o be srlf-^t^r^e^s^e^I^v^-^i^g. S5 e-f-pr eser? v i n g as

d^:fi^n^ed by S^ew^a^'t and Towr^jsend [1951] is a t^e^r^m used 

d^:fiee a fl^o^w for w^dich t^he sSr^bct^brr of t^urbul^e^nce can 

t^o

be

ass^u^med t^o m^ir^i;aie its si^ila:rit^Y duri^ng decay. The 

n^’^i^on of self-^ tI^rsrr^vlt^:^c^n d^i^i^ng decay is one that had 

been int^I^oc^bced in the^I^(^r:ical li^^r^3^1^t^brr by many 

researchers, in t^3^■ticbllr von Karman [1937b], von K^:rman 

and H^o^aa^dth [1938], von K^;rman and Lin [1951] and Dryden

[1911,1913], w^h^re its value in rrllSi^vrlY si^m^t.if^yl^i^g

eql^^^1ti^oes is iecaacbaabae.

F^:r t^br^bbleet f-^o^w fiel^ds g^i^c^ra'ted in open secti^on wind

Sbee<^;Ls, this inLtill regi^on forums a "^c^Ct^r^i^;ill core",

w^dich is of alm^s^-t ue;Li^c^I^m cro^!S-srcti^cnll v^^Lo^zit^Y and

t^herefore of very lG^w shea:r sSr^ess. Surrounding this core

^ill be ^he m^:^;ieg regi^on, a regi^on of high shear stress

caused by t^he v^:lo^:It^Y gradzien't bet^ween t^he fas’t fL^c^ai^n^g

t^0^<^l^i^;lal core and S^he sSat^;^c^i^aI^Y surI^c^bedi^n^g fl^ui^d. T^iese

shear layers for^med increase bo'th t^he level of inSeesit^Y
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and t^he si^ze of t^he v^i^'tices in t^he t^ut^bULest fl^c^w fiel^d.

The istetact;Lr^s w^z^ch increases ^he v^c^t^:rcit^y spreads,

reduci^ng t^he co:re region u ^S^zLI it disappea::ts. B^;yond this

regi^os t^he sheazr str^esses d^t^zrease u^t^zil a fully developed

self-^C^r^e^s^e^t^v^z^r^g regi^os is att^c^z^r^-^d.

The sigtzifi^cant dist^c^sces away fr^o^m t^he grids in t^he

t^urbulent fiel^d are t^hose at w^dich: -

t^he grid sha^c^o^w dLsappea:ts,

t^he p^C^<^r^t^zral core dLsappea:ts,

and - t^he f^o^w bec^G^mes fully de'^<eloped.

Vu^zious tesearchets have found drffetest drst^c^sces for

t^hese oc<^i^irrences, a sum^e^iry of

1) . Gz^zid sh^a^d^c^w disapp^i^^s.

w^drch w^T^;^d be:

D^:yden et.al. [1937] 15 m^jsh lengths.

B^ZLses and P^-ters^os [1951]

2) . p^r^(^r^t^:ral core drsappeazts.

5-1^0 m^ish lengths.

D^^^v-es et.al. [1963] 4-5 t^z^mes wind t^ussel

w^i^-th.

3). S^i^]^-t of fuLL^y de'^(eloped regi^on.

G^lc^s^steis [1938] 5-7 ^z^mes wind t^unnel

w^<^dth.

Wy^g^e^a^s^J^zl and FLr(^:Cer [1969] 5 t^z^mes wind t^ussel

w^i^-th.

Cz^r^me-E^eec^c^-t and C^l^t?s^;is [1966] 20 - 30 m^ish lengths.

Vat^^tr^lss of these disi^e^sces to be expectedare only

because the C^^^c^^^ctt^r^r^z^^tics of the turbucest flc^w fieids 
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g^l^^^retri w ZLI depend on t^he level of turbulente in t^he

ep]^;roathing t^he gri^ds, ^he w^nd t^unnel size, and t^he 

grid size, m^i^h, and tol^^^trutti^c^n. T^e^r^^:fore ide^ltital 

grids pletei in t^wo sim^;Lar sized wind tunn^ILs will n^-t 

n^<^€^r^£^c^c^lLly produte iie^r;ital turbuLmt fl^o^w firl^is, 

u^^less t^he t^c^c^r^c^tt^r^r^!^■tits of t^he fL^c^w ep^;roething t^he 

grid p^£^jzti^c^n are also iie^i;itel.

The dependente of t^he t^c^c^r^ctt^r^i^!^■^its of t^he turbulent 

fl^o^w firL^i on t^he grids has been inv^£^■^i^gei^ri by many 

rrsrerthers. Dryden e^.d. [1937] stet^e^i that el■^^^c^L^gh t^he 

stelr of t^he t^ur^buL^e^nte nrer t^he grids torre£^p^onis m^re 

n^i^rly t^o t^he wire size t^han t^he m^ish size, this did n^'t 

im^^Ly that ^he w^re size n^c^t^r^£^£^c^;^ly d^■tel^minri t^he 

initiel stele. R^ise [1970] d^]^c^onti^i^■ted th^^ t^he turbulrnt

stelr imposed inLti^elL^y by t^he grid fi^xed t^he level of 

t^urbul^e^nte intrnsii^y, eni thet bel^c:^w so^me m'ni^n^u^m in'-tid 

stale t^he t^urbuL^e^n^te was always found t^o detay. Bodines and 

Peters^on [1951] showed fr^c^m t:hr;ir rrs^lts t^he iepeniente 

of t^he inLtiel t^c^er^ett^rr^‘3■tits on t^he grii dim^i^j^;ions.

Al'th^ough t^he ietay of t^urbul^^n^te end t^he intrease of stale 

in the p^C^(^l^r^;ial tore is inirprnient of thr grii
dim^r^£^:ions, as iniitei^e^i by t^hr rrsu^■ts of Dryien et.al.

[1937], Bodines and P^^trr£^on [1951], B^iar^man [1971], Lee

[1975^6] ani Neve [1986], t^he stelt of t^he mzX:ing regi^on 

api^c^i^rs fr^t^m the results of N^'ve [1986] to be dependi^^^ on 

the grii dim^i^£^:ions. ^^1.3 is only to be rx^<^(^■tei beteuse 
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^ee m^;^:icg regL^on, for open sfctL^c^n wLnd runn<^:Ls, also

srarrs t^o dr'^<rlop jus-t dcwI^r^■^I^€^^^m of t^ee grids W^^^;^r t^ee 

grid dim^i^ssions are of great im^c^l?■racce. Tee sprerdL^c^g

v^cr^rLcLr^y of t^br

depimc^c^i^-t on t^br

p^£^J.rL^c^n at W^:^ch

on t^ee

m^;^:Lcg regL^o^n is rbfrffcrf dLrectl^y 

grid dim^j^s^ions W^JLch WLLl cause t^ee 

t^ee p^0^<^r^r^;^al corr dLsrpp^l^:rs also t^o be 

grid dim^l^£^:Lccs. THi resu^Lts of N^-ve 

[1986] al^o se^o^w rbar as t^ee fl^o^w becomes full^y dr■^<rloprd, 

se;Lf-sL^mLlrr and sflf-^t^r^f^£^f^r^v^L^r^g t^ee drprcdrncr of t^ee

C^£^rr^rtt^fr^s■tics of t^ur^bul^r^nce on t^er grid dim^i^isions 

dLsrppfr:rs, and rbr develc^pm^l^■r of rbr tur^bu^ f^c^cf 

d^c^ar^att^rr^LBtics is pro^c^c^^ticnal t^o t^er dLst^r^c^ce fr^o^m t^er 

grid p^£^s.rL^c^n as obiserved by many rfsfrrcbfrs incl^u^dL^c^g

Tcwr^£srnd [1956], D^5^i.rs rtwal. [1963], and Wgg^^a^^l^iL and

FLe<^:Ler [1970].

2.2. Turb^;Le^n^t fllow

T^3^1^l^;^ecce, wrs df:fL^c^ed by ^.nze [1959], as an ir^]^^gulrr 

cOl^r^i^■rL^c^c of f;^o^w in W^JLch t^ee va:rious q^u^r^ct^Ltifs sh^c^w a

rr^c^i^c^m v^]^;Lrr:^c^c

c■tbrr r3s<^l^r^;Lrl

w-te r^:^me and sprce c^■^^;^d;Lnr■tfS. Thr 

ffarurfs cf tbis t^ur^buL^f^c^cr are t^ee

vocr^;Lcit^y and m^:^;Lcg. ^ocrt^(^:Lr^y .s a v^^’tor q^c^r^r^it^y,

W^:Lch

fl-uL^d,

rcrr^gy

gives a m5f^r^l^:rr cf rbe rotrtL^c^c of a p^]^^ricle of

and m^;^;Lng plrys a m^r'o:r rnd im^c^c^itac■t role in r^ee

ict^€^]^<^^^c^c^ge ^i-tein t^ee r^ur^bUlecr fl^o^w field.

The rurbulect: v©lcc2Lr^y c^^^r^s^JB■rs of t^wo ccm^t^c^c^e^c;s; a mean 

flow rbat is st^f^r^d^y ic t^;^me, and a fl^uct^uat^L^c^g f-^c^w W^<^Jsr

rlme-averr^ged v^:lo^;Lry .s zero (U = u + u). spiar:irl
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com^c^o^G^e^nts of t^he fluct^uat^:^^^r v^;lo^:Le:Y cem^c^c^f^e^S:s are

den(^-ted as u, v, and w and t^he cerr^e^s^c^ondi^n^g root^mean-

square values as u', v', and w', w-th t^he u cem?c^ln^^e^^t in

t^he direct^;^c^n of mean

The first person to sh^o^w any u^c^€^3^!sta^ndi^n^g of the

phenemenen of tur^bul^ e^n^ce was R^^i^c^lds in 1883. H.s

inv<^^^■^irat^;^c^ns of pipe fl^o^w clearly establi^s^h^e^d t^wo

fund of fl^o^w, lcmLncr and turbulent, t^he

latter of w^Jich he cdl^ed "si^r^u^ous" fl^o^w. In 1895 R^^^r^c^dlds

ine^]^c^c^uced t^he ideas w^dich have led t^o w^c^dt are no^w known

as R^e^i^<^^Lds num^(^:r and R^^^r^c^lds str^esses. He showed that

as a resuJLt of turbulence, o^c^j^'ti^onal str^esses w(^:re

ine^]^c^c^uccd and superi^mposed on t^he mean m^c^ion. ^^ese

R^^^r^c^lds stresses are pro^c^c^^ti^onal to t^he of anyprodu<^‘t 

t^we com^c^o^s^e^Ses of fl^uct^uati^r^g v^^Le^:^t^y cvercged 

long p^:ri^od of t^;^me. T^(^;^e arc n'nc of t^hese str^esses,,

over a

three normal comp^r€^s^!sivc com^c^c^€^e^^es and s'x shear

COm^c^c^€^e^i;s and t^heY are e3s<^l^S^;Lal in d^'ter^mini^ng ^he

behiavziour of t^he mean fL^c^w.

A num^(^;e of theories have been sug<^<^£3ted regcrdi^r^g ^he
interrel^ alte^r^£^hi^p bet^ween t^he R^^^r^c^lds str^esses and t^he

mean fi^o^w, ^o d^’ter^mine ho^w t^he t^urbulcnt visco!^;it^y v ^zc.cs

with dise^c^n^ce a w^d. T^(ese incL^L^de the sim^lcrie^y

theory of ven K^rman [1930] and the m^xlng theeries
Peai^c^t;-

of

[1926] (t^he m^c^m^-^^tmm^;rc^r^r^S^.er t^heor^y) and T^c^le;r 

[1932] (the v^rt^:icle^y-e^e^s^nsfer theorY). A-e^h^ough these
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theorCes p^:r^iItted the pred;IrtC^O^n of re]ltrI^t gcoss

h^c^ai^cOt^ri^^S;Crs of some bounj^jary layrr t^ype turbulrnt 

fl^o^ws, t^hey offar^ed li^mit^ed u^(^€^3^!3tr^ndi.ng of t:he m^c^lhani^s^m

of t^ur^bul^e^nor it^self. G^oL^s^strin [1938a] givrs a d^^aiL^^d

d^£^c^]^;Lr•tI^o^n of these theories. The books of Towr^£srnd

[1956], HInze [1959], and B^l^<^]^(^^Lor [1971] also give a

d^itriL^e^d a^c^lY!^:is of thr state of the knowledge on

tui^bul^e^nhe at t^he respK^'^i^ve t^i^mes of p^t^l-icati^ons.

2.2.1. T^t^e s^'^a^t^z^s^'ticcil

^^^^lor [1935,1938] int^:^c^c^u^ord the a^E^l-IortI^o^t of

statIstI^ral te^i^ms and ho^(^<^I^its, t^o t^ui^bul^ €^noe pcobl^e^ms.

(HInze [1959] gives t^hr m^t^l^^^l^mai^<oal arp;ioahh t^o t^hr

statCst^I^ra! t^heory of t^ui^bulr^nhe). Some of t^hese im^^^oitaft

w^z^hh led t^o t^he d^i^;init^:^c^n of h^:i-tai^n q^c^r^nt^itirs

im^c^o^Ctaft in ^he h^^^l^f^c^r^<^]^;izatI^o^n of t^ui^bulrnt fL^o^w firL^ds

are: -

1) . The speht^:^i^m of turbulenhe (a fun(^"ti^on of t^;^me) at

any p^zint in t^hr f^^o^w fieL^d mry be ho^s^:Idered as an

infinit^e su^m of har^m^]^;Lo oom^c^c^t^r^t;s eahh of W^JLoh has

a diffei^ent and h^£^rl^art^rl^;^■tCr shale (eddy size)

asso<^;iat^e^d w^-th it. B^r^<^l^€^;ior [1971] ho^isidered a

t^urbulent fL^o^w field at any instant in t^;^me as being

defi^ned in spahe by a thc^ee-^d^z^menisional F^o^r^z^er

integi^c^n..

2) . The h^3^;^e;irt^:^o^n j^;Loients in a turbulent fl^o^w

field d^f^<^:iibes t^he stI^uot^ui^e of t^he fieL^d t^o t^he

degree w.th w^zthh the e^:Lo^:Lt^y hom^c^nt^r^tts at
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seighbol^;tr^s^g p^Jis-ts are c^]^;telat^-^d. T^dis c^3^:tr;lat^:^c^s

bet^wees j^'ties at t^wo p^dists increases w^-th

d^(^:tease in ^he dist^c^s^ce bet^ween t^he p^sists.

3). The deg;tee of is^lt^]^c^c^y of a turbulest fc^c^w field is

the deg;tee t^o w^Jich t^he q^c^^^St^■ta■tr^v^e d^£^<^]^;ipt::^l^n of

the fiel. d at a c^;rtri^r p^zint depends upon the

o^iestatz^l^s of t^he p^^^£^drcal c^-oirdinate sysl^c^m. An

islt3^lpic fl^o^w fiel^d has all spc^t^zial clm^<^l^t^-^t:s of

t^he fl^uct^uatz^r^g f:^c^w eq^i^:l.

2.2.2. The chai^f^c^C^e^i^d^i^-ti^c^s of l^u^i^bul^e^n^ce!.

A t^urbulent fc^l^w field is u^i^i^lly d^l^<^:ti^bed 

o^;ly in tze^r^ms of it^s strtist^i^crl ptl]^p^r^r;ies 

c^r^St^ ■tati^ v^el^y

and in g^i^c^iral

t^he llw^^5t frequen<^^es of im^c^^^'tance is t^he t^ur^bul^-^n^ce 

si^gnal are sul^ificiently lar^ge t^o p^:tm^'t a d^■tet^mis<^■ti^on of 

strtist^r^crl q^c^r^St.ties fr^o^m a t^z^me sam^pli^s^g no longer t^h^an 

a fe^w seconds. T^c^ise strtisti^crl ptl]^p^r^r:ies iscl^u^de: 

1) Th^e tirrl^il-si^c^e ■^r^t^-^nsit^:^€^£,. (u’, v’, w’)

The!se are t^he m^c5t com^c^r^]cy m^£^£^l^]ted q^c^r^Sirties, because 

of the ease w■t:h w^dich this cas re dlne. ^^e t^ut^ruC^€^nce

int-s«33rti^es are d^;fi^s^ed as t^he root^-^mean-square values of 

t^he fl^uct^uat^z^n^g v^;ll^:rty com^c^r^r^r^n:s.

u '
r . ? 2 “1^/2

lim ----- \ dt
[T — T 0 J

The av<^:tagi^s^g ti^me T cann^-t b— t^r^i;es as irfinit^ec^y long.

so is ta^ien as a firit^e ist — tvrl su j^:ficientc^y lat^ge
com^c^ired w^'th ^he t^i^me scale of turbulence. The m^r^g^r^•tude
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of She S;^me scllr as stat^r^d by H-eze [ 1959 ], is

d^■teI^mieed bY t^he dim^i^£^;Lons of and t^he v^;L<^c^j-■ti^eS W-■thle 

t^he at]^^^raSbs ’n w’^3ich t^he Sbreblrnt fl^c^a Gccb^rs . The 

frrr-s^■rrlm tbr^ebl^r^ncr ietresit^Y is of tra<c■tical

im^c^c^■taece because of it^s effect on t^he boui^c^i^^rY layer 

tr^lnsit^;^c^e t^:Let. Tail’s effect on t^he Srlesit^^^c^e t^^^e■t has

imtt^c^Ita^■^ effects on drag, m^;xi^mb^m Lift and h^ict t^rl^esfer.

The energy d^i^s^dit^Y of a tbreUlrnS fiel-d is d^^rived fr^o^m

S^he t^br^bul^r^^ce ietrn£^j^■ti^rs as:

(u 2 + v’ 2 + w’2) / 2.

2). The o^(^-dim^r^i^:Loeila ener^gy spect^;^i^m. , (E^i^^)).

If t^he tbreblret v^;Lo^;it^y

com^c^c^i^e^e;s, t^he

uC't) is resol.v^ed int^o harm^i^iic 

of SbreblreS energy u’ may be

regar^ded as c^r^i^S.sS-^i^g of t^he su^m of coI^i^:ribbSi^c^ns fr^o^m

all freqbee<^;ies. T^€^r^(^;fGre t^he q^c^l^itLSY Fln)dn is t^he

energy c^r^i^:ributi^oe fr^o^m fr^e^que^t^iies bet^ween n and n + dn.

Or u’2
o&

\ Ein) dn.
0J

The shape of t^he ener^gy spect^;^i^m a^<^j^;^!^-t fr^r^q^b^eecy curve,

trov:ides useful iefor^m^^ti^oe aboT^-t t^he str^bct^brr of t^he

tbrbbleet fiel^d eeJ^l^:Li^e^g coi^c^^^i^its of t^he m^r^l^ilei£^m of

SbI^bble^nce t^o be th;rased in t^e^r^ms of energy Sr^ansfer

S^h^I^c^b^gh t^he ener^gy spect^:^i^m. The lo^w fI^r^q^ueecy com^t^r^i^r^its

(lar^ge eddy sizes) col^^tlie m^o^'t of t^he tbreblret ener^gy 

and are known as ee(^;rg^^-^<^<^I^itaiei^n^g ed^zies. T^<^!se inSeracS
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w-th the mean f;^c^w t^hT^o^u^gh the at■ti^c^n of t^he shrer

str^rssrs and rrtri^v^r mean f^^o^w energy. T^Jis energy,

to tur^bulente, is tl^c^nsfrl^r^r^i t;hr7o^u^gh t^he

spett^:^v^m t^o t^he high fr^^ciuenty end (lel^gr rd^;Les are

tol^\^v^3^■tei

broken down int^o sm^ai.er ones) and t^here iissi^pet^ri int^o

hect t^hr^o^u^gh t^he repii vistous detay of t^he sm^elrr

eic^j^(^!3.

3). The dol^l^;lr v^:Lo^:Lt^y t^]^:^r;leti^c^n t^ensor. (Qj(x,x+r)) 

The el^e^m^i^its of this sym^^m^:tl^i^jel t^ensor are t^he mean (t^z^me 

avrre^gri) prod^c^its of vc zz L^ous  v^^Lo^zit^y tom^c^c^r^r^r:s m^^^^^l^;rri 

at t^he sa^me or neighboi^ri^n^g p^zin'ts.

Q.j(;^,,x+r) 1 CTl^i^m ----- \ u.-(x)u.j (x+]i) dt
T TO-' J

or QLj(x,x+r) U_(3^))^ij(x+r)

r is t^he dist^c^r^tr bet^ween t^hr t^wo p^JLn'ts w^'th
1rspe^■ti^v^r v^O^L^c^t-ties u . and uj« W^o . t^he p^din-ts 

i.r. r = 0, t^hr iiegonel rlr^m^l^^ts err 

turbULrnt energy tom^c^o^r^e^.ts u'2, v2, ani w'2, wii;ie

t^;int:iirn■t,

are

^hr

t^hr

r'ema:ini^ng eL^r^m^lr■ts t^he R^^^I^c^C-is shee;r str^esses.

A t^2^rr;Letj^c^n t^€^r^j^;itirnt d^:fi^n^ed by

R_j(x,x+r)
ui(x)u^.j (x-h-?) 

u'±(x)u'j(x)

is tc^m^c^r^r.y used.
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F^;r isct^i^cpic hom^c^c^i^eoius ^ui^bul^r^nce;

a Icn^ditudinal c^3^:I-:lrtL^s^n c^^^-^f^iici-nt

f(r)
UL(x)uL(x+r)

^^2

and a Irterrl c^]^:^-;Lrt;^s^n c^€^^^j^:Lci-nt

g(r)
Uj (x)^uij (x^r) 

uui'2

rr— d^:fL^ned) It can be shown fl^c^a t^h- S^l^’war^:^;Lan

in^^i^u^a^t^y (B^C^<^]^(^;Lor [1971]) that bo-th f(r) and g(r) are

always Less than or
JU

hcac^O6-^nL^■tY of t^h— f-^c^w fiel^d, t^h— c^3^re;LrtL^s^n m^u^'t be a

equal to u^z^ty. B^<cause of th-

SYa^^at;tr^Lcal func^-ti^cn of r. The mrxi^mu^m value (u^zit^y)

occu;rs rt r = 0, tnd d^<^;r—as-s w^-th incr-rsL^r^g r. O^^Ly in

t^h— neighbourhood of r^ = 0 is it p^s^s^^ibl— t^o sty an^^'thi^n.g

about t^h— shape of t^h— c^]^l?elrtL^s^n func^'ti^cn because t^h—

shape wll i depend on t^he ch<^3^i^(^iter cf t^he t^ur^bul^e^n^ce.

The m^c^£su;re of th- cuivr^ure at th- origi^n of th-

c^l^]re;Lrt^L^s^n curve was drfi^n—d by T^^^lo;r [1935] w^'th a 

length defi^n^ed by

r2
f(r)

1
or -----

X2
r^=0

1

1

2

V

36



 

 

 

 

 

 

 

 

 

 

1
or —-

X2
1 r^T

2^'l 2L ^rJ=;^O.

SLcce TH1 lccal changr in u._ is calsed by ree smrl.f!Br 

ed^;^es prrsrct in r^br rlrbulrnr fl^c^w fiel^d, t^eec may 

alsc br co^!^;Lder^ed a m^f^£su;^r of t^br average dim^l^^sioc of

t^be smai^i^'^'t rd(^:Lrs.

X. is r^be mt^roi^cale of t^lrbll.G^cce or t^ee dLssL^pat^L^c^n 

scale. It is a m^f^£^l^:rr of t^ee dim^l^fBioc of ed^iLes W^JLch 

are rrspo^£^;Lblr for t^ee dLssL^prt^:^c^c of kLns'tic energy of 

t^br fl^c^w fiel^d int^c hea■r by t^ee ffffcr of ^c^Cl^<^^^C.ar 

vLscc^^;Lt^Y dftn^mined by t^he value of

A lecg•t^h "L" W^dLce is a m^f^£^^^;^r of t^ee locg(^£B■r c^3^:^r^lat^L^c^n

dLst^r^c^cr brt^wrec j^LtL^es at t^wo p^J-cts of t^ee fl^c^w

fiel^d, or v^lcc^i^■tL^es at t^ee sa^me p^sLct srp^:rarrd by a t^;^me

Lnterval, is caLled rbr m^c^zro or ictegrrl scrle of

t^ur^bul^e^nce. T^JLs is d^:fi^ced by

or

W^c^re

by

\ f(r) dr
0J

f R(t) dt
0J

R(t) is t^ee E^l-^rian c^3^:rr;lat^;^c^n c^€^f^j^:Lcircr defL^n^ed

L

L
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R(t)
Ux (t’ )U1(t'-t)

w^€^]re t^he cvercge 's t^c^ker w.th respect t^o t^-^me t . The

relaeiic^rs^hip justi^:^I^:^r^r t^he de■term-r ^at:i^or of sp<^c^;ial 

irtegrcls fi^o^m t^;^me ir■teg^als is fI^c^m t ^^^i^-^]?'s hY]^c^c^t^€^£^:^s

(T^a^li^r's "fr^ozen fl^o^w fieL^d h^]^c^C^l^€^e^;is"), w^h-oh css^r^mes 

that t^he turbulent ed^;iet are advc^ccted (mean

tr^a^rspo]^•tat^;^c^n^) p^!^"; t^he p^dLr■t of ob£^(^]rv;a■ti^or by

ener^gy

a mean

f-^o^w so fast that they do no-t have ti^mc to chcnge

sul^ <^i^n;ialL^y d^:ri^r^g the;ir ^;^me of pcsscge and so can be

represent^ed by t^he eqi^j^lti^on

u
dr .

H.nze [1959], showed also that f(r^) R(e).

L^o^n^ii^^^<^ finial and lateral m^c^c^c^c^t^^^les of t^urbul^e^n^ce Lx and

Ly arc defi^n^ed fr^o^m the lon^^Ltudlral and lateral 

c^^^]relat;^c^r c^e^e^f^zicients respec^'tively. The lon^^Lt^udiral 

m^a^c^e^s^c^i^^Le of turbulence is in t^he dLrectl^c^r of t^he 

g^i^(^ral flui^d f-^o^w and as d^•tcI^mircd by B^JLrct and

P^■^er^t^c^r [1951], is t^wice t^he m^a^^^r^-tude of t^he lateral

m^c^c^<^£^<^<^;le of tur^bule^ncc. T^<ese m^c^c^c^c^t^^^^Les arc als^o a

m^e^£^i^;re of t^hc average size of t^he energy col^^eairi^n^g

ed<^3^(^<t.

The c^3^:relat^:^c^r tersors that have been coi^£^;ider^e^d in t^he

preceeding sec■ti^c^rs are of ^he second orde;r t^y^pe. A first

order c^]^]?elct;^c^r tensor c^]^:^e;Lates a sca^lar (such as 
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pressure) at a p^dint A to thr f!uoturt;^t^g e^;Lo^:Lt^Y

oomrc^r^t^e^^t at a p^;Ln■t B. A sehond ocdec h^3^rr;iat^:^o^n t^e^nsor,

as in this hase, h^i^re^lates fluotuatc^t^g j^'ties at 

p^JIfts A and B. A thii^d order tensor w^i^;id therefore

h^3^;^e;iatr fl^uht^uat^J^t^g at p^z^fts A, B, and C.
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CH^IPTER 3. FI^C^W AROUND A SPHERIE.

The fl^c^w ai^cund a sphere has been anjalysed tnd observed by

m^;ny research—;rs si^^ce t^he cf Pcaj^c^t;! [190-4], w^en he 

int^l^c^c^uc—d his t^h—ory of bcul^(^irrY Iry—rs. T^h-s t^h—ory 

hri^G^g — d th— gap bet^ween th— the^i^i^-ticaL sGienGe of 

cLrssicrl hYd:rodYnamLGS cf tn inv;isGi^d flui^d tnd t^he

—aaii^lLcal prr<^itical su^;je<^'t cf h^c^I^^^l^U^-icS) B^^^u^c^^^;rY layers

are t^h— r—gi^on clcs— t^c a body bet^ween t^h— m^^^ving flui-d

and t^h— strt^;^c^r^rI^y bcdy. The fl^c^w in this regi-on is

r—t^a^i^c^ed by t^he fri^ct^z^c^n at t^he surface, t^o w^Jich it gives

up sc^me cf it^s t^o bala^nce t^he fri^ct^z^s^nrl drag cf

t^he body. It is o^:Ly in this regi^on t^h—r—for— (re^'tri^c^t^r^d

^s t^h— vis^c^ous sub-layer for a turbulent bo’^]^(^i^;rY Iryer) 

that t^h— visco^;it^Y effects of t^h— fluid ar— cc^i^id-r^e^d.

T^(^!se resu]Lt in vis^c^ous str^—ss—s w^diGh are pro^<^c^lti^onal t^o

the v^;Lo^;it^Y gradient, w^-th the csi^s^'^ant of 

prc]^c^sI^:LCI^c^a-Lt^Y being t^he G^€^r^j^:Lci-nt cf v Lscs j^zL^y cf t^he 

fl^u^d.

3.1. Sttaady inoompress^z^lile f^C^w..

Two t^ypes of bo^nd^ry Iryers are found to e^d-s-t around a

sph<^;re: ntm^^Ly, lr^mLna:r and t^urbulent bc■^]^<^i^;rY layers. F^;r

a sph — r— iaae^rsed in a su^^:ficientlY fast st^e^c^d^y

incoaarr^£^£^Jible fl^c^w, ^h— fl^c^w around a sphere may be

divi^d^ed int^o t^he fol:^c^wL^ng region!^::-

1) . Frc]^-t st^agnfti^on

2) . L^i^ii^«^;r bcu]^<^i^:rY laY-:r)
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rou]^<^i^:ty laYr:t.

3). T^<^r^n^s^■ti^l^n

4).

5). S^l^c^i^i^'ted

1). S^agi^j^iti^o^n

At t^he fro^t <

region

of t^he

regi^os

sph<ere i.r. 9-0O, t^he flui^d ■s

p^s^srti^o^n of zero v^^d^^it^y is known

fot^ward stagna■ti^ln p^;^nt. H^;^e u ^1 t^he krn-tic
rrlug]^■t t^l test. T^Jis

as t^he

energy of ^he flui^d is co^^^f^i^ted int^o pressure, and t^he

sph<^;te exj^t^iriesces it^s grei^itejst pressure.

2). La^d^L^icr boun(^i^;ry layer.

D^c^n^sS;t^-^ a^m of the strgnrti^l^s p^Jrnt, a favlu;tarl-

(s(^<^c^1ti^ve) pressure gtad:ies■t r-sults is an increase is t^he

v^lo^zit^y of t^he flui^d n^<^i^(^!^'t t^o t^he sph(^:te. The t^hi^c^i^sess

of ^he laminar bou]^<^i^:ry layer incteases fr^o^m this p^^int

w^th increase in ^he drst^r^n^ce x. The growth of t^he laminar 

bou]^<^i^:ty layer is ptl^c^r^^tilnal t^o R-x , W^€^]te R-x -s

t^he R^^^I^n^Ccds num^e^Lr based on t^he cit^c^u^f€^-^t^I^r^:Lal disi^r^r^ce

x ft^r^m t^he flt^ward stagna'ti^ls p^zint.

Is t^he laminar bou;^(^<^:ty layer, t^he fc^r^w is smncth and

proceeds in st^3^-^r^mli^nes roughly p^n^r^l^lel t^o t^he surface.

The eq^^^^ti^lns of c^^^n^;in^;irt^y and m^r^;ios, for t^he st^-^a^d^y

fl^c^w of an iscomp^Pt^s^£^3rb:le fl^ui^d are v^^lid here. T^c^ise for^m

a series of eq^c^r;ilns, g^i^n^-^<^:^ly t^e^r^med "bol^l^(^^:ty layer

eqi^^^iti^oss". B^c^i^iuse of ^he suI^err^■cal drfficuCti^-s i^n^volved

in e^^cainr^r^g ex^<^-t seCutr^lns of t^hese eq^^c^r;ilns for ^he

g^i^t^iral case, ap]^:tox;im^^te m^Cthods have been de'^<eloped for
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prfd:LcrL^r^g t^be C^c^rc^rtt^rr:^^tics of t^be bouc(^irry

layer, rat^ber t^^an spc^c^j^Lfic d^t^i^jLls of t^be bc’^l^<^<^:ry layer

fl^o^w. T^i^ise o^c^x^r^a.l C^£^r^c^rtt^e^J^:^■tics predzLct^ed incl^u^de: ^be

m^i^e^j^-ru^m rbi^c^kness, t^be displ^r^c^f^mec■r rbi^c^kness, and t^be

skin frL^ct;Cc^n. The r^l^:Lifsr dr'^<rlcprd rp]^;rcx;im^^rr m^^thcds

incl^ude t^be P^o^J-bi^i^i^en's m^ithod [1921], Y^i^i^<g's m^^thcd

[1940], H^Cl^S:eic and B^o^3.en's m^ithod [1940], and T^e^aaLres'

m^■thcd [1949]. T^(^!se m^^thcds are all based on t^be m^]^€^n■t^l^m

inregral eql^c^r;L^oc, fi^o^m W^Jich t^he ap]^ro:^:im^r:icns are made

in t^be assum^t;iocs adoi^'ted t^o solve t^b^e^m. The m^i^^^nt^u^m

icrfgrrl eql^^^^tL^cc was origicr;lly d^;ri^ved by von K^:rman

[1912] by brlrccL^c^g t^be m^I^c^l^■r^l^m t^l^r^cspc]^■r t^o an el^e^mei^'t

and t^be w^a-l shear force r^■rL^r^g on t^be el^e^m^i^'t. The

lL^mLrar^:^c^ns of t^hese rp]^:^o^:Lm^^te m^fthcds is g^l^r^f^<^;^ly tbat

rbe presslrr grad;Lrcr sb^^ld be less t^eac or equ^rl t^c
zero, after W^JLch mCiifci^■ti.ccs to rbe m^fchods are

n^c^i^i^isary.

An adv(^:^se (pc^o^s-ti^ve) pressure grad;Lect has t^he rffrcr on

sep(^]?a'tL^oc cfa lamLnar boui^i^i^ry layer of causing rii;brr

rbe bou^<^i^:ry layrr or trrcsic^;^c^c t^c a rlrbllfct bclc<^irry 

layer t^o cccur.

a). S^r^t^r^c^r;ioc.

T^e-s is w^<en t^he lrmicrr bcu^<^<^:ry layer lerves t^he surface 

of t^he bcdy, rnd reverse f;Lc^w occi^^rs brycnd rbis p^^ct cn

rhe bcdy. The zerc v^:Lo^:Lry licr is t:eec dfrrched fl^c^m t^ee 

bcdy all^c^aL^ng cLrcllrt;:^c^c of f-^c^w rc cccur ic rer regicn

brycnd rbe p^:L^t of srp^rati^cn. T^:is regi^cc is kncan as 
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t^he wake.

F^:r t^he f:^c^w ar^c^bnd a sph<^^e this set^^]^i^■ti^Ge occi^:rs at an 

ae<^;Le of around 80° fr^o^m t^he frcet s^agna-ti^o^n t^:^et.

S^r^t^l^t^^tioe of this t^y^pe occi^:rs at l^c^a R^^^r^c^O-ds num^b^rs of 

SYticaa vaaue aess t:hae 2.3 x 10^ (S^c^l^;^chti^i^g [1968]) for

zero t^br^bbl^e^ece of t^he fr^ee-^s^'ree^m flui^d fl^c^a. T^:^s 

R^^r^c^O-ds num^c^]! is based on t^he sph(^:re diam^lter.

dl^j^bi^-ti^oes by I^C■tze [1908] showed that srt^^3rati^cn

actb^:La.Y be<^:ies at t^he rear sSagna'ti^on t^;let after t^he

e^1^3^'^^^;Leet of a sphere stlrt^:^r^g im^^^b-^;iveaY fr^o^m res't has

m:^^^(ed t^h^r^c^b^gh a dist^l^e^ce equial t^o ae^^^^t Sa^--^;ift^hs of it^s

radibs. T^jLS li^ne of sep^^^ra'ti^on t^hen t^oaa;rds t^he

frGe■t of t^he sphe:re. The ai^ee of set<^]re■ti^c^e forums a circL^r 

at; a fi^xed ee^;Le fr^o^m t^he fGr^aerd sSegee■ti^c^n t^jLet. The 

ldee bY I^c.■tze SheS set<^3rebi^on beg;Les at a ^^^Lnt can be 

developed t^G encom^J^Jss t^he res^l-ts of A^l^€^]^l^iech [1971] who 

ob!served Shat v^cISex sheddieg fr^c^m a sph<^:re oci^i^rred at a 

toiet; ^^j’ch ro■tet^r^d erobnd t^he sph(^;re. The idee t^herefor^e 

Shat t^he t^:ie•t of srt<^3re■ti^c^n origieeSes at t^he rrer 

sSegee■ti^Ge t^jLet: end Sr^vels aloeg t^he li^i^e of set«^^e■ti^c^e 

sheddieg v^I?■ticrs as it tIo^]resses see^ms fresielr. The

aeg;le fr^c^m t^he frGe-t sSageati^Ge t^;ie■t at w^sLch ^he li^ee of

Seta;lra■ti^c>e finelL^Y sr■ttl^rs is dep<en(^<^li■t on t^he tre^<^iai.i^g 

f;Lc^a col^c^j.-ti^oes ar^obnd S^he sph<^;re.
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AE^c^c^t.etri with bou;^liery layer srp<^rati^c^n is the 

eforem^l^dti^c^iei phenomenon of vertex (eddy)

T^(^ise v^i^-tites are g^i^r^i^i^lly u^j^^able, so t^h^ey 

m^’ve iowr^r^■^I^r^c^m fT^o^m t^he body, w^h^Lle ne^w ones 

form^lti^o^n.

d^-tath and

are foT^med

in tir;ir plate. The wake that is for^med iowr^r^■tl^r^^^m of t^he 

body t^hrrrforr iitl^uies lel^ge stale v^i^’tites, ^he si^ze of 

w^dith is drp<rn(^<^l^■t on t^he p^£^dLti^c^n of t^he b^I^I^r^i^r^l^-^;Leyer 

srpi^reti^c^i, and to:rr^e^£^p^onds t^o t^he w-d’th of t^he w^lke. The 

eiergy that is ta:lri^ri iow^^^■tl^r^ {^m and ult^:^matrly 

dissi-pat;e^i in suth v^i^’ti^tes is lel^gr and pro^c^c^•^i^onal t^o 

tir;ir size. T^dis w^s^'tage of energy in t^he tas^'^-off (shed) 

v^irtites, resuJLts in a ler^gr ireg of t^he sphere w^h-th is 

m^a^ii^c^jst in t^he pressure distr^:^b^ut^;^c^n on t^he sph*^:?! and is 

t^e^r^med t^he pressure drag.

Tie t^£5't off v^]r■ti^trs m^'^e eLtrr^netrly tl^otkwLse end e^r^;i-

clockWLse in a rrgu:Ler p^-ttei^n. T^dis is known as t^he

Karmen vo;^t^^x s 'L1'11!: (von K^:rmen [1911]) and m^^^es w^'th a

veloc;Lt^y s^a^c-lrr ^hei t^hr flui^i w^dLti t^hr sphere is

im^ rsei. ^ii^:frrrit valurs for tir rct.^o of tirsr

ve]^L^ci-ties ievr been fouid intl^uii^ng: 0.88

B^arman [1967] and 0.77 by Fage and Joieisei [1927]. TI1 

iLm^r^r^j.O]^:Lrss fr^e^queicy for thr m^e^c^l^;re of

t^o 0.89 by

the rate at

whiti vortitrs ere sied fi^c^m t^hr sphrre is t^hr Str^ouhel 

num^b^e? (StT^ouiel [1878]) give. by:

nd
S

u
w^h^re S = Str^ouhel num^b^jr
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n = shedding fr^e^q^uency

d = sph(^;re diam^e^er

and U = fr^ee-t^■rrcm v^^Lo^rit^y.

R^!shke [1954] w^o^Tking on circular cy^li^rders showed -that

t^here e^;ist^cd a unique rclatioc^nshi-p bet^ween ^he Strouhal

R^^^r^c^lds nsm^s^r. O^l^<^:r researchers also 

^^■tee^mined th's sniqse rclatlCc^r^ship for sph<^;res and fesnd

and t^he

a Strouhcl num^(^;r of cr^ound 0.2. T^<ese lrcl^r^de: ^L^rum^c^^r

and D^c^s^r.as [1970], 0.2; A^t^c^nbach [197-4], 0.19; and Pao

et.al. [1977], 0.14 to 0.22. Bear^man [1967] put forward a

relat;cc^r^t^hi^p bet^ween t^he producct of t^he Strouhal num^(^:r

and t^he total ^rag c^€^e^J^:Lcicnt

t^he base pressure c^c^e^f^;icient

(S x Ci), and a funt^-ti^o^n of

(1 - (th's relat;Lor-

ship was used by Pao et.al. in thezir d^•termLr<^■ti^c^r of ^he

Str^ouhial num^c^^r for a sph<^:re). Fr^o^m this rcl^atlcc^r^t^hi^p, ^he

Strouhal num^^:r for an ob^jcct can be v^3^:ifi^e^d with t^he

knowledge of Cd and

A n^l^-d;lm^r^r^;ienlal col^£^^tcn■t ca^LL^cd t^he fT^^c^^^ncy rati^o can

be d^:fi^ned hezre. T^dis is t^he rati^o of t^he fe^e^c^u^e^ncy of ^he

cp]^;recchir^g fr^ee-^t^■recam v^i^eticcs t^o t^he fe^e^c^u^e^ncy of t^he

shed v^l^^tl^ces. Van d^:r H^<gge Zijnen [1958] who was w^o^lking

on clrculcr c^^ll^rde;rs obiser^ved that for p^i^'ticular fr^e^que-

ncy rati^os N^ss^s^e^-^ num^t^;^ values that d^^^z^ated signLfi^c^ar-

tl^y fe^o^m ^he st^c^rdcrd vclses wf^ire ob■tci^r^e^d. T^z^s d^^^3.ati^c^r

he referr^ed t^o as a "ret^oncnce effects" of ^he fr^e^quency

rati^o^. H.nze [1959] sugc^t^j^-ted that this effect for cir^cs-

lar c^^Li^nders oc*^i^rred at a fr^e^c^sency rati^o vclse of 2.
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Two t^ypes of drag oom^^^o^r^r^rts col^r^;cibute t^o ^he total drag 

of the sph(^;ce; the pressure d1ag, and t^he sk;in-;fciot^c^c^n

drag. The pressuie dlag, as pceviouslY dishuss^e^d, has been

d^’ter^mined by A^r^(^]nbaoh [1972] as h^r^t^:ribu■ti^t^g not irss

t^han 87.^5^% of the total drag, the rest being due ^o t^he

sk :Eiirt^:^c^r drag. The skJLr-^ :Ecirt^;^c^r drag is the

resultant of fri^ot^;^c^nal sti^esses in t^he boui^c^i^^ry layei and

is celat^e^d t^o t^he d^:^eo■t of m^i^e^nt^u^m of t^he flui^d in ^he

wake crlat^c^e^r t^o t^he fluid o^itsi^de it^.

b). T^i^I^t^SItI^c^n.

An ad^(^:cse pressure gradLeft and fr^rr-s^tlraam tui^bul^e^noe

may also hause tr^rtsit^;^c^n fi^o^m a laminar to a turbulent

bou:^^darY layec to ooour. The orourrrnhr of this

tr^msit^i^o^n, as w^^l be seen in t^he folL^c^wi^n^g seotI^o^n,

eni^l^Zles sepj^^a’ti^o^n t^o be drlr^Yed.

3). T^i^c^sittt^on.

T^<^^^t^S^■tI^o^n is t^he piohess by w^z^hh a laminar boundary

layer t^i^c^r^s^;^c^i^ms in^o a t^urbulent bou]^(^<^;rY laYel. With t^he

oo^^l^rrenoe of this tr^rrsit^:^c^r is an ahhom^ ^ing

n^itiheable hhange in t^he la^w of resis’^c^nhe. B^c^j^iuse of t^he

t^urbuirnt m.xing m^o^;ion int^;^c^c^u^hed, t^here is no^w a gira-trr

resi^s^t^c^r^he t^o an ad^(^rse pressure gcadzient, and sepj^ra'ti^o^n

orhl^;cs at a m^^hh later st^a^ge. A^s^c^o^r.ated w^'th tr^rnsit^;^o^t

is also t^he

The la^mina;?

ele^m^i^'t of strb3^;lit^Y of ^he bou:^(^i^;rY laYer.

boui^<^<^:ry layei at l.o^w R^^^nc^lLds num^€^rs is very 

stable. Inhiease of t^he R^5^r^c^o.ds num:^€^;r leduhes t^he 

46



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

stabi^lit^y of ^h— bcui^i^i^ry layer u^n^til tr^rnsit^;^c^n occu^rs

w^en t^he f:^c^w becomes u^s^’table. A ccm^p^i^l^^^r^s^^ive aGGCUl^■t cf

t^he t^heory of bcul^<^i^;rY layer stable lit: y is given by Lin

[195!5 ^l.

InjL■tiall^Y t^h— process of tr^rnsit^;^c^n occu:^s o^<^;r a regL^o^n

referirr^d ts as ^hr ''tr^ansit^;^c^n region''

G^c^rl^cGt^r^r^L^■tiGS change fr^c^m t^hose cf laminar t^o t^hose cf

t^urbul-nt f^^c^w. With increase in t^he R^^^r^n^C-ds num^^r, t^he

transit^z^c^n r—gi^sn brccmrs sm^a:L-r u^n^zil t^h— region is

suffi^GL^en■tl^y sm^til relrt:;^v^- t^o t^h— size cf t^he body t^o be

ca^LL^r^d a p^jint, - t^he "tran^^;Lt^:^o^n p^;in■t")

The precis- p^^^£^sLGrl natur— cf t^h— process of tr^rnsit^;^c^n

tnd it^s causes ar— not at pr—s—nt fully u^«^<^]rst^c^od,

albl^c^u^gh t^he spot t^hecry cf Emi^c^o^is [1951] is t^he g^l^€^r^^^;LlY

rGG-pt-d prsGrsS) T^jLs sug(^(^^-ts that in n^tura^Ll^y

dev(^ ;Lopi^n^g transit^;^c^n, I^c^r^c^c^a sp^'ts of t^ur^bu1^€^nG— arise

w^hle t^he fL^c^w Ou1tsL^de t^he sp^-ts is s^;Ll1 lamLntr. As nr^w

splits ar— fo1^ard in t^h— transit^;^c^n r—gL^on, t^h— e^:Lst^L^r^g
sp^-ts gio^w bY cor■tam^L^<c■tL^r^g th— flui^d ar^cund t^h^r^a u ^C^:-!

th-r- ar. no lamLnar gaps left tnd t^h— f:^c^w is

turbu:l—n■t)

Th. frGtsrs thr't cause transit^;^o^n t^s occu:r, on ^h— oth—r 

hand, are known and g^I^r^r^<^]LlY aGGep■ted ts:

a 1 adv(^-rse (p^c^s^-tL^v—) pressure gradL—nt

R^i^u^l^r^r^sss or im^e-^r^<^(^'tL^ons cf t^he surface

High deg:111 cf t^ur^bul^e^n^Ge in t^h. fr^—e-^s^-rram

w^€^^e th —

1) .

2) .

3) .
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0
4), A suj^;Eicientl^y high R^^^r^c^c.ds num^€^;r (Rrx >2x:^0 }.

st^udy of tr^rnsit^:^c^n has beco^me of great im^c^^rtance

because of proble^ms asse^^Lat^e^d wzth b^^^I^n^a^r'ty-caye^ co]^n;rll

and

4). T^i^r^b^Ui^i^’t bou:^<^i^:ry layer.

The t^urbulent rou:^(^<^;ry layer has aci t^he C^c^rt^c^C€^rt^■3ti^cs

(iscl^u^dr^n^g eq^c^^ti^lss) of a tutrulent fc^o^w fieC^d as

discussed in chi^j^iter 2. B^ccause of t^he m^:^;isg, w^^ch is

respl^£^;rrle for ^he incr^eased t-si^£>t^^r^c- to t^he advi^irse

ptessure gtadrent, t^he tutrulent boui^(^iary layer is m^<ch

t^hr^c^ier t^h^as t^he la^misar one. The growth of this bounc^iary

.ayer 's pto^c^o^ttilnal t^l R-x w^JLch gives a higher

v^:Co^:Lt^y to t^he fluid n^<^]^(^!^'t t^he sphere and thus

increased resi^s^-^t^r^c^e.

B^c^i^use of this inct^eased tesis^■t^^r^ce, sep«^lrati^c^n of a

t^urbulent rou:^<^<^:ty layer t^r^ies place at a m^(ch later st^a^ge

t^has w^-th a laminar bou]^<^i^;ty layer. A typical sepi^]rati^c^n

as<^;ie for this bou]^l^i^:ty layer w^i^^ld be 120*°, this bei^ng

d-p<-s(^<^]^-t on t^he R^^^r^n^lds num^(^;r and ^he deg;tee of

dLst^L^t^r^a^nce in t^he ft^ee-^£^■tream. As a this delay

stab b-lil^y^.

res^l^-t of

in ^he p^£^i.ti^ls of

behind t^he sphere

sep^^3tati^ln, a sart^r^wr:t wake is for^med 

and smac.er v^o^'tices are shed fr^o^m it.

T^iese smaL.-r v^i^-tices dissipate less energy and a

sign:Lfi^cant drop in t^he drag of t^he sphere is thereflr-

obiser^ved. T^dis phenomenon was first d^l^c^lst]^i^•ted by Eiffel

[1912] who ex^^^:times■ted w^-th sph<^;tes of thr^ee drffetent
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dIam^e’rrs foc thr sa^me e^:Lo^:It^Y end obtai^nrd thcee

oorres^p^onding drag valurs. Pca^c^ttl [1914] gave an 

ex]^].a^<^-ti^on for this rhenomenon bY induci-ng e^tifI^rirl

t^ur^bul.e^nhe .c t^he bou:^(^i^:lY laYer usi^n^g tii^p w.ie anda

ob'^a.^ned varYi^n^g diag values derending on t^he deg;ree of

dIs1^r^l^t)r^noe int^2^c^c^u^hed 'y t^he tcI^r w^;ces of ValYi^n^g si^zes.

T^jls

diag

w^c^-t

a^i^Lit^Y of t^urbuLent bo’^i^<^J^^Y laYecs t^o give a low^:? 

on bluff O^^jr<^^ts, or a fuLleC eneigY rehoverY, .s 

m^l^es t^h^e^m very attl^rrt^:^ee t^o t^he en<^;ineer who is

veiY m^<hh oo^<relned w^'th leduoi^n^g t^he drag on ob^jKh'ts and

oblcaini^r^g t^he fullest enec^gy c^eoovelY p^s^s^^Lble.

3.2. l^r^itt^c^adi Si^om^pr^e^i^Etbil i J^]^ow.

An u^istea^dY fi^ee-^^■iesam (tui^bulent) fl^o^w has ^he effeot of

int^l^o^c^uoi^r^g fluot^uatI^r^g oom^^^o^t^r^tts w^JChh affeot ^he

stabi^lCt^Y of t^he boui^^^jaiY layer. E^J^€^e:^;Lm^r^r^Jrl w^irk by

and S^^am^^tad [1947] showed t^hat t^he t^heory of

stabi^lit^Y of t^he bou^t^iaiy laYer for sm^a-l dLst^r^l^t^c^nors

provided a useful gu;ide as ^o t^he im^c^n^’banhe of ex-^rrnal

dLs’^r^l^e^r^noes on t^he tr^rtsit^;^c^n t^o turbulrnt fl^o^w. Lin

[1957], p^-t foc^waid a t^heory w^h-hh shows t^he effeht of t^he

fl^uht^urt:^r^g oom^<^o^r^r^r^!s, by hoi^£^;Id^:ri^ng a fi^ee-^^'ieeam f^^o^w

w^-th a p^riodih o^c^r^llrt^c^c^t super-imposed. He ob■^ei^t^ed a

rrlrt^;^c^r^s^hi^r bet^ween t^he fi^ee-^^'ieai^m o^(^r^llat^:^o^ns and t^he

o^<^i^:llat^:^c^n of t^he p^zLft of lamina:? sep<^]ia■ti^c^n. Fr^o^m this,

it oen thrirforr be im^p-ied that a turbulrnt f;^c^w fCeL^d

in^^a^i^C^-Ltl^es in t^he boui^<^i^;ry laYKis W^jLoh affeht 
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rbe tr^rcsit^:^c^c p^;i.ct, t^br deg:ree by abe-Ch it is affrct^f^d 

being pro^c^c^^ticnal to tbe degree of disi^u^l^t^r^ncr in t^be 

fl^c^w fiel^d.

The rfsuLtL^c^g ffffc■t of dist^l^]^t^r^ncrs in tbe frrr-s!team 

rfffcrL^r^g tbe tl^rcsit^;^c^c p^sLc T, is its v^]^irt:L^c^n of tbe 

drag and of t^he b^i^-t rr^ansfer fr^o^m a body. It is for t^hese 

pricciprl rrascns that a lot of w^;rk has gone int^o 

d^'ter^mining t^be im^c^^^’rance of frrr-strai^m rlrbulrccr on 

t^he t^r^ansit^;^c^n p^dLct of t^he bcu^<^(^:ry layer (boui^c^i^^ry layer

ccr^r^:ro;l). In cei^j^lte;! 4, t^he rffrc■ts of t^he C^c^rc^r^C;€^el^!3■ti^cs

of a rlrbllrct fiel^d on t^be tr^rcsit^;^c^c p^zLct

ex^<^<^■rrd) are full^y dLsclss^f^d.

3.3. ISffec t o f uup^^rr-t onluundrry layrrs.

In co^<^I^c^C;i^c^g ex^<^^>ri^m^]^'^s t^o obiserve vari^ds

(known and

ffffcts of

o^;je<^bs, t^he supj^c^i^-t of t^bese ob^jec^'ts in rest sec■ti^c^cs is

very im^c^c^lcac■t. In t^be case of spbi^res, exj^c^ri^m^icts are

con(^T^<^-ted usi^n^g eLt^bfr free or fi^x^ed spe(^:res. A-■t^e^c^ugh

free sp^ms bave rbe advrn■tagr of net having

ccI^pti(^^^^Ciccs W-tb sl^]^c^c^^ts, unknown frctcrs on t^be

ffffcts being observed in t^be for^m of ex-^ra d^^;rees of

fr^e^c^c^c^m and li^m-rat^z^c^ns on readi^ngs tbat can be obiser^ved

are ict^]^c^i^l^ced. R^e^c^zLngs such as prrsslrr dLsrl^;^t^lt^;^c^cs

are im^c^cs^;Lble on free spe(^res because, am^I^c^£^■t otber

rers^ocs, t^be fr^e^t^c^c^m t^o rotatr W^l c^l^r^1cal^^:ly aLrer t^be

ac<^;Les at W^dLch prrsslrr t^^ppi^c^g values are being t^^ken.

G^e^crr^r.ly, free spe<^;res (T^rob;ic and G^i^^^sLn [1961]) are

only used t^o d^'ter^mine drag rffrcts. 
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Fixed sphi^:res have been used in a num^t^ir of wind t^beeel

exj^c^rim^i^its by a nbm^(^:r of researchers because of t^he ease 

w -SC w^z^ch ve:ri^obs iest^:^l^mee■ts can be eSt^^^c^h^ed and 

reedi^egs t^a^kee. The probl^e^m had ieLtiall^Y been t^he m^-thod

by w^z^ch t^he sth(^:res wf^Tce held, b^'t 

has evolved fr^o^m t^he ex^^^^^i^m^i^lts of 

that t^he m^o^'t rffrctL^vr m^jans . of

d^ri^^g t^he yee:rs it

ve:riobs researchers

ho;Ld^e^g t^he sphere

W-ShGb■t int^er^ j^r^]^€^r^cr w^'th t^he fl^c^a is by t^he use of a 

st^z^r^g. Stieg-head sph<^;res wf^jce t^he m^o^lt effecSi^ve because

S^hey did no-t interfer^e w^'th t^he boi^i^<^<^]ry layers, al'^l^c^L^g^h 

a trov:iso for t^he size of t^he stL^r^g was ee<^(^!Sser^Y. The

st-^r^g sphere diem^e:er raSi^o is of great im^<^^^■teece

du]Ii^n^g ex]^(^^Iim^l^rts, becabse if this ’s high, t^he effrct of 

She st:^r^g ^i’.- be t^o st:I?e^l^mLine t^he sthere t^hbs elS^e^r^;^r^g 

She tressure e-t S^he reer of t^he sph<^;re end ULt^;^me■trlY t^he 

dreg on it. F^J^t^e^;im^nrts bY O^cen [1915] showed that for 

M^<ch ebm^€^rIs bet^aeee 1.2 end 1.1, t:^he st-^r^g had no effect 

on dreg if it^s fron■tel eree was less t^hee o^c^-^■treSh of 

that of She sth(^;re.. Pope end H^l^]^<^r [1966] r^e^c^c^m^ended a 

stm^g So sthere dLem^r:er ratic of no m^]re t^hee 1/1 for 
st^;^r^g^,^aa^ke ieSer^ect^:^c^ns n^-t t^o occur.
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CH^IPTER 4. PH^iSIC^AL

In tiis th<^]^pter, a p^^^£^3Ltel m^c^t^^L of fl^c^w ap]^;^oatiing t^he

spi(^:re, and t:he rffrtt of this fl^c^w on ^he boui^i^i^^y leYrr

of the sphere wi-l be discuss^li. O^r.y the m^aor fettcrs

tiet are deemed im^<3o^rtant t^o t^he probl^e^m wll be m^o^d^l^led;

ani fi^o^m t^ilsl fattorS; lx]^].e^<^^ti^ois for t^he ex^<^<ttei

thaiges in the total ireg wi-l be sug^f^Jsted in

jus■ti^^^;^c^c^t^;^c^n of t^he m^c^e^^L.

C^ieaatelrL^itits of t^he turbuleit fl^o^w fill^i (thi^j^lter 2)

that are tOl^^^:Lierei im^c^I^ltei■t and are represeit^ei i. t^he

m^c^€^;L are; t^he t^i^me averaged v^^^o^zit^y (and hente R^^^l^c^;LiS

iumt^b^r), t^he m^a^o^r^£^(^<^;Ll of t^ur^bul^e^ite, and t^he t^u^bul^e^n^te

in■tli^;it^y of t^he fl^c^w fill^i. The rlesoi for isolat^z^r^g

tilsl t^ c^a^ tt^ i ^ Ti^ "tits is blteusl of t^he i^cg 1. ;igibll 

tom ppc t ^ C;ivl effeots of til otilr turbul^l^itl 

t^i^c^l^ett^lri^3^;Lt3.

F^;r t^he p^;rposes of m^dill-iig; t^he turbullnt fL^c^w fill^i

ep]^;roethi^i^g the spi<^;rl; as shc^wn in fi^gurl 4.1, is

m^C^illei as a series of fi^^li size v^i^'^ites prope<^<^■^i^i^g

with elt^ll^natl tlotkwise and e^■^i^t-^c^c^kwisl dirltt^:^c^n.

ALt^i^c^ugi t^he sim^pi^ifitats^c^n of this m^c^t^^l may epp^er

ex-tr^e^me, t^he im^<^o^lteit d^l^i^z^Ls of t^he fL^c^w fill-i w^c^ise

lffltts are of toisequeite erl to^^tei^i^li. A summe^ry of

t^hese be as foll^ow^::-

1). A-t^i^c^ugi

m^c^tel is

t^he et■tuel fl^c^w is tir^ll dim^r^r^;io^<^;L; t^he 

tol^!^;iilrli in t^wo iim^r^£^;iois. T^Jis is 
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because all ex]^€^rlm^l^r;cl p^£^t-ti^c^rs are t;c^ker alo^ng

t^he c^l^r^reli^r^e of t^he

w^jich t^he exsist^e^n^ce of

wind tunnel e^jit pIcsc , for 

planes of sym^ee^:!! due t^o ^he

2) .

sqscrc and circslar shapes of t^he tse^bsl. e^n^ce

g^r^c^n^j^-^ors ser^ve as a m^<^ns of sim^llLfl^cce^:^c^r. F^ir a

sph(^:re, t^herefore, an c ^<^]^;^£^;1s of t^he effects due t^o

v^i^eticcs in a fi^x^ed plane can be coi^£^;ider^ed because

of t^he m^l^;ie^;l irt^cr^pl^£^rcr^y cffcct of t^he f^^c^w ar^c^snd

it.

V^oe^^ices are m:^O^d^lled as having a fi^xed si^ze W:^e^eeecs

in peacti^ce each v^rt^ex bui^(^:Le c^r^r^t^!^•ts of nsm^ress

differ^cnt si^zed v^c^^tl^ccs. T^c^ise e^c^d^Cled v^i^'ti^ces are

such that they repretert t^he ^a^c^r^c^c^t^^^les of

tsebslerce w^JLch by d^^^;irLe^:^c^r are t^he size of t^he

energy col^rtclni^ng ed^zies. T^jis d^j^:irLt^;^c^r, ie^lL^L^C^■tl^y

determines that t^hese m^a^c^c^c^t^c^^es w.ll be respo^^^:Lble

for any cffcct due t^o t^he scale of t^ur^bule^nce.

3) . V^rtex shedding lt g^l^r^l^f^]Lly col^£^;Ldered as oc<^i^rring

on alt^e^I^rat^:^r^r sides of o^^je^^'ts. T^e^e^(^;^ere, for a

given plane, the tu^<^(^!tsive v^i^’^ices at the

ccI^i^:reli^re after t^he "^c^O^^^r^r^JLcl core" of a ^sebslert

fl^o^w fiel^d, are fe^c^e CLt^eercte si^des and have varying

cL^ockwise and a^-ti^c^^^c^c^k^wise direct^;^c^rs.

The v^2^-ti-ces represert t;he lor^r.tsdlrcl m^a^c^c^c^<^i^:Le of

tsrbsle^rce, because t^he coep^acc^C:ive effects due ^o

t^he lateral m^a^rc^o^t^<^:Les of t^ur^bul^nce are n^c^ligiblc. 

(B^C^<^l^€^:L^r [197L]).

4) .

53



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

O^]^«^;r -qi^c^tLly im^c^o^ltan-t C^c^r^1^rGt^r1^-^■tiGS of tur^bulr^nc—,

such as th- R^^^nc^lds shear str^ess, th- sp^i^-trr tnd

m^r^c^i^E^c^i^;!- of t^ur^bule^nce, have n^-t been GOl^£^;Lerr^ee in t:he

m^c^€^;i brcausr, ts prev;LOus1Y st^et^s^d, th-;Lr -ff-cts on ^he

totrl drag of a sphi^rr are sm^c.1 Gom^<^tIrd t^o t^hose of t^hr

ch cl r' a c; cti r* 1. is "ti cs m^O^d^l^lrd.

R^s^s^u-ts by A^c^i^j^lbtch [1972] (ch<^I^it—r 3) sh^c^w that t^he

maxi^mu^m c^r^r^ributL^o^n of ^he sk:^]^-:^;riGt^;^o^n drag t^s t^he

totrl drag is only 12.^5^% w^'th t^he c^r^r^;ributsr bring

th— pressure drag (atxL^a^u^a 87.5%). It is therefore

n^c^i^^sary in h^:^1dL^r^g up this p^^^s^s.ca1 m^c^e^;- to ensure

that t^he G^£^r^£^rGe^-1^-^■tiGs m^O^eeied are those that make

signjLfL^Gent c^l^r^;ributi^o^ns t^o t^he pressure dreg v^riat^:^c^n^s. 

Thas- are th-refsre t^h- aforem^I^^ti^onee R^^^I^c^les num^e^r, 

turbu1^s^^ce int—n^;Lt^Y ene m^c^c^r^s^c^i^;1— of ^ur^bul^e^nce.

1). The R^5^r^c^C.ds numt^b^-i.

Increase in t^he R^^^r^c^].ds num:^€^:r incr-rs-s the total

energy avc^JLlable in t^he fr^ee-^^■rra^a) T^dis increase in

energy results in a delay in s—p<^rati^o^n o^(^T^rring 

w^zLch citers t^he wake siz— and t^her^s^by t^he pr-ssur-

2).

drag.

The tur^bu1^e^nGe int-n^:Lt^Y.

Increase in tur^bul^e^nce int-n^;Lt^Y in1^]^c^e^uces aec^i^■ti^o^n-

r1 m^;^;Lng brt^wrrn th- frse-s^-l-em tnd the bou■^(^irrY

layers. T^jLs ineuGrs tr^rnsit^:^c^n t^0 ^ur^buLent bou]^<^«^;ry

lay—rs to OGGur w^dLch furt^her inGr—as — s ^he eneI^gY
ti^ansf—r fr^c^m t^he high ener^gy, fr^ee-^s^■rreaa 1aYers t^0
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t^he lo^w energy regl^oes close t^o t^he surface. The

iecr^eesed energy in S^he leYe;rs closei^-t t^o ^he surface

incmses t^he resis’^e^nce t^o t^he ad’^f^rse pressure

gred^eet, t^hus draaYi^n^g t^he occl^]rreece of set^^3Ie■ti^oe

and col^£^<^<^l^€^r^r^:ly varyi^n^g t^he tressbre drag.

3). The m^a^r^r^£^<^<^:le of t^br^bbleece.

The m^a^i^r^s^f^i^^Le of Sbrbbar^ece is ex^<^<^'ted t^o affecS

t^he pressure drag in t^wo dis'ti^nct w^^^s^::-

W^cen t^he m^l^I^<^£^<^<^;Le of S^br^bbL^r^ece is com^t^l^ieb;Le

to the sphere diem^r;er (i.e. ^a^l^r^I^£^<^^llr is

eq’^t^^L,

sphere

just less t^hee, or just greater 
IO L-M > O'?

dia^m^•ter/), t^he v^i^-t’ces ^’L-

t^hee t^he

insrracs

w^-th t^he wake alt^er^z^r^g t^he tressbre at t^he rear

of S^he sph(^;re and t^hus t^he pressure drag.

W^cen S^he m^c^c^I^s^<^^^le of S^br^bbar^ece is m^<ch lar^ger

a) .

b) .

t^hee t^he sphere diem^r:er, t^he fa^c^a a^oued t^he

sph^:re be<^:Les S^o res^r^mb;le Shat of norm^:- la^mLeer

(or tbreblrnt) f-^c^w w ^-SC a -LcaLl^Y elt^rr^;^r^g

ee<^;Le of ieci^c^e^ece. T^JLs iet^I^c^c^bces a dynamtc

pressure dLstr^-^t^bt^;^c^e and a corr^e^ s^t^c^edi^r^g

pressure drag.

The other

t^herefor^e,

Sbr^bbl^e^ece C^c^l^I^l^tt^e^r^!^•ti^cs S^e^nd t^o col^r^:ri^ebtr

m^l^-^;lY t^o t^he v^riet^;^o^es in t^he sk:in-^:^rict^:^c^n drag and can

for S^he pu;rpoises of this be ee^:LecS^^d.

Fr^o^m t^he p^^^£^jLcea m^c^<^:l shown in fi^gure 4.1, t^he resb;Lteet 

effect on t^he total drag of t^he ep]^roechieg v^i^’tices can 

be caSegorized eccordieg So She foa-^c^al^r^g f]^c^a
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C^c^r^r^aterti^t^:ic!^ :-

a). Low t^ur:^rul^-^nce intensit^y and sm^a.l of

t^ut^rulen^(e.

b). Low turbulence intensit^y and lar^ge ofm^a^r^t^£^(^i^:Le

t^ut^rulenc<e.

c). High t^ut^ruC^e^nce intensit^y and sm^;i 1 of

t^ut^rulesc(e.

m^a^c^t^£^(^i^;Led). High tut^rulence intensit^y and lar^ge of

A.1

t^o

t^ut^rulenc<e.

t^hese f^^o^w C^c^r^t^att^rt^z^■^ics can be furt^her sub-divi^G^ed

incl^L^de thezLr differ^^^r^g effects for l^o^w and high

R^^^r^n^o.ds numl^r^]rs.

The folC^c^wi^ng discussi^c^ss on t^he effects of each cat^e^gor^y

of fC^o^w C^c^r^t^att^c^t^i^-tics on t^he tltal drag of t^he sph^^;te,

^iZCl cover the m^o^-t li^kely effects and prlvide an

ex]^p.a^j^1ti^on for t^he reasosi^sg behind such drag v^]^^at^-^l^n

e^]^€^c^c^{^r^n^3^-^£3.

a^ Low turbulence inten^^Lt^y and sm^c^l m^c^r^O£^c^«^;ie of

t^urb^lence. .

T^z^s t^ype of f.^<^w//--B ^he clls-!^■t cxam^^Les to a laminar 
A

ft^ee-^s^■tre^m fl^c^w. It is thereflre ex^<^<^‘ted that at t^he

ext^r^c^mc, w^<en t^he m^a^I^t^^^<^<^:Lc of t^ut^rul^e^nce is of t^he sa^me

order of m^a^r^n^-tude as t^he b^l^I^n^a^rt^-^ ^layier thi^c^iness, and

t^he t^ut^rul^e^s^ce inten^jit^y is rel^l^w ab^l^^t t^wo p^:tces■fc, t^hcs

t^he drag w-Cl be dcpend<^]^'t only on ^he num^(^]t.

H^l^<rock [1980] who con(^i^<^-ted -x^^^cri^m^i^its w^-th ^ut^ruC^e^nce
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C^c^r^l^c^te^r^r^!^■tics of tbis m^r^^^r^-tudr found rbat t^he effects

of free-s^-ream tlr^bule^cce d^(^:rease W^’th iccreasi^c^g lecg■te

scale. A-t^h^ough w^3^]^;icg on b^^-t tr^rcsffr fr^o^m a flat

p-are, bis ob£^<^^'^<^■^i^ocs can be a^l^^Lied here t^o im^^ly tbat

an incr^ease in t^be scale at tbis m^r^^^r^■tudr W^LLl res^l^'t in

t^be ffffct due scalr being grrr^trr t^ban that due

rlr^bulrcce ictfcsit^y. HLs rrslC.rs can be cc^^;idered

q^c^rJ^■trtL^v^fl^y because of t^be rx:ist^e^c^cr of an acalc^gy

bet^ween b^j^-t rr^ansfer and drag. T^dLs analc^gur is discussed

in grei^-ter lrtfr in tbis sec•tL^c^c.

T^c^C^r^CL^c^r.ly lengrb scrlrs tbat are of t^be same crdrr of 

m^r^r^r^-tlde as t^be b^^^I^r^c^r^l^-1ay(^:r rbi^c^kness are u^i^t^;^ly

r^egar^ded as t^he m.L^iro^^<^j^;le of t^ur^bul^e^n^ce. (T^y^p^-^ial size of

^i-^rc^^<^<^;lrs of t^lr^bll^f^nce is 1 mm (C^l^€^(^;i and S^i-th

[197^^^!)). B^-t because, by d^ j^;icLt^;^c^n, m-^2^»^!^<^;^:lrs of

rur^ bul^ ncr dLssipate rbe rlr^bll^e^ncf energy that is

pr^cducrd by m^r^r^r^c^s^^^r.rs of tur^bulf^cce, t^he largej^-t length

scabies in a t^lr^bulrct fiel^d are always t^be m^r^r^r^c^c^^^les of

rur^ bul^ ncf even Wben this is of rbe sa^me order of

m^r^r^r^-tude as t^be rbi^c^kness of t^be bol^<^i^:ry layers. The

lengt^b scales t^berefor^e refrrr^f^d t^o by H^l^<tock [1980] are

in effect t^he m^r^I^r^c^(^c^]Les of t^ur^bul^f^cce.

Tbe drag c^e^e^ J^:Lciect vrllfs for this carrgcry are

g^I^r^I^^^].ly ex^'^’^'ted t^o be alm^j^-t t^be sa^me as rbose for a

sph(^;rr L^mm^ersed in a lamLna^ flui^d fl^o^w.
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b^ Low t^urbu^Lence i^nten^zity and Large m^i^i^c^£^<^i^:Le of

t^urb^;Len^<e.

W^en t^he stele of t^ur^bul^e^ite is tcm^p^a^i^l^^l.e t^c t^he ^^am^ite:?

of t^he sph<^:re; t^he ex^(^<^•tei lfflt■t on t^he ireg is two-

fold. F^irs-tl^y, fcr low^:r scc Ii vc Iuis , t^he ler^ge v^j^'ti^tes

intlrett w^'th t^he wake m^c^i:fyiig t^he base prlssurl and

thlr^e^by t^he slp<^^e■ti^c^n p^zint and to^!^<^(^T^€^r^r;lY t^he ireg.

S^<^<^l^<^;Ly; at Larglr soc Ii vc Iuis , t^he v^3^■titls of t^he

turbuLent f:^c^w fill^i ere "seen^" by t^he sphere as an

ep]^]Toeciiig leminer f:^c^w w^'th an o^ct^;LLat^:^r^g aii^:-! of

intiilnt^.

The effett of t^he l^c^w t^ur^bul^^ite inten^zit^y on ^he drag by

aLt^er^i^r^g t^he tT^ansit:^;^c^n p^zint wil, tom^^^^ied t^c t^he stele

lfflt■tS; be tCI^mpeae:ivlly sm^a-l and may t^hus be ass^u^med

n^c^l^igible. The resuit^i^r^g effects on ^he drag t^€^l^j^:itilit

by this tetlgcry erl tilrlfcrl lx]^(^<^■tli t^c be an inLticl

increesl fi^c^m t^he st^c^n^ieri drag curve at l^c^w stale vc Iuis ,

and t^hln a ret^uT^n tc ep]^3rc:^:^m^a^ely st^a^iier^i drag turve

values at ler^glr scc Ii values.

c). High t^urbu^Lence inten^zLt^y and sm^l^l ^a^c^r^c^£^c^<^le of

t^urb^len^ie.

The lffltts of t^he turbullitl intln^;it^y in this tet^e^gcr^y

erl ex^<^<^■tli tc h^j^^^jily o^•twligh t^hcse due tc t^he scc Ii of

t^ur^bule^ntl. A^ high vc Iuis  of t^ur^bul^e^itl intlnsit^y; t^he

dist^i^l^b^e^nte iit^;^c^i^u^cei t^c t^he bou]^(^i^:ry leyer causes very

la:TLy ti^ansit^;^c^n tc occur. T'^dis le]Tly occurreicl of

t:r^ensit^;^c^n results in e deley of slp<^2rati^c^i; end t^hei^e^by a
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leduc^’ti^on of t^he dcag values ob'tai^r^ed.

The effehts of this oatrgocY arr ex^«^(^-ted to be a

crduc^-ti^on of ^he diag h^^^f^d^:Irieft values t^o bel^o^w t^he

st^r^ndar^d drag huive.

d^ High t^urbu^Lesce tstes^ztt^d and large m^c^i^i^c^i^i^JLt of

t^urb^Zlesce.

U^t^-Cke t^he pcevious oa■trg^rirs w^€^]re t^he effeo■t of one

t^ur^bul^e^nhe h^c^r^s^r^O€^r^i^!^■tio airways ou-twrighed t^he effrht of

the other and t^hec^e^bY al-^c^wi^r^g ^he effehts of one t^o be

ignoced, in this oat^e^goiY t^he rrsu;ltent rffeots fi^o^m both

h^c^r^i^r^re^e^i^!^■tirs are ex]^<^<^-ted. The g^i^t^ral t^^r^denhY of

intrn^:it^Y t^o c^^duhe drag and that of shale t^o increese it^,

gives ci^s^r t^o sit^uat^z^o^ns w^t^ne veiy sli^ght m^odijihi^-^i^o^ns

in t^he value of one of t^he h^c^ac^artris^'tios ran cause

ool^£^;^dr:iable hhange in t^he drag values being ob^tei^r^ed.

SL■tueti^o^ns oen t^herefore be en^^sa^ged here w^€^]cebY h^^■tei.n

ool^t^bI^t^r;ions of t^he t^uc^bul^e^nhe h^£^r^s^aOe^e^i^^^■tio values give

u^j^'table drag values w^z^hh a dIs■ti^not r^a^nge, for ail

other values unohenged. T^;^s phenomenon has been obisec^ved

by both N^-ve [1986] and van del H^<gge ZIjnrn [1958].

A-t^h^o^ugh van d^:r H^<^<ge ZIjn^en, who was w^o^]^;ing on t^he h^j^-t

ti^ansfer fi^o^m a h^linder, als^o f^lti^r^ed this rhenomenon, an

analogy bet^ween t^he h^i^-t tr^ansfer and diag h^€^^^f^:irient

indihe■tes t^he simi-^i^;Ltirs bet^ween t^he t^wo rhenomene and

t^herefore t^he ceas^on why h^<^-t ti^ansfer obj^(^]^'^<^1ti.ons should

also sh^o^w this simlar feetur^e of ins-tabd-li^i^Y^-
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The effects of this cctegory are ex^<^<^'ted ^o be very 

m^ieked d^^^V-a■ti^ors of drag c^^^e^j^;iclert values fe^o^m t^he 

se^a^rdard drag curve, w.th va;ri^oss coeeiL^r^t:iors of 

tur^bule^nce c^c^a^e^a^ce^e^e^i^-^ics givi^n^g c^I^c^]^(^r^r:ly s^c^c^r^3^<^;Lct^ed 

v^:Lu^£t.

S^I^(^:ri^eposed on the

discussed above is t^he

effects of the C^c^r^c^c^tt^e^i^l^■eics

effect due t^o t^he v^]^;ict^:^c^r in t^he 

R^^^i^n^lds nsm^(^ee. The s^<^€^e^:Lyi^n^g effect of t^he R^^^r^c^lds

nsm:^(^;r is g^i^n^^f^lly t^he same; that is, an ircrease in

R^^^r^n^lds raises t^he energy of ^he fr^ee-^s^■trcm and

t^herefore ccssi^ng sm^aicr irter^act^i^c^rs bet^ween lcyc:rs t^o

tI^c^rse^■t an equ^l am^i^i^t of energy. The retULe^;^r^r effect

of this is that eit^her: w^<en t^hc effect of one of t^hc

tsrbule^rce C^c^r^c^c^Ct^e^ j^!^■elct is r^c^l^LLgiblr, ircrcasc in

R^^^r^c^lds nsm^^^;r may cause its effect t^o ircrease t^o a

level w^(^:re it has to be t^ken lre^o col^£^;iLd^:^atL^c^r,

cl■^l•^c^s^gh t^he e^a^^^r■tsdes of t^he c^^a^e^a^ct^e^e^i^'tics t^h^em^i^^lves

rem^zin snchcnged; or an ircrease in R^5^i^c^o.ds nsm^^;r may

ccusc  a v^3^;iat;^c^r in the effect of the tsr^bsl. e^n^ce

C^c^c^c^c^Ce^e^3^!^•tics givi^r^g different drag values for t^he sa^me

comt^ii^r^C;i^on of C^c^a^c^c^Ct^e^j^!^■ti^cs.

Fr^o^m t^he preceedi^ng discussi^c^n, t^he probl^c^m of p]red:ict^L^r^g

t^he drag for a given set of t^ur^bsle^nce c^c^a^e^a^ct^e^e^i^-tics is

ev:lden-t. A num^c^:^ of p^s^j^zible m^ethods of seLsti^or t^o this

probl (^m r^3Ltt, semr of w^dlch are less probcb:le t^han

cthers. The prom^ising are ^he n^r^eri^i^ial and p^^^£^;iccl
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m^S^el1-ing m^-thoeS) 

1). NJ^u^aeiL^<^;L m^0eI1-ing)

A n^l^arr^L^ia1 m^c^(^;i r—pr-s—ntL^r^g ^h— turbul-nt fluid

fl^c^w in w^juch t^h— sphere is iaa€^rsrd cen sh^s^w in

d^r^;^;L1 t^h— v^nirt^L^o^n of ^h— drag G^€^-^i^:LGient of t^he

sph — r— for varying Goaabi^r^t:ions of tur^bul^ r^nce

G^c^rc^rCe^r^i^-^■tiGS) U^fc^sr^■^l^^^it—1Y, n^l^arr^Lca1 m^O^d^-is,

such as may be requ:LI^ee he;re, usi^ng va;rL^ous Gom^c^U^(^r

Goers are es y—-t net p^s^j^zibl- beth because of t^he

1L^aLtrt^:^c^ns

tur^bule^nce

in ou:r knowledge of t^he totrl -ff-cts of

and els^s because of ^he ir^t^i]^iti^es of

m^c^€^;rn day com^c^Ut^:^s ^s han(^;Le t^he size of da-tr

nri^f^issery for such a f—at.

To d^-^ — , com^^^u^t^;r Goees that ctn pre^z^ct laminar

flui^d fl^c^w and it^s -ff-cts w^’th great aGGuraGy e^JLst,

es do Gom^c^U^:er codes that ctn pr-«^jLct 1a^m:Lnar tnd

t^ur^bnl—nt h^l^^^r^e^r^r^Yla^<^]rs, alt^l^c^u^gh great aGGuraGy is

ob^tai^n^—d cn^Ly

representi^n^g

g^I^r^r^^^:^1Y only

for t^he for^mer case. C^I^aut(^:r Goers

fuiL.y turbulent flui^d fl^c^ws rre 

in their trial p^:ri^ods, this d^i^^zLte

^he fact that turbulent fl^o^ws are t^h— m^c^-t cc^mmon

t^ypes of fl^o^ws in g^]^(^ra1 indi^u^s^i^zirl t^I^C^:iGatL^o^nS)

"L^:rge eddy SL^m^lat-^c^r^" com^p^u^er codes rr- t^he

closei^'t of ^he a^t^dLlabl- pro^n-ssions ^o a br—ak-

thiTo^ugh ' because of their a^j^lit^y to m^c^esl the

prod^c^iti^on, t^r^c^n^s^mLssi^o^n, and dissiprti^on ' of ener^gy

by t^he va:rious si^zed ed^zLrs.
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D^\^€^;lopm^i^it of com^t^U(^^ codes Shat w.ll reflect t^he

effects of lar^ge ed^iies on bou]^<^i^:ry laYers are (t^o

t^he a^ith^r's know^ledge) s ^;L11 in t^he "^re-coecep■t:^c^i^"

st^a^ges. T^Jis is n^'S sbrt^•risL^i^g because t^he effects ’ of

these ler^gr ed^sies on

being esc^;rS^ei^i^r^d and

fL^o^w aroued o^^je^^'ts are s^ill 

isolet^r^d. With S^he iecreese in

S^he knowledge of t^hese effects (t^o w^zich this project

m^l^ies a m^aor col^r^:riebSL^c^n) t^he p^c^s^S-:^ilit^Y of

d^’^<^;aopi^eg S^hese com^t^b^<^:r codes w LLI become feasible.

2), P^c^Y^3^cea m^OerL-ieg.

Siece She ra;raY days of SI^YL^r^g to u^<^€^]rst^l^e^d

S^ur^bul^e^n^ce and it^s effects, this ap^;roach has al^ways

led She way wiSh aet.-^;iens and e^l^err.cel

^oddrl<^;rs fol;^c^ai^i^g behind w^'Sh m^re d^itail^e^d and

com^^^^^’^c^^ing ex]^leei^^ti^oes for t^he ■Simons and

a^i^^Lyses made by "^l^c^Y^S^cel m^Oerl^<^;rs". ly Shis s^me

Soken, t^he p^^^s ^sLci I m^Gdrl.ieg m^^thod ^eer^’ts it^s

att^I^l^ct^;^c^n in t^he eccbmu^Ul^l;i^Ge of rrll^aelr (^■Si on

t^he effects that ve:ri^obs comt^ei^r^l;ioes of t^ur^buL^e^ece

C^c^l^I^ctt^r^I^ j^'tics have on the drag j^;lcirets.

U^if^oI^^^l^c^l:ely, t^he q^^^l^r^:Lt^Y of d^-ta e^^e^ser^y t^o

echirvr ebl^(^^bSr c^]^:^raat^-^c^is bet^aeee ve;ri^obs

comt^ei^r^a:ioes of Sbr^bbar^ece C^c^l^r^l^tt^r^r^!^^tics and drag

is incaacbleear. To Shis end, c^]LarctL^v^r de■te fr^o^m

differect ex]^<^rim^r^r^^^:rs w^c^]^:Lng w^'th differ^ect wind

t^bee<^;Ls and Sbrebaeece g^i^c^i^j^-tors is ee<celSser^Y t^o
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esab^le ^he full ra^ngcs of t^he va;ti^ous C^c^a^t^c^C^r^t^■^■tic

copprne^a:ions bc co^t^ired, and t^hus esi^l^li^n^r t^he

arl^<^:Lu■te c^l^:^elat^;^l^ns t^o be ob'tai^r^ed.

E^^^p^c^;im^c^n:(^]ts who have t^o d^-te at^t^t^mpted sim^lat w^irk

as t^he present ptl;jec■t have eLt^her w^crked on lbjr(^■ts

that have cn^mpi-cated aet:^l^dynamLc shapes w^dLch

i^nt^:^c^c^u^ce u^i^(^<^<^£^!3ary coi^ppiz^^^iti^ons t^o t^he pr^obl^c^m of

^he effects being asialysed, or have cll^c^€^r^r^;tat^e^d on

other effects of w^dich only a^<^;Lo^;res w-th the drag

C^ ;icient may bc dra^ws and thus m^l^zLsg the

3^ a^ rt^-tati^ e value of thczir results m^z^^im^;!. An

cxam^^Lc of an exj^e^crim^r^rter in ^he first cat^e^glt^y is

Lee [197J^//6], who w^crkcd on square based pri^^ms, and

an exam^^Ce of an cx]^<^3rim^r^n^<^:t of t^he second cat^e^gory

is van dcr H^<gge ZLjnes [1958] who w^3ried on t^he hea-t

tr^ansfet effect fr^o^m h^o^zizo^ltal c^^Lisders. ALt^h^o^ugh

t^he analogy bct^wecs hea't tt^ansfct and drag can be

evi^^Luated, t^he d-ff^c^r^c^r^ce is act^l^dynamic shape of t^he

o^^jec^'ts bei^sg coi^j^;Ldcrcd does n^'t a^s^zis't is a^'tu^^Lly

pro^zidr^n^g d^-ta for c^I^;telat^;Oo^ss. T^<^ise rcsu^lts may

theteflte lnly be used as a guide for the

c^]^;telat^;^r^ns being fot^m^3.at^e^d.

To as<^:Lyse in d^C^i^sil t^he effects that t^he m^aji^r^s^c^i^le of

t^ut^ruL^e^nce has on t^he totrl drag of a sphi^ire, it is

im^p^c^j^-^r^ve that ^he effects of t^he other tut^rulence

r^c^r^t^c^t€^r^r^!^■tics that have t^he sa^me 

of t^he total drag as t^hc m^r^c^t^£^<^<^:Lc

m^a^r^n^-tude of v^3riat^:^c^n

are co]^^^;Ldct^e^d. T^(^!3c,
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as prev;Lously discuss^e^d, are t^he t^ur^bule^nce intm^zit^y and

t^he R^^^r^c^lds num3(^r. B^c^iause t^he m^aj^^r c^l^r^ributcr t^o ^he

v^]^;Lrt;^c^n of t^he rcrrl drag is t^he pressure drag, a m^jans

of m^e^a^i^ri^n^g t^he v^3^;Lrt^;^c^ns in t^he pressure dist^l^-^t^lt^;^c^n

is c^<^(^lssary. varyL^n^g co]^biL^r^r;iccs of tur^bll^f^ncr

C^c^r^r^r^t:€^f^l^!^■tics, t^he knca].rdgr of b^-th t^he rctrl drag and

t^be prrsslrr distr^L^t^lt^-^c^c is rbfrffcr^f n^i^essary. Fr^om

this icfcr^m^■ti^cn ffffcts of t^be va:^icus C^e^rr^rtt^rl^:^■tics

can be ide i^ltifi^e^d and isclrt^€^d, and also a c^3^;relrt:^c^c

developed of t^he ccmD;Lnrd C^£^rr^rtc^rri^■tics and t^he drag

v^riat^z^c^n. A similar a^<^r^;^^^;LS of t^he dynamic v^3^;Lrt^:^c^n of

t^he d^-ta can als^o ' be m^<de.

The aL^ms of this resear^ch p^c;jrc■t, as stat^e^d in cbi^i^iter 1,

are:

1). To rs■tabLis^b t^he rrlr1^:^c^c^s^hi^p brt^wrrn t^he m^a^l^l^£^<^^^:le

of rurbuleccr and the total drag of a sphere. D^^yden

et.al. [1937] used t^he tbe^l^(^^:icrl rflri:Cc^c^sbip

sug^^c^s^-ted by T^^^J-or [1936]
/

u
Rec^zLt c>C

rflrt^;^r^g t^he t^;LtL^cal R^^^r^r^c.ds num^(^:r t^o a flc<^■ti^c^n

of ictfc^;Lt;y and scalr. The rfsl:^ts cbitrinrd by

Dryden et.al., w^:re d^■trr^minrd to be in clcsf

prox^Lm^-ty W^-th this t^heory slg<^€^£^•^i^c^g t^he ex;Lst^€^c^ce

of some com^^Lex rrlriLCc^c^s^hi^p brt^arrn t^he drag and t^he

R^^^r^n^lds num:^€^r, ictfcsit^y, m^r^r^l^c^c^<^;^e, and m^^ybe

sp^c^itra of t^lr^bll^f^nce. T^z^s assum^ttioc, made fr^o^m

d

U L
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this theory, is based on thc d2f;LrLt;:lo n of the

c^;iti^ccl R^^^i^c^lds numDc^e? w^^ch is dLrcctl^y iz^r^k^ed t^o

t^he drag of a sph^:re.

2) . To e^•tcbLl^t^h w^G^eth^er v^3^;ict^L^c^rt in the drag

3) .

c^^^eJ^;iclrntt have corrct^pordirg base

J^;Lclrnt v^rlae^:^c^rs. A^l^(^nr^ach [1972]

prrsssrr

obiserved

that t^he mcxi^ms^m cor^r^:rlbuti^o^r of sk:^^-^:^eict^i^o^r drag

t^o t^he total drag was 12.5^%. T^e^r^(^JEcre, as discsss^r^d

in t^hc ch<^]^1te:e, v^2jict^:^c^rs in t^he total drag

of t^he m^a^^^r-tudr asse^;Lae^cd w.th t^he t^ur^bsl^e^rcc

c^c^a^e^a^ct^e^e^i^-tics are rx^<^<^■trd t^o

v^]^:iati^c^n of the prcsssrr

C^£^Cc^aCt^r]^i^■tlct are known t^o

pressure dist^e^i^t^stLic^n^.

have a cerr^r^t^E^ondi.r^g

drag, sincr thrsr

affect t^he

To rt■tabLlt^h t^hc dynam.c rrlat^:^c^r^s^hL^p bet^wem ^he

drag and base prcsssrc c^€^^i^;LClrnet, and also t^o

c^^^<^2^•tcir ^he ex:ist^e^r^ce of rrt^enancr at given v^irt^e^x

shedding fr^eqscr(^:ics. Van der H^^Tgc Z-jnen [1958]

w^3^]^:ing on t^he h^i^-t tr^arsfcr fe^c^e circslar c^li-nders

obiserved rc^orarcr effects when a p^3^^ticslar

fr^e^quency ratl^o e^:Lse^e^d bet^wcen t^he fr^cc-^tterc^e

v^]^■^icrt and the shed v^]^■^icrt. H.nze [1959]

ssg<^<^£^•ted that this r^rs^o^ncncr occ^]rrrd at a fI^e^c^s^r^ncY

rctL^o of 2:1.

4) . Te r^■tabLL^t^h W^€^e;h(^:r t^he rffrcet of irdivi^dsal

v^2^•^i^crs passi^n^g t^he sphere can be d^■tcce^^d. As

sugc^t^s^-ted by ^hr p^^^s ^JLcc I t^he dLtti^rct rffrct

65



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of indiec.dsal v^i^Ctioes rassi^r^g t^he sphere should be

d^'tectable. ^^e est^abl^;shl^men’t of this p^3^■ticSlar ai^m,

w^i^^ld further enhance t^he use of t^he m^c^€^;i in furt^her

m^r^t^(^I^aat^<^i^:l cor^t^s.d(^3^i^■ti^ons of this g^i^c^nial pcobl^e^m.

4.1. A^iclc^gd be^t^oe^e^s N^£^£^<^;it s^u^mber c^s^d dr^c^g coeffj^c^:^<^r^t;.

The need to use t^he results of ex]^(^]lim^nt:ers who have 

worked on sim^lar t^ur^bul^e^^ce h^c^r^c^r^O€^e^i^!^■tio rcobl^e^ms bu't 

have obisec^ved effrcts other t^^an t^hose of drag c^e^e^J^^ioirnt 

has been dCsoussed ^^2^;Lier. Due t^o t^he soa:ro:Lt^y of sim.lar 

results, it is f^<^(^lsserY ^o i^'tabLis^h ^he analo^gY that

^^j^i^-ts bet^ween t^he tr^ansfer and t^he drag h^e^e^f^zioirnt 

of an o^^jeo-t so as ^o enab^Le t^he 

a^^^e-lablr hee•t tr^ansfer resul.ts

q^e^ri^■tatI^e^e use of t^he

^o bl m^di. The m^zin

indicator of h^^-t tr^^nsfer is t^he N^us^e^'t num^i^r, defi^n^ed

by

hl

w^h^re is t^he N^sss^l-t num^(^:^

is t^hi h^<^-t tr^a^nsfir h^^l^j^^Ihient

is t^he t^h^ii^mal col^t^L^sht^c^jItY

and 1 is a h^c^r^i^eOt^li^s^^io li^near dim^r^s^zion.

N

N

h

k

k

T^jis n^]^-d;Lm^nt^:Io^i^:l t^e^s^m is a of t^he o^€^e^<^2.l h^i^'t

tr^ansfir fi^o^m ^he body. The com^c^i^^^J^'t of t^he total diag 

h^^l^J^;ioient for w^zich an analogy w^-th t^he N^uss^l^-t num^(^:r 

is u^^<^].lY dr^a^wn (R^^^r^c^lds analo^gy) is t^he sk;^]^-^:^;riot^;^o^n 

drag h^c^e^f^zioient d^:fi^n^ed by
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Cf
ts

J v'2

wh^h^eie Cf is ^he sk:^]^-^;^:ritt^i^c^n c^€^l^j^;itilnt

and ■Ts is t^he w^a.l siee;r str^ess.

T^dis sksin-^;f;ritt^i^c^n dreg c^e^e:j^;itilit is a m^e^£^T^:re cf t^he

dreg fcrte exi^rt^^d on t^he body by t^he fri^ctioc^r^.

The ili^■t tr^ansfer c^€^r^j^:itilnt and t^he w^]-l silcr sti^ess

ten be expanded t^c shc^w m^re tllarLy t^he enelogy W^:ici

e^j-sts bet^ween t^he t^hei^mel and t^he v^;Lo^:i^y boui^dery

icy^i^is.

The w^C-l shear1) . sti^ess by d^d^^init^z^c^n is pro^c^c^ltioial

tc the v^lo^zit^y gTai:Llnt; the J^;itilnt of

prc]^p^cl^:ici^r^aity being t^he visccsi^-^y^yX

Ts A (. du/ dy)s

T^dis eqi^i^iti^oi d^'tel^mLils t^he v^;Lo^;it^y glci:Lli■t in t^he

v^:Lo^;it^y bo'^]^(^j^;ry layer.

2) . The h^i^-t tr^cisfer c^^^l^j^:Lcilnt w^dich is pio^c^c^lti^oiel

t^o t^he a^'tucl h^i^-t tr^ansfer bet^ween t^he w^C-l and t^he

fr^ee-^s^-Tecam is im^pii^t^'tly iicl^i^iei in t^he eqi^<^dtioi

qs -k (^T/in)s.

T^dis eq^c^dti^on d^’tei^mines t^he gTadient in

t^he t^hei^mal bou]^(^;^:ry layer.

Fr^c^m

can

t^he above, ^he analogy bet^ween h^i^-t tr^ansfer and drag 

tilrlfoll be rliucli tc an analcgy blt^wlen t^he 

v^^Lo^it^y grci:ilnt in t^he v^:Lo^:it^y boi^]^(^<^:ry icyer, and t^he 
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t^r^m^^^3^«^■ture gIedieet in t^he S^heI^mea bob]^<^i^:ry layer.

The sk:Le-:frict^:^c^i drag has e^n^^Lier been dLSCbssed as

co n n: tri ebt;^ n g

and that t^he

only a mexj^mb^m of 12.^5^% t^he Sotal drag,

Sbrbbleece C^£^l^r^l^Ct^e^r^:^■tics iecl^b^ded in t^he

m^c^fel affect ^s ^I^l^IY t^he pressure drag of S^he

SoSal drag. T’^€^e^(^:fore a m^re m^e^e^i^L^c^l^l^;l analogy w^i^Jld, in

Shis p^a^-^icular case, be one bet^aeee t^he N^bs^s^r^-t nbm^<^;r

and t^he pressure drag j^:lcirnt,, w^zich u^j^<^rSbe^•telY, 

does eG■t give a maat^e^ma^;tL^c^l-lY ^e^e^l^i^-^(^JEul eeelogy.

C^c^if-rm^lti^Ge of She need So S^a^ke an eeeaogy bet^aeee t^he

N^bss^r^■t num^e^^ and t^he pressure drag is fr^o^m ex^^nim^i^lts 

by S^J^i^i î^-t and W^r^i^r^;r [1941] who showed that t^he hea-t 

tr^aesfrr fr^o^m an o^;je^-t is greater in t^he wake regi^on 

w^€^;^e Sphere is grei^-ter m^:^;Leg com^<^lIed t^o t^he regi^ons w^'Sh 

v^^Lo^zit^Y bob]^<^i^:ry aayers. T^<^!se rrsb]LSs aaso iediceSe t^hat 

an iecreese in t^he R^^^r^c^o-ds numDc^er causes set«^3re■ti^c^e t^o be 

drleYed t^hus result^z^r^g in a sm^Her wake and therefore a 

n^-t redu^'ti^o^n in S^he am^l^l^^t of h^i^-t tr^ensfrr. T^j.s is 

eeelogobs So t^he pressure ^^ag, in that t^he eerr^Gaer t^he

wake t^he loa^:r is t^he

rrlat^:^c^i^s^hi^t bet^aeee

nbm^(^:r can be ess^b^med

pressure drag. Fr^o^m Shis a dLrrct

t^he pressure drag and t^he N^bss^r^■t 

because of thezir direct dependeece

on t^he coI^c^i^■ti^oes of t^he w^lke.

B^c^i^iuse of t^he sign:Lficeet dif^^e^I^r^e^ce in m^c^r^r^-Sbde of t^he

N^uss^e^-t ebm^^^;r in erees o^ltsi^de t^he wake as com^«^lIed t^o 

that in it, as obiserved by S^]^]^i<^'t and Wr^i^e^r, She 

c^r^r^;ribbSL^c^e t^o S^he totel h^i^-t SI^l^esfer^I^e^d in t^he t^her^maa 
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boui^<^i^:ry layers and in t^h— wake can be ass^u^aed t^s be in

^he same ratios as that of t^h— c^r^ntiibutL^ons of ^h— drag

Gom^<^c^r^r^rts t^o t^he total.

R^s^s^lLts ta^ken of t^h— ^^sse^r^-t num^b^rs for aer^oeynamiG

O^;je<^-ts placed in t^urbulent f:^c^w fi^—L^ds may t^h—r—fore be

relat^e^d anJa1ogo^ls1Y to th— total drag c(ccs If ff ;Lcient

v^3^;iat:^c^n on t^he sa^me O^^j—ft. The m^ao:i c^l^r^tribstsrs t^o 

b^-th t^he N^us^e^-^'t num^i^:! and t^he drag G^€^r^J^;iGi—rt t^herefor^e 

are t^hose respe<^‘ti^v^e Gom^c^n^r^rts w^dLch are depen<^<^i^'t on t^he 

wake coI^r^i^■ti^onS)
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CH^^PTER 5. EXPERI^MENTAL ARRANGl^l^E^IN^r.

5.1. Introdi^c^c^zLon.

The d^isi^gn of ^he cxj^t^crim^r^t^i^;!

the d^^^;it^cd effects of the

ri^g was onc w^s^ch enabled

C^c^a^t^rCe^c^r^!^■tics of ^he

tutruLent f;^c^w fieC^d t^c bc obiserved w-th a m^]^;Lmrl

int^r^c^ducti^c^n of u^c^c^c^zTred effects fr^c^m ex^tetnal

cc]^pPl^■^<^■tr^r^r factors. T^«ese factcrs incl^u^de rlociage

effects, effects of teflcct^cd v^c^-ti^ces (end effects),

lr^m^tat^:^l^ns on t^he maxi^mu^m w^^^e^CcCn^^-^hs att^r^:^r^arle by t^he 

v^c^rtices, n^r^r.ineat tr^ aj^ c^ ct^ cr^y cf the sphere,

tt^anslat:;^c^sal j^;Ll^rt^;^c^ns of t^he sph^;te, a^<^(^JLetat;Cc^s 

effects, and m^c^<^;i m^r^r^n:^;ing effects. To aCleviat^c these

effects, as open secti^c^n wind tunnel w^'th a "tirr^dl^y^"

st^:^n^r/held sph(^;tc was used.

To d^'tcr^mise t^he effects that t^he r^£^r^t^att^r^t^:^■tics of t^he

tutruLent fC^c^w ficl^d w^zre having on t^he drag of t^he

sph(^:tc, t^wo m^zis ap^zroaches w^z^e used: nam^^Ly, a str^ar^s-

gauged caI^r^;il^cvct t^o m^c^£^i^:^e the force exi^irted on t^he

sphere w^s^ch was att^^c^h^ed t^o t^he st:^r^g; and pressure

t^r^ppi^nr h^:Les on

distr^:^t^ut^z^o^n for

t^he sphere d^■tet^pine t^he ptessute 

w^;ich puirpose b^-th t^he sphere and t^he

st:^r^g w^^cre hol^^c^w. Plate 1 shows the exj^j^irim^i^rtal

arr^c^r^r^e^m^]^■t incl^udi^n^g t^hc inst^r^l^m^l^r:a•tr^l^n used.

5.2. W^znd t^un^e^l.

The open secti^c^s wind tunnel used, as shc^ws in plate 2,

c^r^rsjzst^ed of a v^iriane speed 10 bhp m^osor att^a^c^h^ed t^o a 
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cn^r^zi^ frugal im^P^l^Llr w^:^ch dr^e^w air in fi^c^m t^he

t^c t^he sl■^tl-rr^g cham^<^:r. Ei^^-t sets of ioneycombs w^re

placed ii t^he ciam^«^zl t^c help i^m^ziove t^he mean f-^c^w

u^jiformity and to riduce the lar^ge v^i^-ticis and

ins •^Cd  b. i. zl :.. is induced by t^he im^p^l-Lir. B^^yond t^he si'ttl^z^r^g

ciam^^^r; t^hi shape of t^hi wind tunnil was made int^o a

n^;^;^:Le so as t^o increase t^he v^;^o^;^t^y of t^he air in t^he

jet produced w^h^LLe riduciig t^he pressure t^c a^m^£^I^I^i^l^;ic at

t^he e^dit. T^dis n^:^:^;ie had a cci^r^z^cfti^oi lati^o of 8:1, w^-th

dim^i^s^zLois in t^he e^jLt plane of t^he n^;^;zle of 240 x 405

mm. A^lt  speeds of up t^o 47 m^s and tui^bule^nce intins^j^-ti^is ‘

no gre^-ter t^han 0.7 % w^re ex]^(^rii^iced in this e^d^-t pla^ne.

5.3. TurbuL^e^n^i^e g^e^n^er^ct^z^c^n

To g^i^<^3ratr turbulent f-^c^w fiil^ds, tir^ee grids shown in

plate 3 w^rr used. L^l^b^e.lri grids A, B and C, these t^ir^ee

placed LniLvLiu^;Lly at the e^dit of the wind tunnil

g^]^(^]rctei turbulent fl^c^w fiel^ds of varying t^ur^bul^i^r^ce

C^i^rr^cCtrTi3tLCS; thus incrrasL^ng the range cf the

t^ur^bul^r^icr C^c^c^r^c^Ct^i^r^!^-tL.cs w^<^!se ifficts werrr t^o be

obiserved.

The h^:Lrs in t^hr grids w^z^r squczn, ciiculai and square

respect-ti^vrl^y. The t^ui^bulent f-^c^w fi^el^ds g^l^<^ratei by grid

B, w.th t^he cLrculai h^ZLes, w^z^e apj^zroxim^-ted t^c an

eqi^d^'^i^ZLent grid of squi^:rr h^^Les using t^he m^lthod d^'^zised

by B^zines and P^itrrs^oi [1951]. T^h^rzi^zfore for t^he puzipose

of iim^l^£^zLoiLig; t^hr dim^i^s^zLons of t^he square holed
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eqi^u^'^client t^o grid B w^re used.

The b^]^;Lzo^ital and v^i^-tical solid pLrcrs of t^he grids of

W.d'tb b are t^be slats, W^e^le t^be m^sb of t^be grid, M, is

t^he dLsi^^^cr bet:ween cel^r^:rfli^nfs of t^wo p^l?^^^.lfl slats.

T^c^ise dim^l^£^:Lcns for t^he respe<^-ti^ve grids A, b

25 mm, and M = 90 mm; grid B, 6 and 20 mm; and grid C, 2

and 14 mm respe<^'tL^vel^y^.

5.4. SU^<^:i^es.

HLgb q^c^a^-Lt^y t^able t^ecc:Ls b^a-ls of dLam^eter 37.68 mm a(^flr

used as t^he sp^€^3^;^cal o^;^e<^'ts. T^e^e^-r surfaces w^ire t^est^e^d

for sm^c^Ctel^<ess W^'tb a T^a^^^i^i^rf and found t^o have an

eql^j^'^<^:Lect sand r^ougb^ess k/d of less t^han 11 x 10 , t^hus

we^e^f^':- gri^d

q^c^a.i^^y^L^c^g as b^c^r^r^t^ui^-^j^l^lY sm^c^itb.

Tbe sph<^;res w^ire bol-^c^w W^-th pressure t^a^ppL^c^g b^;ies of 0.5

mm ^^am^fter d^^Lll^e^d in t^b^e^m enj^l^li^^g t^he pressure at t^he

t^a^ppL^c^g p^^^nt t^o be rr^a^nsm.-tt^rd via t^be eol-^c^a stz^n^g to

t^be m-crom^i^j^i^eet^jr. A num^e^zr of ide^rticrl spbi^res w ^:^'

used each W.th ^he pTrssurr t^a^ppi^c^g b^;ir(s) at varyL^^g

anf^^les fr^o^m ^be fronr stagnr■tL^c^n p^zLut of 0^, 30°, 45°,

60°, 90°, 100*°, 110*°, 125°, 140*°, and 155° respe(^■tL^vel^Y•

S^J^e^ires used for t^br static tfst^;^r^g each bad four b^:Les

d^:Li:^e^d at 90° to each ^^ber but at t^be sa^me ac^;Le fr^o^m

t^be front

pressure at

st^r^gnrrL^c^n p^zLot. T^dLs enab^led t^be average

any p^3^^ticllrr fr^o^m t^he fr^cct s^agca■tL^c^n

p^j-nt t^o be cblsrrvrd. S^^^^^Ilrs used for tbe dYcamLc 

test^z^r^g, on t^be otber band, bad only a single b^^le each
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thus en^l^;lC^r^g the dYnamic pressure e^]^:irt^z^o^n at a

p^3^■^icslar p^^In-t of known an<^:Le and ociintat^C^o^n ^o bi

ditn^minid.

Each sphere as shown in platr 4 could bi scc^i^wed on-to a

hol-^c^w stI^t^g of o^itsi^de dCam^lzer 6 mm. T^JCs dim^i^ision,

givi^n^g a st^C^n^g t^o sphi^:?! dCam^ltezc catC^o of less t^han 1/6,

was coi^s^zidered slender inough for t^he stz^n^g no't to cause

afY rcobl^r^ms w^’th st^z^r^c//w^^ke inter^act^z^c^ns, and was w^’thin

t^he st^C^n^g size lc^mctet^C^o^ns of O^en [1945] and of Pope and

[1966] discussed in seo^C^on 3.3.

5.5. Tra^^i^zrit^s^g m^^chast^i^m.

The tr^^versi^^g m^<^]^ieni^s^m was t^he b^^;ic by w^zich t^he

sph<^:res w^eire held, tI^e^eer^s^l^d, and t^he drag on t^he sphere

m^e^s^i^zced. A^p^e^r^c^zix A gives a d^itail^r^d of t^he

m^ithod by w^^Ich t^he drag was m^e^j^i^rid usi^ng a b^!^;ic force

balance m^'^hod and st^i^^:^r--c^^L^ges on a cal^t^’Ll^eeer ai^m.

The test secti^on extended ^o ov<er 2000 mm fi^o^m t^he e^JCt

plane of t^he wind t^unnel and had, p^:rp^l^<^3^z^1^]iar ^o t^he

plane, t^wo t^l^r^r^ks on w^zich t^he tc^r^vers;^t^g m^c^i^ianis^m

cou;id bl m^^^ed. T^dis m^i^l^i^i^zis^m, shown in plate 5, was very

stable and m^e^£^;ivl so as t^o av<^:Id t^he int^i^o^ducti^o^n of anY

u^c^e^r^zired vibrat^z^o^ns d^ri^ng test^z^r^g. of t^he

stz^n^g-held sphere was p^s^s^zCble in t^he x dicict^z^o^n (see

fC^gure 5.1 for cantesC^an dCciotz^o^ns), by m^o^eme^r^-t of t^he

m^<^l^iani^s^m al^o^ng t^he t^c^r^r^ks, and in t^he y and z directs z^o^ns,

by of t^he att^<^c^h^men-t to w^z^ch t^he stC^n^g was
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con]^(^<^-trd. in t^he x direct^L^c^n was n^<^(^!tscr^Y so as

to expose t^he sphe:re to vcryi^n^g p^i^-ts of t^he field w^zich

had lrcrecsi^n^g ^^cc^c^o^t^c^].es of t^ur^bul^r^nce t^he furt^hee away

fj^c^m the e^j-t plane t^hey w^]?e, w^il^jst the y and z

adjust^m^i^’ts w^:^r p^irc:ip^;Lly used t^o p^£^t.ti^c^r t^he sphere

along t^he ccI^r^;reli^re of t^he jet.

Shown in fi^gure 5.1 is also t^he d^itc;ll^^d ct^■a<^<^^^men■t of t^he

stz^r^g to t^he tr^c^veesi^r^g m^<^l^^nit^m. Two asp^<^^es of this

ct^■^^^<^^^mr]^•t arr of i^m^c^n^-tancr:

The t^hr^e^a^G^rd p^c^-ti^cn labell^r^d could br loosened,

eni^l^^Li^n^g t^he st^-^r^g t^o br rotat^e^d to all four 90°

cc:rdincl p^s^JLtz^c^ns in t^he y-z pla^ne. T^:^s fect^ur^e was

of p^]^■ticslar im^c^3^’tcncr in t^he dynamic test::^r^g w^(^:er

t^he sph<^:rrs had on^Ly ene h^^Lr each and vcrYi^ng ericn-

tat^:^o^rs w^:^r nrcesscr^Y.

2) . The v^e^^ticcl p^i^'t of t^he ct^^^^<^^^ec]^■t w^dlch fox^mrd a

cai^r^;il^r^ver had a reduced size p^n^-ti^c^n w^zich was

te:3^an-g^^^^^r^e^d. T^zl s could m^e^s^i^re, by furt^her

c^;Llbrae^:^c^r, t^he foecc exi^rted on-to t^he ct^^^^c^C^ed

stj^n^g.

To prrvr:^-^ t^he st^]^cLnn-r^c^L^ges fr^c^m bri^ng st^e^a^L^r^e^d by ether

1) .

forces fe^c^m those t^antm-et:ed by t^he st-^r^g, a

v^i^-^ical w^c^c^ee-shaped gsa:rd was cte^c^c^h^ed sp!tt^3^<^<^m of t^hese

ste^arng^e^i^ges. On this gscrd was ctt^c^c^C^ed at respeetl^v^e

dise^a^nces of 3 and 4 sph<^:re radz^i above t^he cci^r^:reli^n^e, a

p^’to^-static t^ube and a h^t-wire probe. T^<^ise dist^a^nces
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and p^E^s-ti^c^ns w^:re js^eged t^o be a fair Gom^c^oai.se bet^ween

t^he probes n^'t int—rf—r^:^^g w^'th t^he fl^u^d fl^c^w ar^ound t^he

sph(^:r — , and th— probes net b — ing inf-^u^^n^c^ed by th —

sp^(^]^e’s 1scalL^s^ee —ff—GtS)

5.6. Probes.

5.6.1. P^-^i^l^-s-tatic t^ubi.

F^:r m^e^E^i^uring t^he v^:Lo^:Lt^Y of t^he cir in W^JLGh t^he sphere

was i^aa€^rsed, t^he st^a^neare p^-tOt-statL^c t^ube Gonl^(^(^■ted t^o

a mLGr^om^^<^l^e^S:^<er was ssse) The p^'tOt-statL^c t^ube was

p^£^:it^:^c^r^e^e thr^—— sphere radLi above th— c^l^r^:r—!L^r^— so as

t^o ensure that it was m^r^s^i^nring as G!ss—1Y as p^s^s^zibl — ,

and w^Lthsu’t causing int^—i?j^r^1^e^r^G— t^o ^he fl^c^w ar^osne t^he

sph<^;re, t^he t^L^a— average v^^o^rLt^y of t^h— f!si^d) The

mLcrom^]^<^r^aS^:sr to w^dich th— p^'tOt-statL^c t^ub — was

Gonl^(^<^■tsd had a maxi^mu^m ca]^c^a^bi^:Lt^Y of only 19.99 m^H2O, so

beyond this head value readi^n^gs for t^he ca;Lcu:Lati^c^n of t^he

average v^^Lo^^Lt^y w^:^e t^a^ken f1^c^a t^he CTA anem:^I^^at(^:r w^dLch

was Go^l^(^<^■tee t^o t^he h^it-wire probe.

5.6.2. H^C^-wJLre p^<obe.

In fL^gur— 5.2 a

t^he probe are

schem^t^ic vi^e^w of the e^!^(^I^r^;La! p^]^-ts of 

shown. The im^c^c^tant Gom^c^I^r^-^^t is t^h—

p1at^;^r^u^alp;1at^e^e tungsten w ^-t - of diam^rt-r 5 m^Lcrons and

length 1 mm. It is this w.rs w^<^!se r—si^s^-^c^r^c- is m^{^£^^:red

t^o d^■teI^aine t^he fluctuatL^n^g coI^c^i^-tL^c^ns of t^he fl^c^w fi^—1^e^)

The sm^C-l dLam^St—r and ^ate^r^ial ssee are ^s enab;!— t^he

rapid f1^sGt^sat^;^c^ns of t^h— f:^o^w firl^d t^o be m^atGhse as
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closely as p^j^j^sible by t^he retid chenge in S^he resi^s^-^c^r^ce

of t^he w-re.

T^jLs probe was used t^o d^■ter^miee t^he t^bI^bbL^r^ece inSee^:Lt^Y

and t^he everege v^;Lo^:Lt^Y of t^he f-^c^a fiel^d aroued t^he

sth<^:rr, and also to d^’Ser^mine She ^a^ec^I^£^c^^^;lrs of

Sbr^bbleece at ve:riobs p^£^sLtj^c^ns iwi y fr^o^m t^he grid. ISs

p^£^3.S-^c^n of four sthe:re radii above t^he c^]^i^;rrl^i^r was

cGI^£^;Ldered satis^f^a^ct^or^Y So eesbre that t^he Sbrbbl^nce

C^c^l^I^l^Ct^r^I^ 1^‘tics it was me e^l^s^rieg, wf^ne net beieg

inf:^l^r^r^ced by t^he lcce;li^s^e^d effects of t^he fluid f-^c^w

ar^c^bed t^he sph<^:re.

A w^re t^Y^pe p;^obe was chosen iesS^e^l^d of a fi.lm t^y^pe pr^obe

because of it^s greater eccurecy in m^oii^<^:ri^e^g retid

flbct^bet^-^c^ns of S^he air ar^oued it. The fi.lm t^ype probe,

because of it^s rrlati^vrlY rob^f^'t make and sL^c^a res^toese

t^;^me, is m^re g^l^r^^«^]llY used in m^(^;ib^ms Shat w^v^^Ld break

t^he very thin and d^licetr w-re probe and w -SC sl^c^a

flbct^beS;^c^ns of S^he Sbrbbleece a^ r^ act^ e^ r^ -tics bei^ng

m^e^^i^red.

T^zis probe was coni^c^c^'ted t^o a CTA aeem^r^ee(^:r fr^o^m w^Jich

^he Sur^bblr^ece ietrn£^s^■tirs and t^he average v^J^^^c^c^-ties a^:re

celcblet^r^d fr^o^m t^he reediegs.
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5.7. Inst^]^u^€^r^n^tuition.

5.7.1. M.<^;roeg^a^c^o^ete^I^r5.

Standard dLgj^■trl m^zrrom^l^c^r^pCt^crs w^^re used. T^(^ise had a

m^-^s^i^iring ^^nge of 0.000 t^c 1.999 m^H2O on t^he first t^a^n^ge

sett^z^r^g and 0.00 t^o 19.99 m^H2O on t^he second.

5.7.2. A^<^i^c^o^eetry.

In t^he m^c^s^i^irem^i^'t of t^he tur^rulence intcn^zit^y and t^he

average v^ln^:Lt^y, t^he st^a^ndar^d DISA anem^I^pC(^:t used was

co^i^(^(^-tcd t^c t^he h^it-wire probe. Thc citcurt^r^y used was of

t^he col^£^■^as•t/■l^€^pp<^]tature anemlmpC(^:t (CTA) t^y^pe. T^z^s was

choses in prefer^e^nce tc t^he c^ns^s:ai^r:/cu]rrent anem^I^pC(er

(CCA) CLtcuLtt^y because of it^s s^i^'tabi^ZLit^y for m^c^£^1^3rin^g

high fr^c^c^uency v^:Lo^;Lt^y fl^uct^uat^Z^c^ns as oppi^ised t^c t^he CCA

citcu:r■t su:Lt^arle fcr m^e^E^i^iring l^c^w fr^c^c^ucncy t^e^m^^^^’^'^ure

fluctuations.

Is t^he CTA ortcuzLt, ^he h^it-wire pt^lbe is m^a^i^ltai^s^ed at a

cci^s^itant tesr^£^■^c^r^ce, and t^hus a cci^s^itant t^e^m^€^e^<^-ture. A

change is the fC^o^w acti^r^g on the probe affects it^s

tem^€^c^i^■tute by causi^s^g it to g^-t cl<^let cr h^t^-ter

tesULt^z^r^g in a change of it^s tesis■^^^r^ce. T^z^s tesi^£^■^c^r^ce

change causes a v^i^ziat^z^c^s in ^he c^irrent requir^ed t^c

m^ar^Stain t^he t^e^m^€^]^<^'ture, givi^n^g an error v^lt^a^ge across

the bti^d^re. B^c^jause t^he crtlt v^^Lt^a^ge is depesdi^i^'t upon

t^he inst^a^s^-^c^r^e^ous v^^Co^zit^y of ^he aZr around t^he probe, a

c^;Lirtat^z^c^n wz^i^^Ld d^■ter^pine the a^’tual value of t^he

inst^c^r^■^^^r^e^cus v^^Co^zit^y. In t^he CCA citcuLt, os t^he other

77



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

band, t^he probe is

is t^he resist t^c^r^ce

m^a^i^ltaL^n^ed at a col^£^^tact cuirre^^ and Lt 

lance in t^he brL^d^ge that causes t^he

error v^^Lt^a^ge.

P^ate 6 sbows t^be com^<^c^c^r^C;s of t^be CTA cLrcuLt^r^y used.

T^(^!3e w^:^e t^br 55M10 st^r^ndrrd bri^dge, 55D10 licrrIizfI,

55031 d^'^j^■trl v^lt^m^^tr:I and t^he 55D35 r^.m.s. u^C^-t. B^c^i^iuse

of t^be te^cdeccY for t^be li^cfarizfr t^o be m^o^'t ffffcti^vf

for oc -y  a sm^a.! v^lt^r^gr ra^nge per sett^z^r^g, this range was

set ic this p^r^■ticllrr case t^o occu:r fr^o^m t^be p^c^:^ri^c^n

t^be m.crcm^l^(^l^erer coci^c^c^-ted t^o t^be p^■tct-statL^c

t^ube exceeded 19.99 m^H2O. Ic this way, Ween t^br p^-tot-

statL^c tube cdld no lcngrr be used to m^i^j^T^rr tbr

v^:Lo^:Lt^Y, becnse of tbr range lL^eLtat^:^c^cs of tbr

m.cI^cm^]^<^I^ef^(^:r, t^he b^it-wire pI^cbe and CTA cLrcuLt^r^Y co^ld 

be used icst^r^a^d W^'th t^he sa^me accuracy.

5.7.3. Bi^n^dl pass

To d^■trl^einr tbr a^a^r^l^c^c^<^;^rs of rlI^blle^c^cr for tbr 

g^]^<^]rar^ed t^ur^buLect fi^rl^ds, a Brt^i^:! and Kj^'^^r t^ucab^le band 

pass filt^er (t^y^pr 1621) was icsert^e^d ict^o t^he CTA cLrcuLt.

P^^jLtL^c^^ed bet^ween t^he li^nrarizrr and t^he r^.m.s. ^he 

fr^r^ciueccY v^rirt^:^c^ns on t^br filt^rr ecab;Led t^br ecergy 

d^stl^;^t^lt^;^c^c of t^he v^i^-ti^ces pe:r fi^r^c^uency band W.d-tb t^o 

be d^•tel^ei^crd fr^o^m t^br r-^m.s. rn^r^-t rradi^cgs. Fr^o^m t^brsr 

readings t^he m^a^r^l^o^(^^JLes of t^ur^bul^e^n^ce a(^eIe drtrl^eL^n^rd.
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5.7.4. Weeas^^tose b^ztdg^e.

F^zr t^he d^’tiimini^’ti^on of t^he drag on t^he sph*^:?!, a str^aC^n-

gaugid cal^t^^l^ever ac^m as discussed e^n^^Lier was usid. T^<isi

st^3^czrn-<^^^L^ges foc^med oni ai^m of a Whiat^-toni bri^G^ge

nit^wock fi^o^m w^JCeh t^he o^^t-of-^bal^c^t^ce (e:rror) v^^^t^a^ge was

t;^me-r^vei?r^gld t^o give a velse w^z^ch w^en ce;Li^br^et:^l^d gavi

^he drag on t^he srh<^:?l. A S^O^-^rti^on tc^ue t^i^me e^<^:?agl:r was

coni^(^(^-tid t^o t^he bci^c^ge t^o give a d^<^j^-tal dIsplaY of t^hese

readi^ngs, t^hus av<^:iding anY ceadi^n^g errors and cncr^easI^r^g

^he spiid at w^zich t^he readings could bi t^a^k^e^n.

5.7.5. D^ita logger.

F^:r t^hi dYnamLc test^z^r^g, readi.ngs of ail tzhe inst^z^umefts

niidid t^o bl ta^ken si^m^lt^eneoulSlY, t^o w^JIch ind t^he da'ta

logger was used. C^i^c^l^:Le of scenning at up to 500

chal^I^r^I.s/s^e^c^c^nd, and w^-fh a m^i^c^ocY of up ^o 1000 dIgzCts,

t^he readings fi^o^m t^he 5 chanr^^;is scanned w^;ri digCt^z^2^e^d

for ^^<^3^;^£^zis usi^ng va:?ious com^r^S^<^:r based m^Ithods.

Thi da-ta logger was pcogi^i^mmid ^o com^^^^ti t^he readi^^gs

t^a^ken ^o give fou? sets of ^^-ta: namely drag c^€^I^j^zCcienfc,

pressure h^e^r^f^zicient, t^ur^bui-i^nce intetsit^Y, and t^he

R^^^r^r^O.ds num^e^ic, in w^zCch foi^m t^he digCtC^z^z^r^g t^o^ok place.

T^€^r^t;Y such scans of t^he cha]^i^€^:is rlc^^o^l^mld Cd^-^inuouislY

h^r^t^S^zit^ut^l^d an CndCvidual c^un of t^he test ri^g.

5.7.6. C^i^m^P^u^t^zr teI^i^l^e^C..

T^z^s tec^minal was coni^c^t^-ted ^o t^he G^i^ld sup<^:r-mCni

com^Liuf^;? sysl^c^m and was capab:Le of reedi^r^g d^-ta fi^o^m an
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R5232 p^]^-t at a rati of 1.2 klL^c^b^c^uds. It is via this

ter^minal locat^id at the ex^^^rrim^r^ital sit^e that the

dLgLt^L^z^e^d d^-ta was inpu-t iit^c t^he com^p^u^t^:?.
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CH^IPTER 6. EXPERI^MENTAL PROCl^l^I^I^IE.

6.1. C^llLbra-ti^c^n of

The c^;Llbrat^;^o^r of t^hc inst^f^s^m^I^i;a■ti^o^n used was cairri^ed 

e^-t very ei^gcrcssly so as t^c cvo ;^ an ir^]^c^dsct:-^o^r of 

u^r^i^t^r^rzlfl^e^d errcrs irt^c the ress;lts. T^heee of the 

lntt^:^l^een^t used requiI^e^d ca^librce^;^c^n: nce^;Ly the

Ll^nearizer, the ^hhcas^'tone bridge, and the d^g^^taL

6.1.1. L^]^<^f^i^3.zer.

The li^rearizer was int^]^c^c^L^ced irt^c t^he CTA circuit t^o 

com^p^r^r^ c^'^e for the dlstcrt^;^c^n peoduced by . the non-

Lineaeit^y of the h^t-wlre probe c^ :librce^-^c^n. T^:is

dlstcrt^:^c^n was given by t^he DISA inste^sct^;^o^n as:

a). N^nn-in<^i^rized anem^o^eet^ee.

U n( 1 (Vo/V)2) V

b). L^i^<^<^3eized anem^c^ett^ee.

U V

w^h^ire U m^ian f-^c^w v^:Le^2lty.

2

u v^;Le^:Lt^y flsctsati^c^n.

V m^ian value of anem^o^ett^:e e^'tpu't v^^Lt^age.

v flsctscti^on of anem^^^et(^:r e^'tpu't v^^Lt^a^ge.

ve anem^met:t^:r e^'tpu't v^^Lt^a^ge at zero v^;Lo^:ie^y. 
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n coi^s^dtei't found e^mpiii^c^C.ly.

C coi^s^lta^-t.

The c^;iLbict^;^c^n cf the ILneciLzei was based on the 

rilat^i^c^n bet^ween t^he fL^c^w v^^Lo^zit^y U and t^hr anem^i^mlt^:!

o^^tpu-t v^^Lt^c^ge Vq ta  exj^nessed by t^he eqi^<^iti^o^i

v 2 ^CTA A + Bji A + Bu1/m

w^h^rr A and B are cci^s^itan'ts w^t^ise values depended on t^he

probe. T^dis eqi^e^Cticn is lefeir^ed t^c es K.n<g's ic^w, fi^c^m

w^z^ch ^he tr^ansfei func^'ti^on of t^he li^nearizei is ob'tai^r^e^d.

VLIN K(Vcta 2 - A)m

w^€^;^e K is a coi^s^itant iepeii<ei■t on ^he

coi^c^o^iti^ons of m^c^£^i^:iem^i^'t.

T^z^s fui<^'ti^o^i is such that a sul^b^t^:it^ut^i^c^i bet^wrrn ^he t^wo

pievicus eqi^i^lti^cis

kU. T^dLs shows that

gives a resuit^ant e^^«^iti^c^i cf Vlin

t^he li^neerizei o^'tpu’t v^:Lt^c^ge is

piC^c^o^ltioial t^o t^he mien fl^c^w v^:Lo^;Lty U.

O^b^t^zini^i^g t^he exp<^i^<^]^’t m, w^dich was a requ:il^ei sett^z^r^g of

t^he li^neaiizei, was done by plott^z^r^g t^he logeri^■^i^mLC curve

of (VcTA/V)

An aLt;er^nat:i^v^e

1 vs U, t^he sl^c^pe being t^he inverse cf m. 

pLc^t:i^r^g V a^£^C^i^c^3^tpc:a^n als^c bem^‘^hod of

used. Fr^c^m t^he graph t^he value cf m was found t^c be 2.05.

A tiLcl end errcr m^-^hod was used as a check fi^c^m w^zich a

sim^lai value was al^c ob'tei^n^ed.

of t^he li^neerizei set ect<^ri:iigly;

With t^he other si'tt^z^r^gs

t^he li^nearizer was ^^;Ly
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Gr;Librat^—e)

6.1.2. WetCt^-^Oit b^zSa^e.

C^az^brrtL^c^n of t^h— Westt^•tons hri^e^g— was conel^(^■tee by

hang:ing known m^s^isss tt t^he p^^iLtL^c^n w ^c^its  t^he sph(^;rs was

att^t^c^h^r^d t^o t^h— stz^n^g. F^;r vari^sus known m^s^s^ies, t^h—

strai^ns on th — st1^c^:^n-c^c^s^ges as indiGae^ed by th —

Whstt^-tons brL^d^gs m^S^<^:r readings w^;rs n^-tsd and t^he forces

causing th— str^ai^ns on th— st1^c^:^n-<^c^L^ — es csu1e bs

d^•ts1^ainee by t^aki^n^g m^r^as^t^iS) A^c^c^r^c^;ix C gives t^he m^'thod

and ca;LGu:1at^:^c^ns by w^^Lch t^hese forces w^iie d—■ts3^ai^nse)

The slop— HI^c^a a graph of t^h— drt—1^ai^nee forc — s

t^he Whstt^'tons bri^d^ge m^e^<^:r readi^ngs, gave t^he Ga;LL^brat^;^c^n

factor of t^he st^1^cLing^^^L^gee Gal^r^;L1^r^v—r ts 2.206 N/^c^C^-t. By

^h— use of this G^:Librat^;^c^n faftor th— forG — s —x<^:^t^—e on

t^he sphere Gos1d be e^r—G■t1Y ca1cu1at^e^e) It was t^h—refor^e

for this reason that t^h— w^c^c^e^-shaped m^S^itl gsare was

p1aGee u^^st^1^e^^^a of t^he sti^^;^n-(^^i^ges, t^o ensure that on:iy

fsrG — s ex<^:rt^e^e on t^he sphere proesGee str^ai^ns in t^h—

st^i^^nn-c^^L^g—s ts was t^he cass d^:^i^ng Gr^1ibr^at^:^c^n^)

6.2. Delti^a^msiCti^n eC ei^e ei^i^t^b^le^i^i: e^Low ei^sild

n^c^r^acCtiisS^t^L^js.

The effects dus t^o t^he u Gom^c^o^r^r^rts of t^h— f1^sGt^sat^:^r^g

v^;Ls<^jLtes w^:^s co]^£^:ieer^e^e ts bs of a gr—at—r m^c^r^r^-tsee

t^han those of t^h— v and w Gom^c^c^r^I^rts (ch^l^C;—r 2), so only

a singl— h^it-wir- probs was used conl^(^<^■tee t^o t^h— CTA

cirGs:it t^o m^-^£^i^:rs t^he u Gom^c^c^r^I■^ntS) B^j^<^:re ex]^(^rim^r^rta1
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Sest^z^r^g was sSar^l^^d, it was requir^ed that t^he t^ur^buL^r^ece

C^c^l^r^l^Ct^r^i-^^tics in t^he Sest^z^r^g region be d^-ter^mi^n^ed bo-th

ir t^he preserce and ir S^he ebseece of t^he grids. Ir t^he

ebseece of t^he grids rrlaS-^v^r Sbrbbleece iitri£^3^•tirs in

t^he e^j^-t tleee of S^he wind t^bn^^l w^:re d^■teI^mieed t^o be no

grei^'ter t^hee 0.7^%.

sim^tic;Lt^Y, t^he t^e^r^m t^ur^bul^e^n^ce inSee^:Le^y wll be used

fr^o^m here and ona^^rds t^o refer t^o t^he rrlet^:^v^r S^ur^buL^r^ece

inSee^;Lt^y ((u’/^U) x 100) exj^ressed as a p^:rceeS^l^ge.

ALorg the test srctL^ci, the v^l^;Lat;^c^e of the

C^c^^r^l^C^e^r^-^■tics of t^he t^br^bULeet fL^o^w fiel^ds g^i^c^raSed by

each of t^he Shr^ee grids also reeded t^o be deSer^mi^r^ed.

T^(^ise c^c^a^r^a^ce^er^i^stics w^:^e S^he lGe^jLSbdieel m^a^c^I^£^s^(^;Le of

t^ur^bul^e^n^ce and t^he t^br^buL^e^n^ce int^ensit^Y^-

6.2.1. Turbul^e^n^c^e .

To o^itain the tbreblrncr ietrnsit^Y aS a p^i^-^icular

p^£^itL^c^n a known dLst^l^i^ce x fr^o^m t^he grids, t^he raSI^o of

t^he r^.^m.s. v^lt^m^eter and t^he v^:Lt^m^r;e:r reediegs ex^^ressed

as a percerSa^ge w^^ice t^a^ker. increasi^^g dise^l^e^ces x, t^he 

t^br^bbL^e^ece

T^(^!se wf^ere

ieSre^ssLSi^es for each grid wf^re drSeI^mi^eed.

pLott^^d S^he e^]^-d;i^^r^£^:Loeiea rati^o x/b,

a^€^:^e b is S^he grid slat w.d’th, and cb:rves as shown in

fi^gure 6.1 w^;re ob■tei^r^r^d.

The iedividbel curves sh^o^w dLs■ti^ectl^Y t^he Sr^ensie^:^c^ns of

t^he fL^o^w int^o t^he differe^^ regi^ors of t^he fL^o^w fi^el^d^:
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a) . Thc "^c^o;c^i^r^;Lal co;te".

Thc t^ur^buC^e^s^ce intess^s^-ties in this regi.on arc isdependes^t

of t^he grid dim^i^s^zLons. T^Jis is indicat^ed by t^he curves of

all three grids frll^z^r^r cfto the sa^me curve. Thc

t^ut^rul^e^nce intens^s^-ties d^(^:tcasc at t;he sa^mc rate fcr all

gri^ds as ^he dist^c^n^ce fr^c^m t^he gri^ds is inct^eas^e^d, because

t^he f;^c^w is alm^s^-t self-^p^r^c^£^e^r^v^r^r^r d^urisg it^s decay.

b) . Thc m^z^zing regi^on.

Mc^^i^i^^eme^r^Sts w^JLch arc t^e^ics along t^he cr]^n^:telr^n^e of t^he

e^j^'fc pl^sc of t^he wind t^unnel sudd<^i^;Ly beg;is t^c incr^ease.

T^:^s inctease cccu;rs in a m^i^i^(^:r w^zLch dZsti^sctl^y

indicates depesdesce on t^he grid dim^i^s^zions. The curve for

grid A, w^dLch has ^he largc^-fc slat w^z^-ths, d^^^i.a-tes first

fr^c^m ^he d^<^:reasi^s^r p^C^t^i^S^zLal core curve. The curve fcr

grid B, w^z^ch has ^he second largc^'t slat w^z^’ths, d^^^JLates

nex-t w^zfch that for grid C d^^^d-ctr^n^g last. Thc mLnz^p^L^m

tur^rul^e^sce intess^dZti^es att^ a^ -^ d w-th grid B befcre

cnm^€^r^c^<^]^€^l^^t of ^he m^^iing rcgi^on arc llw^:t t^^an t^hosc fcr

grid A, b^-t latret t^han t^hose fcr grid C w^dich has t^he

low^s^'t t^ur^ruC^e^nce istes£^;rtr^c^s.

T^dis m^;^^ng regi^on int^t^c^c^uces high shea:t str^esses and high

m^^:ing, w^:^ch cause ^he tut^rule^nce intens^d^-ti^es t^c inct^ease

sha:tply, as soon as t^he effect of these shear st^:^esct^r^nd

m^;xisg reaches t^he cn^n^zreli^r^e.
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c). Tbe d^'^<^;Lopi^n^g region.

In this regL^oc cf r^educi^ng shea:I str^e^ssrs, t^he develc^pm^i^-t

of t^be fl^c^w int^c a de-^^rloped, seif-^pr^rsrI^vL^ng, and s^]^:f-

simL-arit^y regi^cc pIo^3^(^^^!3ivrlY ccc^:^s. The pre^<^:il-^r^g

rlr^bll^ e^ncr Lctecs^d^-tL^rs t^hec see^m t^c appiroach a st^r^^i^Y

cc^£^^trnt tlIbllfct ictecsit^y valur W-tb incIfrsi^r^g

dLst^a^c^ce fr^c^m t^he e^d^'t pla^ne.

6.2.2. L^]^<^dLC^udj^odl m^c^i^t^j^iCdH^y o^f d^u^i^bul^f^n^c^f..

D^f^erm^nic^g t^he lcc^^itldLnal m^r^r^r^£^<^<^;Le cf t^ur^bul^e^cce was

done usi^ng a pcw^zr sp^<^i;Irl d^l^£^BLrY (PSD) t^rc^bni^q^lr. Two

v^irsL^ocs cf this t^e^c^hnL^c^ue w^:^e a^t^dilable:

1) . P^(^itt^:^r^g t^he s^^c^^^rrl d^r^r^d-rY t^he fr^e^c^^r^ncy,

(t^he sp(^c^C^:Irl d^l^£^dLtY bei^ng t^he ener^gy ic a w^'^<ebacd

divi^drd by t^br bani^i^ii^dtb), tbr curve cb■trL^r^rd

e^-trapo;iat^e^d t^c zero fI^e^c^l^r^ncy w^i^^ld give a param^fter

prc^<^c^^ticcrl tc tbr lcc^^itldicrl mar^r^c^c^i^;-' of

t^lr^bllence.

2) . P^-^dttz^c^g t^he prcd^c^'t of t^he sp(^c^i^;rrl d^i^s^z^ty acd t^he

f^^cjueccY a^<^^^n!^-t t^br fr^e^queccY. The curve cb'tai.c^rd

w^i^^Ld be a q^<^^^;L-^G^l^£^£^:Lac curve, acd t^he fr^e^c^ueccy at

W^d.cb tbr peak occ^^:IIrd w^\^;id be icve:rsly

pIO^<^c^dticcrl tc tbr iccg dLtldicaL m^a^r^l^£^<^<^:Le of

t^lr^bllenc<e.

E.S.D.U. D^ata S^e^c^'t 74031 (superse^ded by D^dta S^(^<^'t

85020) gives a d^dtail^e^d a^c^a-yj^;is cf tbr rgi^c^dti^cns

g^’^(^;rning tbesr curves acd tbr pa ;rre ei etns cf 

p^cj^p^d^^^o^c^a.-it^Y fcr each m^dtbcd. The second of t^br t^wc
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techniqses was used h^;re, for w^dich t^he eelae;ic^r^thi^p

bet^ween t^he fI^e^c^srncY and ^he at t^he p^s^z^tl^n^n

w^<^:re t^he peak occi^irred was:

Lx = 0.146U/n

w^h^ree Lx is t^he m^c^c^e^£^t^<^;Le of t^ur^buL^e^nce

is t^he averagr v^^Lo^zit^y

and ri is t^he fI^e^c^srncY at w^ich t^he peak e^<^i^3es.

An alt^er^nat^-^v^e method for d^-ter^mini^ng t^he

usl^ng t^he knowledge of energy at high and L^c^w fe^e^quenc^iles

has been developed d^uelng this prc^jeet t^o a^s^zLst in

detee^mi^n^g t^he p^s^dLti^n^n of t^he peak w^ten dLsti^nct peaks nn

the ^^o^ss^;Lcn csrves aee no't a^c^o.lcble. Dtt^:^led in

appi^i^(^:Lx B, this m^^thnd can give t^he fI^r^c^sency nf t^he peak

at w^zLch ^he peak sh^^;id nccs:r w^-th an cccsrccy nf + 40^%.

The ■ sp^c^I^:rcl d^I^s^ity was d^’tee^minrd by t^he v^:Lt^a^ge r^.^m.s.

vclsr for a sp^c^j.fic satt^L^r^g of fI^e^c^srncY nn t^he band pass

flLt^ee^. The flitter was intert^e^d int^c t^he circuLt bet^wern

the CTA Wheat^-tonr bei^c^ge and t^he ll^nearizer. W-^h this,

t^he effects due to t^he flsct^sati^^^r v^:Lo^;Lt^y cnm^c^o^r^r^tts

could be fil^'^e^i^e^d sn as t^o alL^c^w on;iy flsce:sae^;^c^nt of a

preset fI^r^c^srncY band.

U

F^:r t^he t^hr^ee gri^ds, t^he m^c^c^c^c^t^^^;^rs w^^ce ob■tci^r^ed for t^he

vc;ri^ous dLst^a^nces x away fe^o^m t^he grids. The

ob•tci^n^rd for t^he n^i^-d;im^i^£^;Lo^i^;L eat^z^c^# L^^/b 

curves
VS.
a»d x/b *

are sho^wn in fi^gure 6.2. H^ire agi^^in t^he C^c^o^e^o^Ce^r^c^^^■tics nf 

t^he thr^ee regions previossly discsssed in sectl^o^n 6.2.1
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ari evziden-t.

a) . The p^O^<^I^r^;iel co:?i.

An increase in scale i^n^dlrend^^l^■^ of t^he grid dim^i^i^ions is

obiser^ved, because t^he fL^o^w is alm^s^-t self-^p^]^r^s^I^l^e^;^r^g in

it^s dicay.

b) . The Cozing cegion.

R^]^zid increases in t^he scale occuzr, as t^he cuzrves d^^^JCate

fi^o^m t^he "^c^O^€^I^t^tLal coce" cscve at p^£^jLtI^c^ns deren<^<^l^•^ on

grid dim^i^jsions.

c) . The d^'^<^;loring region.

An increese of scale independe:^-t of grid dim^i^j^ions is

arr:roeched, as t^he fi^o^w di'^elops int^o a self^-^p^l^r^s^I^l^e^z^r^g,

silf-sC^mClar cegi^o^n.

6.3. Statt^c t^e^i^ltsr^gr.

F^zr t^he strti^c test^z^r^g, t^he spht^zres w^zth four rresssre

tarring h^^Les each w^zce used. For each of thi

pcedetei^mCned dCsf^e^r^ces x, t^he fol-^c^wi^ng sequence was

folL^o^w^c^:: -

Thi spied sitt^z^r^g knob, w^zich was att^c^c^hied t^o a

rhe(^£^1tat in ^he variable speed m^O^<^;? hCccuItr^Y and

had m^ackid dCvisi^o^ns on it of 0 t^o 10 in steeps of 0.1

was pro^3^'^2ssieely increased. With suh<^<^!ssi^ve speid

sitt^z^r^gs in stips of 0.5 of the ?hl(^£^^:rt, the

v^^Lo^zit^Y of ^he flui^d f^^o^w was incr^eas^ed. F^:r each

si'tt^z^r^g t^he fol-^c^wi^r^g mdings w^ri t^r^ken; t^he t^wo

rn.cc^o^m^i^i^i^ml^’^zr readi^ngs, t^he v^Zitm^itei and t^he ?^.^m.s.

88



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

v^^Ltm^iter readiigs, and t^he S^C-^rtr^cn ti^ue t^L^me

a^(^:reger readi^ng. The integratL^r^g si'tt^i^r^gs on t^hese

list^:^i^mei^‘^s w^rr; sl^o^w fcr t^he m^-crom^I^c^c^eet^l^!S; end 3

seconds fcr t^he v^^Lt^m^iter end t^he S^C^-^irtr^on ti?ue t;^me

e^«^;^cg<^r.

T^dLs sequence was repeat^ed fcr eil speed sett^:^r^gs; at

each p^£^ jLti^c^n x fi^c^m t^hi grid and fcr eil tir^ee

grids. T^<^!se w^re t^hen repeated fci eil t^he sph<^;ies

w^zLch had varyi^ng ci<^;Les fi^c^m t^he fr^cnt s^agneti^c^n

of t^he sr'^t^;^r^g of t^he pressure t^a^ppi^ng i^:Les.

6.4. Dyn^c^:i^c l^e^s^'in^c;.

F^:r t^he dynamic test^z^r^g, ^he spi<^;les w^-th sL^ngle pressure

tappi^ig ^^:Lis w^:re used. In ^hese ex]^(^rim^]^1ts t^he dcta

logg^;i was used t^c t^a^ke reediigs fi^c^m t^he fi^ve inst^:^T^mei^s 

as iiscussei previously. The co^r^c^r^lti^ons of t^he data

logger tc these iist^:^i^mri^-^s was t^he o^-tpu-t p^i^-ts of

each

w^irr

m^L^;L

of t^he iist^;^i^me]^-^s. The recdiigs w^:^ch w^:^r digit^;^2^e^d 

^hen tr^c^ism^-tt^ed via R^:232 p^2^-ts t^c t:he G^i^u.d su^<^]r- 

com^p^u^t^^i t^ei^miicl. T^dis eiab:Led recdi^igs t^c be t^a^ken

fi^c^m eil fi^ve inst^:^v^mei^-^s si^m^lt^a^neously.

F^]i t^he sa^mr sequence as iiscussli in secticn 

each speed si'tt^z^r^g, t^he d^'ta logg^:i was 

20 cci^£^<^<^i^1tL^ve sets of si^m^:Lt^an^e^cus readiigs 

inst^:^l^mei^tS; at t^:^me spans of 10 ms between 

6.3, fcr

i t^c t^a^ke

of t^he

set s of

readiigs. T^JLs w!cs ripiatid at each speed sett^:^r^g and 

p^s^s^ti^c^i for all four orientat^;^c^is of t^he pressure t^epping
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The sequence was reteeSed for ail speed sett^z^r^gs, a-■th all

four orirntat^-^c^ns at each p^£^jLtL^c^n x fr^o^m t^he grid and for

ail Shr^ee grids. T^(ese a(^:re again reteeSr^d for ail ^he

sp^€^I^^Js .

The (^■ta aogg^:r ^^s pr^c^gr^<^a^med t^o com^'^^te t^he d^'ta read so

as t^o O^^tein t^he fGl-^c^ai^ng; R^^^i^c^Olds num^e^;^, t^br^bbl^r^e^ce

ietresit^Yz total drag c^€^f^f^:LcireS, and pressure

c^€^eJ^;Lcirit. T^^se wf^ere the q^a^l^it■^irs Shat w^:re

Sr^l^nsm^•tt^r^d t^o S^he com^t^U(^^ for furt^her a^<^]^;^!^:is.

To ensure that t^hese dyeemLc resul-Ss S^^ken w^;re of t^he

a^■tbel v^]^;iat^;^o^es of She effects on t^he sth^^:re, a fe^w

prrl-^aineI^Y ce:Lcbleti^o^ns w^:^e dore. T^<ese can be

cLassifi^e^d as foll^c^as:-

a) . D^e:ermLning She e^^tbral fr^r^q^brncy of She

tr^a^vers^^r^g ^^e^c^j^i^zis^m, so that t^he p^G^s^sL^i;^it^Y of

res^onaece ocd^Lrirg bet^aeen t^he m^c^l^i^nis^m and sphere

can be rli^aieatrd fr^o^m ary bn(^:^]^(^(^■ted teekii^g

re^i^ui^s.

b) . D^etermini^ng t^he restoese S^i^me of t^he air ir t^he

hca-^c^a sphere t^o pressure changes at t^he pressure

t^a^tti^i^g h^;Les So ersure that t^he response t^i^me of t^he

air t^o pressure cheeges is less S^han t^he sem^^^i^e^g

Si^me of t^he d^-ta logger.

The first

fr^o^m t^he

was ce;rri^e^d by recordi^ng t^he signal t^a^ken 

vieretL^c^ns of t^he m^e^l^i^nis^m after t^he sphere
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att^c^c^^ed to Lt had been rel^e^as^s^d f1^c^a an inLtial

eis^p1^c^c^e^aen■t) The n^-^ural fr^e^c^senGY of t^he m^(^l^i^ni£^a was

d^■te1^ainee H1^c^a this ts 35^HZ (p<^;rioe 28.36 ms). The second

was Ga1Gs1at^e^d HI^c^a t^he H^S-m^h^O-tz r—son^-tor w^dLch is

d^leail^e^d by K^-^ssI—y tnd Frey [ 1962], Frs^a this th —

response tL^me was crlcs1at^—e ^o be 4)5m3, w^x^ch is m^cch

1 — ss ^han t^he 10ms sam^p-ing t^^^me of t^he d^'ta logger. The

reqsi1^e^aen■t that t^he tr^a2^^^er^£^e t^;^ae of t^he v^irt^—x sho^:id

be bet^ween 10ms and 28)36ms for t^he drag v^3^:Lat^:^c^n —ff—cts

t^o be s^:Lqse1y att^I^:^l^ut^e^e t^o an ineivi^eua1 v^rt^ex passi^n^g

t^he sphere can be oblservee HI^c^a t^he fol-^c^wL^ng tabl— of

tr^a^v—rs;Lr^- t^L^aes of different SL^zr^e v^]^■leiGes at varying

R^^^r^c^C.ds nsat^€^rS)

T^]^:Lng t^he v^^t^ex v^^Lo^zLt^y as 0.8 t^:^a — s t^he fr—e-^s^trem

v^^Lo^xLt^Y, t^he t^I^c^vers:^r^- t^;^aes in m].1L^^^(^c^c^n^es are:

3.5^;L04 4.2^1041.5^2.04 2.5^104Re

Lx (mm)

167.41 22.4 13.9 9.6 8.0

148.31 19.9 11.9 8.5 -
119.94 16.1 9.6 — —

6.5. Acnuacny.

The accuracY of eaGh of t^he pa:ram^S^<^:rs was dep<eni^«^i^-t on

exh- inst^:^l^a—n■ts and m^ithod by w^ich t^hey w^:re m^e^s^^^ed.

The total G^r^^:^ibsti^c^ns of t^he errors in t^h— snd resuJ-ts

are t^herefore due m^i^L^^Ly t^o t^he folL^c^wing:-
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a) . The ettlts due m^e^^^^]tem^r^Sts using t^he h^it-wir^e

probc are summed up by G^c^i^(^:r and T^u^p^in [1955], as

bring bet^wccn 3% and 15^% dcpcnd:ing on t^he ft^ee-^£^•rceap

v^:Lo^:it^y. Thc graphs of fr^rutes 6.1 and 6.2 sh^c^w t^he

sc<^^:tet of d^-ta that is ob-tai^n^cd due t^c t^hese crrcrs.

A maxi^mu^m ettct of 15^% is evz-dent fr^o^m t^he graphs.

Thc m^-^hod by w^sich t^he m^c^r^t^£^(^^^lc of t^ur^ruL^e^nce was

deter^pi^ned was found no-t tc give, on o^<^i^sions, a

precise peak in t^he G^a^s^s^^Lan curve. A t^t^3^ncat^e^d curve

was t^hcn ob^tai^n^ed fr^c^m w^dich ^he peak p^s^z^tL^c^n had t^o

bc est^;^pat^e^d. D^r^s^p^-te this, t^he m^;xi^mu^m error of t^he

readings t^r^ien was s^;ill less t^han 15%.

G^o^]^<^;t and T^3^1^:Ln [1955] and Brads^h^a^w [1971] give 

d^CtaiC^e^d asi^^Lyses of t^he factlts that clr^r^:tirute t^o

t^he crtlts in readings found using h^dt-wire probes.

b) .

T^«^!se incl^u^de t^he zero d^zift,

zero tem^€^3^i^^ture ad,just^pen■t

w^dlch rer^;Lar

of ex^^^crim^i^its

By p^£^;Lt;^c^ni^n^r

a factor found w^-th t^hc

os t^he lincrtizcr, for

adjust^mci^dt before cnm^p^r^s^isg a scries

was found t^c bc ne<^<^!3sat^y.

^he t^wo probes (^j^■^li^-s•tati^c t^ubc and

h^dt-wire) at t^he com^2^<^i^l^i3ed p^s^dLtL^c^ns of t^hr^ee and

four sph^^c raddLi arnve t^he c^l^n^:telr^n^e (secti^on 5.6)

t^he

n^-t

The

C^c^r^r^c^t€^r^t^l^■tics of t^he fC^c^w bring m^c^^^l^]ted w^:re 

a^'tu^^Lly t^hosc in w^zich t^he sph^^c was i^mme^ersed.

crtlts caused by t^he probc p^£^;^ti^r^si^r^rs is very

sm^a^LL, as was ob!set^ved w^<cn t^he v^2^■^ital - v^iriat^z^c^ns

of the tutrulent fC^c^w fieC^d c^e^a^r^a^te^e^r^i^-tics wf^jrc
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obiserved. L^i^rence [1956], D^^zv-is et.al. [1963] and

G^j^i^-t [1958] ail condi^c^^ted simZiar ex^<^:?i^m^]^-^s ^o

obiserve t^he C^c^r^s^rCe^I^l^z^■tics of turbulence in jet^s.

T^^ey also found that for sm^a.! v^i^'^ical dLst^r^nces (in

this case 75.36 mm) above t^he h^r^r^neli^ne, t^he change

in C^c^r^s^eOt^l^l^;^■tics was vecy sm^a.!.

Thi regi^ons in w^JCch t^he r^C^<^I^r^;Cal core dis^r^rpeered

w^:ri ev<^;Ided becasse it was p^s^^:!'!! in t^hese regi^ons

for t^he sphere t^o bi in the r^C^<^I^t^;Lal core and t^he

probes to bi in t^he m^z^^ing region, thus g^^tt:^t^g

u^c^c^c^]^(^;Lat^l^d reedings bet^ween ^he regi^ons in w^zich

^he readings are surrosed ^o bi t^aki^n^g r!ace.

Thi m^jor c^l^t^:ribst:^r^g frcto? to the ircocs in the 

readi^ngs are t^herefor^e t^hose of t^uc^bul-i^nce inten^jit^Y fr^o^m 

t^he CTA hiccuit. As t^hese reedi^ngs w^ice used only ^o 

ditei^mine t^he e^:^o^;Lt^y at high v^^Lo^zCt^Y c^anges w^c^ri t^he 

irrors ^^<^;?eese, t^hen t^he errors in t^he cisults of totrl 

drag and pressure h^€^I^f^;iciints are ex]^^<^-ted t^o bi sm^].!

and m^<oh less t^han t^he qs<^■ted 15^%.
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CHj^^PTER 7. RESULTS

7.1. Sim^^Le of results.

Listed bel^c^w is a sam^^le of t^he ttcei^c and dynamic ress]l■ts 

as d^;ri^ved fe^c^m t^he inst^:^^^een^ts indicat^e^d in ci<^]^p;c:rs 5 

and 6. B^r^i^^use nf t^he id^ge q^^a^tz^ty of C^'Ic cccsmL^S-^•trd, 

c^^^ly!^:it was only made p^£^£^;ible w-th the use of a

com^p^ut^:r. A

faster for

sprecdsh^(^■t

mi^rocom^t^S^trr packagr was found to be m^ch 

c^^^ly!^^t and to this end a L^bus 1-2-3 

on an IB^//^c^o^epaiL^le cnmp^L^S^t^;r was used. D^ata

for t^he sprrcdsh<^<^■t was p^-t on fl^c^E^py disks and fe^c^m t^hese

grcph;ic cni^;Lyses

d^£^(^]^:iptL^c^n of t^he

accessed fj^c^m t^he

perf^c^e^eed. A:^E^€^r^c^;Lx C col^t;ains t^he 

m^i^ns by w^dich t^hr full ret^ltt may be

fl^o^E^py disks enclosed, and t^he m^^ms nf

m^a^ii^L^S-^^ti^n^g t^hese resslt:s t^o enab^Le t^he cs:rvrs present^ed

in chj^j^pteir 8 t^o be ob-tai^n^rd is also dLscuss^e^d.

7.1.1. S^i^1^;ic re 3^ Its.

o' 'S' 
f-s

x
£ 

cP 7

o) O
□

cP *

•

^ci - Ci c

1 o
d it .4) 
d q) c * Oc) 
o n-

J'» 'J A>
C

* U£ ^S'-'
c£ (J

155.0 25.0 90.0 0.663 25.0 6.16E+03 0.618 -0.2^97
155.0 25.0 ^0.0 0.663 23.4 1.19E+04 0.789 -0.2^37
155.0 25.0 90.0 0.6^63 21.6 1ie^c^E+04 0.835 -0.]^7^9
155.0 25.0 ^0.0 0.663 20.0 2.20E+04 0.755 -0.1^31
155.0 25.0 90.0 0.663 19.7 2i7^7^E+04 0.805 -0.0^92
155.0 25.0 90.0 0.663 19.7 3.3^^^E+04 0.823 -0.^56
155.0 25.0 ^0.0 0.663 18.1 3iC^3^E+04 0.7^89 -0.0^29
155.0 25.0 90.0 0.663 18.0 4i4^c^E+04 0.696 -0.C^C^8
155.0 25.0 90.0 0.663 17.6 5.12E+04 0.677 0.007
155.0 25.0 90.0 0.^63 17.0 5i7^C^E+04 0.634 0.0^17
155.0 25.0 90.0 0.663 16.4 6.13E+04 0.648 0.0^22
155.0 25.0 ^0.0 0.663 16.2 6. 66E+04 0.596 0.0^30
155.0 25.0 ^0.0 0.^63 16.1 7i3^£^E+04 0.576 0.0^34
^4(0.0 6.0 20.0 1.593 20.8 5i3^e^E+03 0.163 -0.2^50
^410.0 6.0 ^0.0 1.593 20.3 9.92E+03 0.^95 -0.3^85
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1^0.0 6.0 20.0 1.593 20.0 1.4^0^E+04 0.^89 -0.4^ 0^5
^40.0 6.0 20.0 1.593 19.8 1.7^9^E+04 0.4^22 -0.4^27
1^0.0 6.0 20.0 1.593 20.3 2 79E+04 0.547 -0.4^42
140.0 6.0 20.0 1.593 21.8 2.55E+04 0.628 -0.4^50
140.0 6.0 20.0 1.593 21.7 2.9^6^E+C4 0.647 -0.4^48
140.0 6.0 20.0 1.593 19.4 3.4^4^E+C4 0.632 -0.4^ 2^9
^40.0 6.0 ^0.0 1.593 17.0 3.8^e^E+C4 0.617 -0.4^18
1^0.0 6.0 20.0 1.593 15.7 4.3^5^E+C4 0.573 -0.^06
1^^.0 6.0 20.0 1.593 15.8 4.60E+04 0.658 -0.^28
1^^.0 6.0 20.0 1.593 15.2 4.9^5^E+C4 0.650 -0.4^35
^4^.0 6.0 ^0.0 1.593 14.1 5.3^5^E+04 0.e^49 -0.4^28
1^0.0 6.0 20.0 1.593 14.3 5.63E+04 0.6^39 -0.4^23
1^0.0 6.0 20.0 1.593 14.4 5.c ^3^E+04 0.627 -0.4^16
1215.0 25.0 90.0 2.0^03 12.5 6.c^4^E+03 0.194 -0.3^19
1215.0 25.0 90.0 2.^03 16.1 1.28E+04 0.^57 -0.3^81
^25.0 25.0 ^0.0 2.0^03 16.6 1.c^0E+04 0.534 -0.4^10
125.0 25.0 90.0 2.0^03 15.9 2.4^5^E+C4 0.552 -0.4^10
125.0 25.0 ^0.0 2.0^03 16.4 3.0^0^E+C4 0.582 -0.4^11
125.0 25.0 90.0 2.0^03 17.0 3.60E+04 0.577 -0.3^91
1215.0 25.0 ^0.0 2.0^03 15.3 4.2^£^E+C4 0.576 -0.3^52
125.0 25.0 90.0 2.0^03 15.9 4.52E+04 0.586 -0.3^38
125.0 25.0 90.0 2.0^03 15.6 5.0^3^E+04 0.563 -0.^93
^25.0 25.0 ^0.0 2.003 14.3 5.7^3^E+04 0.563 -0.2^ 4^9
125.0 25.0 ^0.0 2.003 14.2 6.3^£^E+04 0.524 -0.2^21
125.0 25.0 ^0.0 2.C^03 14.3 7.C^e^E+C4 0.514 -0.2^02
1^^.0 2.0 14.0 3.183 11.7 9.4^4^E+03 0.105 -0.3^22
11^.0 2.0 14.0 3.183 12.5 1.5^4^E+04 0.353 -0.3^ 4^8
11^.0 2.0 14.0 3.183 11.2 2.2^3^E+C4 0.567 -0.3^68
11^.0 2.0 14.0 3.183 11.2 2.c^e^E+C4 0.696 -0.3^90
1^^.0 2.0 14.0 3.183 10.7 3.5^4^E+C4 0.788 -0.4^00
1^^.0 2.0 14.0 3.183 11.3 4.1^C^E+C4 0.837 -0.4^23
11^.0 2.0 14.0 3.183 11.2 4.4^/^E+C4 0.830 -0.4^23
11(0.0 2.0 14.0 3.183 9.0 4.97E+04 0.^59 -0.4^ 4^3
11^.0 2.0 14.0 3.183 9.4 5.3^1^E+04 0.910 -0.4^62
1^^.0 2.0 14.0 3.183 9.2 5.58E+04 0.978 -0.4^^1
1^^.0 2.0 14.0 3.183 9.3 5.c^4^E+04 0.927 -0.4^95
1^^.0 2.0 14.0 3.183 9.2 6.2^£^E+04 0.896 -0.5^19
1^0.0 25.0 90.0 4.145 19.4 6.3^2^E+03 0.352 -0.^33
^00.0 25.0 90.0 4.145 22.2 1.1^4^E+04 0.540 -0.4^33
^00.0 25.0 ^0.0 4.145 21.7 1.67E+04 0.864 -0.5^00
^^0.0 25.0 90.0 4.145 20.2 2.1^1^E+C4 0.939 -0.5^ 4^3
^00.0 25.0 ^0.0 4.145 21.0 2.^^E+04 1.057 -0.5^84
^00.0 25.0 90.0 4.145 20.8 3.10E+04 1.240 -0.6^34
^00.0 25.0 90.0 4.145 20.3 3.65E+04 1.270 -0.e^71
^^0.0 25.0 90.0 4.145 19.5 4.3^1^E+C4 1.184 -0.7^00
^00.0 25.0 ^0.0 4.145 19.8 4.5^3^E+C4 1.229 -0.7^17
1^0.0 25.0 90.0 4.145 18.8 4.7^5^E+04 1.246 -0,727
^00.0 25.0 90.0 4.145 19.3 4.90E+04 1.212 -0.7^86
1^0.0 25.0 ^0.0 4.145 19.4 5.1^2^E+04 1.175 -0.7^80
90.0 2.0 14.0 0.0^95 6.5 9.3^3^E+03 0.215 -0.^94
90.0 2.0 14.0 0.0^95 5.7 1.4^^E+04 0.357 -0.3^12
90.0 2.0 14.0 0.0^95 5.2 1.94E+04 0.4^33 -0.3^39
90.0 2.0 14.0 0.^95 5.1 2.5^7^E+C4 0.^76 -0.3^73
^0.0 2.0 14.0 0.^95 5.0 2.c^4^E+C4 0.476 -0.3^96
90.0 2.0 14.0 0.0^95 5.0 3.3^ €^£+04 0.^68 -0.4^ 3^9
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90.0 2.0 14.0 0.C^95 5.0 3.7^9^E+04 0.4^81 -0.5^10
90.0 2.0 14.0 0.C^95 5.0 4.3^ 0.4^69 -0.5^47
90.0 2.0 14.0 0.0^95 5.1 1.53E+24 0.468 -0.E^66
^0.0 2.0 14.0 0.0^95 4.9 S.J^E^E+d 0.4^49 -0.5^85
90.0 2.0 14.0 0.0^95 5.1 5.4^ ^^E+d 0.1^41 -0.6^00
^0.0 2.0 14.0 0.^95 5.0 5.8^1^E+d 0.433 -0.6^ 0^1
60.0 2.0 14.0 2.653 10.0 9.3^c^E+03 0.108 -0.3^65
^0.0 2.0 14.0 2.653 9.6 1.5^5^E + d 0.4^49 -0.3^80
60.0 2.0 14.0 2.653 10.6 2.2^1^E+d 0.712 -0.3^ 8^3
60.0 2.0 14.0 2.653 9.6 2.7^£^E+d 0.^79 -0.3^98
60.0 2.0 14.0 2.653 10.4 3.3^ ^^E+d 0.925 -0.4^ 0^9
60.0 2.0 14.0 2.653 10.9 3.82E+d 0.883 -0.4^11
60.0 2.0 14.0 2.653 10.2 1.12E+d 0.950 -0.4^17
60.0 2.0 14.0 2.653 9.8 1.5^3^E + d 1.017 -0.4^17
60.0 2.0 14.0 2.653 9.0 5.C^e^E+d 0.920 -0.4^19
60.0 2.0 14.0 2.653 8.8 5.^9^E+d 0.951 -0.4^ 0^7
60.0 2.0 14.0 2.653 8.7 6.12E+d 0.^49 -0.4^ 2^3
60.0 2.0 14.0 2.653 8.6 6.c^7^E+d 0.783 -0.4^19
45.0 2.0 14.0 3.183 13.0 1.C^3^E+d 0.264 0.^29
45.0 2.0 14.0 3.183 11.8 1.£^5^E+d 0.618 0.0^15
45.0 2.0 14.0 3.183 12.4 2.1^1^E+d 0.787 0.0^10
45.0 2.0 14.0 3.183 11.6 3.0^^E+d 0.843 0.0^03
45.0 2.0 14.0 3.183 11.7 3.7^1^E+d 0.971 -0.0^04
45.0 2.0 14.0 3.183 10.9 1.5^^E+d 1.015 -0005
45.0 2.0 14.0 3.183 10.3 S.G^^E+d 0.971 -0.0^ 2^1
45.0 2.0 14.0 3.183 10.6 5.c^]^E+d 0.936 -0.0^27
45.0 2.0 14.0 3.183 10.2 6.7^^E+d 0.871 -0.0^30
45.0 2.0 14.0 3.183 9.2 7.e^0E+d 0.762 -0.0^37
45.0 2.0 14.0 3.183 9.4 8.3^3^E+d 0.673 -0.0^ 4^1
45.0 2.0 14.0 3.183 10.0 9.13E+d 0.600 -0.0^ 4^8

7.1.2. rej^i^l^-ts. r
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4 100 2 14 119.9 1 19.7 3.3^4^E+04 0.4^69 -0.5^77
4 100 2 14 119.9 2 17.9 3.4^c ^E+04 0.658 -0.5^17
4 100 2 14 119.9 3 17.0 3.5^1^E+04 0.310 -0.5^ 0^1
4 100 2 14 119.9 4 16.6 3.4^/^E+04 1.452 -0.5^22
4 100 2 14 11*9.9 5 15.0 3.66E+04 0.0^85 -0.5^04
4 100 2 14 119.9 6 16.5 3.63E+04 0.393 -0.4^ 6^9
4 100 14 119.9 7 18.6 3.4^4^E+04 2.125 -0.5^99
4 100 2 14 119.9 8 18.6 3.4^C^E+04 2.112 -0.5^ 7^9
4 100 2 14 119.9 9 16.3 3.50E+04 0.382 -0.4^ 7^9
4 100 2 14 119.9 10 16.2 3.65E+24 0.745 -0.4^61
4 100 2 14 119.9 11 20.8 3.1^5^E+04 2.785 -0.6^60
4 100 2 14 1^9.9 12 18.8 3.4^5^E+04 0.690 -0.5^67
4 100 2 14 119.9 13 17.4 3.^e^E+04 1.127 -0.5^51
4 100 2 14 119.9 14 19.3 3.4^y^E+04 0.235 -0.5^40
4 100 2 14 11*9.9 15 19.7 3.4^2^E+04 0.378 -0.5^56
4 100 2 14 119.9 16 18.5 3.52E+04 1.485 -0.5^04
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4 100 2 14 119.9 17 18.0 3.4^1^E+04 1.687 -0.6^14
4 100 2 14 119.9 18 20.4 3.2^4^E+04 1.647 -0.6^21
4 100 2 14 119.9 19 20.9 3.3^C^E+04 0.0^25 -0.6^11
4 100 2 14 119.9 20 17.0 3.5^4^E+04 0.717 -0.5^55
1 110 2 14 119.9 1 13.0 2.]^2^E+O4 0.2^71 -0.3^ 4^2
1 110 2 14 119.9 2 13.6 2.]^5^E+O4 0.208 -0.3^16
1 110 2 14 119.9 3 14.2 2.14E+04 0.142 -0.3^36
1 110 2 14 119.9 4 ^0.5 2.2^2^E+O4 0.082 -0.2^84
1 110 2 14 119.9 5 9.7 2.21E+04 0.605 -0.2^95
1 110 2 14 1^9.9 6 15.7 2.2^C^E+O4 0.942 -0.3^17
1 110 2 14 119.9 7 20.2 2.]^5^E+O4 0.4186 -0.3^36
1 110 2 14 119.9 8 18.3 2.2^]^E+O4 1.322 -0.3^ 3^1
1 110 2 14 119.9 9 15.0 2.3^5^E+O4 0.3^79 -0.3^18
1 110 2 14 119.9 10 16.8 2.2^1^E+O4 1.204 -0.3^ 0^3
1 110 2 14 119.9 11 17.1 2.2^]^E+O4 0.646 -0.3^ 4^2
1 110 2 14 119.9 12 15.2 2.22E+04 0.572 -0.2^ 8^2
1 110 2 14 119.9 13 15.0 2.]^^E+O4 0.4^98 -0362
1 110 2 14 119.9 14 13.3 2.18E+04 0.125 -0.3^40
1 110 2 14 1^9.9 15 ^2.4 2.16E+04 0.4^53 -0.^36
1 110 2 14 119.9 16 23.5 2.1^5^E+O4 0.^15 -0.3^64
1 110 2 14 1^9.9 17 15.1 2.1^E^E+O4 0.637 -0.2^99
1 110 2 14 1^9.9 18 13.4 2.]^5^E+O4 0.180 -0.^67
1 110 2 14 119.9 19 21.9 2.13E+04 0.6^99 -0.3^96
1 110 2 14 119.9 20 ^9.6 2.19E+04 0.947 -0.^53
1 125 2 14 119.9 1 17.3 3.3^c ^E+04 0.440 -C.5^^7
1 125 2 14 119.9 2 17.5 3.4^5^E+O4 0.971 -C.5^^8
1 125 2 14 1^9.9 3 16.4 3.63E+04 0.980 -0.5^ 0^8
1 125 2 14 1^9.9 4 17.0 3.55E+04 0.040 -0.4^95
1 125 2 14 1^9.9 5 18.8 3.3^E^E+O4 0.^17 -0.^92
1 125 2 14 1^9.9 6 ^8.0 3.3^£^E+O4 1.705 -0.5^85
1 125 2 14 119.9 7 17.5 3.3^3^E+O4 0.568 -0.^15
1 125 2 14 1^9.9 8 18.4 3.4^2^E+O4 0.287 -C.5^^5
1 125 2 14 119.9 9 15.5 3.66E+04 0.541 -0.4^ 5^1
1 125 2 14 119.9 10 18.2 3.3^OE+O4 0.508 -0.5^78
1 125 2 14 1^9.9 11 15.9 3.58E+04 0.793 -0.4^85
1 125 2 14 1^9.9 12 17.5 3.4^<^E+O4 1.291 -0.^25
1 125 2 14 1^9.9 13 17.8 3.5^1^E+O4 0.320 -0.5^31
1 125 2 14 119.9 14 17.4 3.4^1^E+O4 1.394 -0.5^44
1 125 2 14 1^9.9 15 16.7 3.50E+04 0.317 -0.5^53
1 125 2 14 119.9 16 19.6 3.3^]^E+O4 0.982 -0.e^0^1
1 125 2 14 119.9 17 18.8 3.5^^E+O4 0.541 -0.^36
1 125 2 14 119.9 18 17.4 3.55E+04 0.179 -0.5^19
1 125 2 14 119.9 19 17.7 3.53E+04 0.665 -0.5^44
1 125 2 14 1^9.9 20 17.5 3.56E+04 0.428 -0.5^26
1 125 2 14 1^9.9 1 17.1 3.61E+04 0.384 -0.^16
1 125 2 14 119.9 2 16.7 3.7^4^E+O4 1.111 -0.^33
1 125 2 14 1^9.9 3 14.4 3.93E+04 0.919 -0.^40
1 125 2 14 119.9 4 15.9 3.e^3^E+04 0.330 -0.4^ 8^9
1 125 2 14 119.9 5 18.5 3.7^7^E+O4 2.179 -0.5^ 4^8
1 125 2 14 1^9.9 6 18.1 3.7^4^E+O4 0.342 -0.^53
1 125 2 14 1^9.9 7 16.2 3.c ^1^E+04 1.144 -0.4^98
1 125 2 14 119.9 8 14.1 3.7^£^E+O4 0.^21 -0.5^ 2^1
1 125 2 14 119.9 9 15.1 4.C^]^E+O4 1.513 -0.4^24
1 125 2 14 1^9.9 10 17.2 3.82E+04 0.3^11 -0.5^26
1 125 2 14 1^9.9 11 16.5 3.7^c ^E+04 0.972 -0.5^70
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1 125 2 14 119.9 12 18.0 3.8^2^E+04 0.C^64 -0.55 0^2
1 125 2 14 119.9 13 20.8 3.5^1^E+04 0.949 -0.5^31
1 125 2 14 119.9 14 15.3 3.85E+04 0.262 -0.5^18
1 125 2 14 119.9 15 15.4 3.80E+04 0.354 -0.5^ 2^9
1 125 2 14 119.9 16 14.7 3.c ^3^E+04 1.330 -0.5^16
1 125 2 14 119.9 17 17.0 3.8^^^E+04 1.532 -0.5^ 0^8
1 125 2 14 119.9 18 17.6 3.7^5^E+04 1.019 -0.5^82
1 125 2 14 1^9.9 19 15.9 3.£^5^E+04 0.398 -0.4^91
1 125 2 14 1^9.9 20 17.2 3.y^7^E+04 0.930 -0.5^53
1 125 2 14 119.9 1 17.4 4.5^1^E+04 2.158 -0.5^ 3^1
1 125 2 14 1^9.9 2 15.3 4.y^4^E+04 1.283 -0.4^76
1 125 2 14 1^9.9 3 13.5 4.€^^E+04 0.4^92 -0.4^96
1 125 2 14 119.9 4 16.3 4.59E+04 0.842 -0.55 0^9
1 125 2 14 119.9 5 15.2 4.52E+04 0.828 -0.5^59
1 125 2 14 1^9.9 6 16.3 4.^/^E+04 0.3^79 -0.5^71
1 125 2 14 1^9.9 7 18.6 4.^9^E+04 1.883 -0.6^ 0^5
1 125 2 14 119.9 8 16.6 4.4^5^E+04 0.5^99 -0.5^ 4^8
1 125 2 14 1^9.9 9 15.7 4.5^7^E+04 1.327 -0.^66
1 125 2 14 1^9.9 10 15.5 4.5^3^E+04 1.106 -0.5^ 2^9
1 125 2 14 119.9 11 14.7 4.61E+04 0.233 -0.5^00
1 125 2 14 119.9 12 16.6 4.55E+04 0.634 -0.5^34
1 125 2 14 119.9 13 17.6 4.4^z ^E+04 0.321 -0.5^96
1 125 2 14 119.9 14 17.5 4.^4^E+04 0.2^01 -0.5^45
1 125 2 14 119.9 15 16.0 4.60E+04 1.320 -0.5^36
1 125 2 14 1^9.9 16 14.7 4.5^c ^E+04 0,772 -0.5^ 0^5
1 125 2 14 119.9 17 13.4 4.7^4^E+04 0.510 -0.5^23
1 125 2 14 119.9 18 15.1 4.61E+04 1.698 -0.5^32
1 125 2 14 119.9 19 18.2 4.3^e^E+04 1.209 -0.6^15
1 125 2 14 119.9 20 16.4 4.4^3^E+04 0.C^02 -0.5^ 5^9

98



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CH^^PTER 8. DIS^CUSSI^O^N OF

A pre1-^ainar^Y t^<^]^;^£^:Ls of t^he r—ss;^ts ob■taL^nee can be made

by pr—s—ntL^n^g t^h— resul-ts in some of t^he recog^;^zab1 —

st^^near^e Hor^as HI^c^a w^dLch t^h— effects, if tny, of t^h—

tur^bul^e^nc— C^c^r^1^c^Ge^r^I^!^■tL^GS can bs ob!servee) A f—^w non-

st^^neare Hor^as w'^z^ch effecti^vely p^i^-tr^a^Y t^h— r—l—vant

infor^m^-^i^on in a G1—ar—r m^r^i^<^;r wLLl also be present^r^e) In

this p^]^ItiGs1ar case, t^he recog^rLzab;Le st^c^n^ear^e curves are

t^he pr—ssur— dLstr^;^t^st^:^c^n, and t^h— drag c^€^-^?^:LGient

v^3^;iat:^c^n w^'th R^^^r^c^lds nsm^€^]t) N^o^n-^itandtrd Ho^as inG1^s^ee

Gsrves of drag G^€^-^J^;LGi—nt v^i^iLatL^c^n w^'th bcth t^he scale

ratios tnd t^he fr^e^c^uencY ratios. The sccl — ratios has been

drfi^nee as t^he rati^o of ^he 1o^^3Ltsdina1 m^c^c^<^£^(^<a1e of

t^uI^bs1^e^^Ge t^o t^he sph^:re diam^-ter, cnd t^he fI^e^c^senGy ratios

as th— ratios of th— fr^eqsem^;L — s of th— free-st■I — e^a

v^i^-tices t^o that of t^he v^c^^ices shed fr^c^m t^he sph—re.

8.1. Pa^i^E^f^L^a^e aL^s^'^:sb^L^iLO^n.

A num^c^:' of rrss:^ts have been p^l^3.is^^ee w^dLch show t^he

pressure distI^;^t^se^-^c^n of a sp^^re i^am^rsed in t:sr^bs1r^nce

fr^—— fl^c^ws of varyL^^g fi^—i-^s^-teem R^^^nc^C.ds nsm^e^rS)

A^c^o^c^-^■t these tesuJ-ts are t^hos— by Page [1937], who gave

Gom^c^I^-^^^J^^^^ive d^r^i^dLls of til t^he fr^ee-^£^■tra;^a v^S-SC^c^-tL^-s,

R^5^r^c^C.ds nsat^e^rs, cnd total drag c^€^-^H^:LGi—uts r—1at^:^r^— t^o

t^he pressure distI^:^t^se^;^c^ns that he present^e^e) H-s r—ss:Lts

have sinc— been, and co^’ti^nu— ^o be, used cs st^c^necre

refei?e^nc—s for com^a^r^isons w-th CLl sim^^Lar rrss^ts by

99



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

many researchers. U^e of these ?ess3.■ts has been made for

comJ^c^r^cLson w^'th t^he present ress;Lt:s.

Thi pressure dCstl^z^t^st^;^c^ns ob-tai^ned fi^o^m ^he present 

resuZits foi^m a number of dCffer^ent shaped csrves for w^bich

an at’^^^mp-t t^o present ail of t^h^r^m be cum^<^:r£^o^me and 

w^i^^ld co^<^;r hui^i^reds of pages. A summc^acY of t^he i^m^c^o^Ctant 

pressure dLstc^:^i^st^Z^c^ns cesuLt^z^r^g fi^o^m e^]^:iet;LC^ns in t^he 

fc^ee-^s^-Craam tur^buli^nce C^£le^l^aCe^ri^!^^tics are therefore

pcesent^ed in fC^gures 8.1 t^o 8.5. T^c^jse fi^guces also sh^o^w

for com^a^a?;Ison, t^wo cu;?ves t^a^ken fi^o^m t^he pceviouslY

t^C^c^^ed cesuJlts by Fagi for respei^’ti^ve R^^^i^c^O.ds num^(^:r and

drag h^€^I^f^;Ccients of 1.57 x 10^; 0.471 end 4.24 x 10^;

0.143 (!r^mLner and ^urb^^ent bou^«^^;?Y !eYer fi^o^ws).

B^<^iasse t^he R^^^r^c^lds num^c^:? 
£ 

encompa^es 

regi^on, it

t^he p^s^jItC^o^n of

is ex^<^<^'ted that

range ine(^^^'tigat^ed by Fage

t^he st^a^nder^d tr^rnsit^;^c^trl

?ess;^ts such as t^he present

ones w^bich are in a low^:? R^^^r^c^JLds num^(^:r range, should 

give la^mina:? drag values and pressure d^!s^^,?i^ibL^'IO^n^s simZ- 

lac to the laminar pressure dIstc^C^t^st^z^c^n curve of Fagi.

FIgu;res 8.1 ^o 8.5 sh^o^w that t^he e^]^;LatC^c^n in t^he t^urbu^le- 

nce C^c^a^i^aCe^rl^z^-tics preve^'ts the above ex]^].ani^“tC^on fc^o^m 

being universally true.

1b E^JEect of iscrtcit^sg R^^^i^c^ldi summer at l^o^w icale

ratl^o asd t^stts^;tt^y values.

Figure 8.1 shows t^he effect on t^he pressure dCstr^z^t^st^;^c^t

of increasi^r^g t^he fr^ee-^s^■Cre^m R^^^i^c^OLds num^e^ir. At l^o^w 

values of scale rati^o and t^ui^bul^i^nce inten^:it;Y, of ranges
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bee:ween 0.1 to 0.3 and 2% t^o 5% ret^^<^^ei^velY, t^he effect

of these c^c^a^e^att^r^e^ l^■eict nn the drag and prettsre

dlttr^;^S^se^;^c^n is ex]^«^<^'ted t^o be m^i^;im^;L. The effect of

t^hese c^c^a^e^a^c^e^r^i^'tics is coi^£^;ldered ^o be rct^ier

t^han n^(^n^igible beccuse if it w^ire n^c^n^igible t^hen t^he

first d^-ta set w^i^^ld ce^elL^e^<rly e^^rlap t^he lcmLncr

presssre dlttr^;^S^st^:^o^n curve of Fage. A^ t^he Lc^w R^^^r^c^lds

nu^^^^Lr rcnge of bet^ween 1.5 x 10^ and 2 x 10^, t:^he curve

ob^tci^n^ed is very close ^o t^he la^mincr pressure drag curve.

Its p^s^JLtl^o^n of sli^ghtly above this curve is refl^e^ct^e^d by

its drag c^€^e^i^;Lclent value of 0.329 com^<^^red t^o that of

0.471 by Fage. The delcyed sep^ira-ti^o^n p^dLut, fe^c^m 87° t^o

91^, wh^ch gives a narr^ower w^lke, and the tli^ritl^l

incr^ecsed pressures at t^he rear nf t^he sphe;re cttns]^■t for

this reds^■ti^o^n in t^he drag c^€^r^J^:iciett. The presence of

sm^a-l dLst^u^i^t^a^nces in the free-t^■ercm therefore OLtrrt

tll^ritl^y t^he presssre dittr^-^S^st^;^o^n and als^o gives a

terr^e^t^E^ondi^n^g drag c^e^r^ f^sLcirnt dter^at^i^c^n. F^i^-ther

intrecse of t^he R^^^i^c^JLds nsm^(^;r t^o bet^ween 9.5 x 10^ and
5

1.2 x 10 . , as given by the second d^-ta set, rets;Ltt in a

further increase in t^he rear pressures w^h^le t^he rest of

t^he presssre dlttr^;^S^se^:^c^r c^l^c^I^<^J^rtly rem^sins

la^mincr. T^JLs can be t^a^ken as flying that t^he i^ncr^e^c^s^r^d

R^^^r^c^C.ds enhances t^he inteeactl^o^n bet^ween t^he wake

and the free-t^rrcm ccssed by the premiaJLll^r^r sm^ail

dlte^s^3^S^c^ntet w^dlch rets]Ltt ir the ircreas^ed rear

presssres. B^c^jause t^he presssre intrease due t^o t^he
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w^C^e—/^:tee-sttr(^i^a int—r^cct^z^c^ns bn^zins at t^he 180° p^s^z^tL^c^n

(ia^a.i—e HI^c^a B^O-tze [1908]) and "sateaes" t^owares t^h—

ft^ont of t^he sph<^;rs, ^^^Ly t^he r—cr pressures hcvs at this

st^c^ge bssn cff—ct^—e w^hi^-^-t t^hose p^JLn-ts t^s^w^;tes t^he ft^ont 

of th— sah — r— r — m^:Ln u^cCjHfeGt^ed by this inGr^r^a^s^e^d

int^—r^aGt^;^c^n^) The ob■taL^nee drag c^e^-^J^;LGi—nt valus of 0.345 

doss n^-t s—e^m t^o Gort^r^s^a^c^ne t^o t^he ptessure dLstr^-^t^st^;^c^n

ob^eaL^nee for this d^-ta set. A pressure drag ca^Lcu^lctL^c^n of

this d^-ta set cs shown in fi-sr— 8.11 shows thct t^h—

pressstr erc- ;LGirnt c^n C; :ribsti. o n is only

cal^31o:^:Lm^C^:^;LY 0.2. T^sLs im^aLLes that t^h— G^r^r^tIibsti^c^n of

th— friGt^;^c^na1 drcg is aboi^-t th— total era-

c^€^^H^:LGiene e^s■ti^nGt HI^c^a a maxj^ms^m of 12.^1^% q^<^■tee by

A^l^(^nbtGh for tstbsle^^t-fr^ee fl^c^ws. The inGr—as— in

R^^r^c^C.ds num^c^r cp]^(^<^;^s t^h—r—for— t^o snhtnGS t^he —ff—Gts

of ^h— turbul—nc— C^c^r^1^c^Ge^r^1^i^’tiGs W^JLGh ine^]^c^e^uG—s a

eyntmLc bou^earY layet ccssi^n^— tn inctease in th —

fti^Gt^;^c^na! cr — c t^h—r^e^by reeucing t^he effecti^v^e wake tnd

increasi^n^g t^he ftL^Gt^:^s^na1 drag.

2)., E^jfict o:E S^icricsL^n^g turbu^Lince Sitii^zLt^y ct L^o^w

scaLi rati^o and R^^y^c^lds numl^e^i^js.

Fr^c^m ^h— first set of trss]Lts (sGC1— tati^s range; 0.1 ^o

0.3: int—r^zLt^Y r^e^ngs; 2% t^o 5%: cnd R^^^i^c^C-ds num^(^:r r^a^ngs;

1.5 x 102 t^o 2 x 102) discuss — e .c fi^-sr— 8.1, t^h— effect

of incr—csi^n^g tut^bu1^e^nG— inter^;Lt^y t^o a hLgh—r range of

12^% t^o 14^% is shown in fL^gure 8.2. The ptevLously ob!sst^vee

phsnoasnon of cn inGr—cs— in t^h— teat pressures is again
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obiserve^ even at these lo^w R^^^r^c^O-ds num^e^ris. The 

preeious!Y discussed "sprer^d^" of t^he rear high pressures 

is eg^rin oblsereed, w.th the m^a^^^r^-tude of incriasi 

?esuLt^:^r^g fi^o^m ^he rear high pressures reducing as t^he

fc^ont of t^he sph^;?! is arr:roeched. Up t^o an an<^;ie of aboi^'t

97° fi^o^m t^he fr^ont st^agna■ti^c^n p^z^ft, it is observed fi^o^m

t^he fC^gure that there is s^;ill no ap]^<^ren-t iffict due ^o

t^he increase in t^he fr^ee-^^'liaam tur^bule^nce intensit^Y. As

the fl^o^w at this p^s^sltZ^o^n has ali^e^a^dY sera:rat^ed,

(idii^i^zifi^r^d by a coi^s^^aft pressure in t^he

first set of resu^Lts), this increase of rear pcessure can

be coi^s^zider^ed n^'t t^o have srcead far enough as Y^'t, for it

^o beg:in t^o affect t^he p^s^JCt^o^n of t^he sep^^iia'tC^on p^:^ft

and t^hus t^he shed v^i^'ti^ces and drag.

The effect on t^he drag h^€^I^f^;Lcient of increasi^r^g t^he fr^ee-

st^i^(^<^m t^uc^bul^i^nce inten^zit^Y at such lo^w R^^^i^c^lds num^i^ers

is thecefoce eql^S.e<^:Llnt to the preeiosslY observed

inc?irse in thi R^^^i^co O-ds number fo? the sa^me

h^ i^ a^ 0€^ i^ i^ z^ ■tics comt^bi^c^1:i^o^n. The incc^eased c^r^n^nibuti^on of

t^he fci^ctzOc^nal drag is a^<^C;h^;r sim^;Lar feature ^o be

ob^ec^ved. An cm^c^c^ltaft p^;^ft indicat^i^d here is that 

fi^o^m t^he h^c^r^i^c^0e^ei^z^■^ics comt^bI^t^etion of t^he second se-t 

if

of

?ess]Lts, eit^hec t^he R^^^r^c^JLds num^(^^ or t^he fr^ee-^s^■lre^m 

t^ui^bul^r^^ce intef^;Ct^Y w^ire incr^eased, t^he effect of t^he 

srreeding rear high pressures wi-l reach t^he sep^ratZ^o^n 

p^zCft and b!g.in to affict b^-fh it, t^he shed v^i^ltices, and 

co^!^<^<^i^^r^r:lY t^he drag values.
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3b> E^JPect of increcsi^ng scale ratios for

Lc^w R^e^i^c^lds num^e^irs and medi^i^m turbuLence

intei^s^i^i; tLess.

Fr^c^m t^he second set of results (scale rati^c ra^nge; 0.1 t^c

14%: and R^^^i^c^^ds num^(^:i0.3: Lntin^:it^y range; 12^% t^c

x 10^ t^c 2 x 10^) discussei .n f'^gure 8.2, t^heriige; 1.5

effect on t^he pressure dLsti^z^b^ut^z^c^n cf pro^^^’^^^isively

iicieasi^ng t^he scale rati^c on this set of results Ls shown

in fi^guie 8.3.

licieasi^i^g t^he scale rati^c incieases t^he iLst^i^l^t^a^n^ce in

t^he fiee-^s^'lream w^dLch effects t^he effecti^v^e sepj^reti^o^n

shed w^c^’tices, and t^he rear pressure levels. F^:i a

scale lati^c i^a^nge of bet^ween 0.5 and 0.6, fi^gure 8.3 shows

a dis'ti^nct reduc^'ti^c^n in t^he rear pressures t^o nee:? la^minai

vilues. T^;^s effect as iiscussei piev;iou!sly also begjiis at

t^he leai of t^he spheie and spreads t^cw^;lis t^he front of

it. Previous discussi^ci of t^he first set of risuJLts in

this fi^gure have sh^c^wn that at t^ui^bu^e^nce inten^zit^y levels

of bet^ween 12^% and 14^%, t^he effect of incr^ecs^ei pressures

due tc t^he pre^t^dLl^^r^g turbuleice C^c^c^r^aCe^r^l^L^'tLcs w^i^^Ld

have spread and affect^e^d p^s^JLti^c^is up t^o ei<^;^es of ar^c^und

97°. The scale rati^c w^zLch his t^he apj^^re^-t effect of

reducing t^he rear pressures, n^ui^-ifi^es ^he effect caused

by t^he inten^zit^y as Lt^s effect spreads t^o smaller ai<^;Les.

T^dis gives lisi t^c t^he sLt^uat^;^c^n indicat^r^d in t^he fi^gure

of having regions

a p^i^lticl

er^ound t^he sphere w^h^re, fcr a given 

ccr^r^tributi^o^n cf effects fi^c^m bcth
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C^c^r^c^r^tc^r^l^l^■tics is ev;Ldrnt W.tb tbe prc^ •ti^ c^ n of

c^i^r^^ributi^cc varYL^c^g. F^n^-ther increase in t^he scale rati^c

increrses t^be dcei.nance of this C^c^r^l^rte^r^l^-^■tic c^er t^br

ictfc^;Lt^y causing t^he pressurr dLstr^-^t^lt^;^c^c tc becc^me

;L-l^ a^mic^ ;^.

O^bs^r^r^v^ation of fi^gure 8.3 icdLcrrr that an iccrease cf t^he

scale Irri^c rp]^(^<^:Is t^o "push" t^he regi^on and t^o r^e^duce t^he

level cf tur^bul^e^nce intec^sit^Y inf-^u^e^n^ce t^c^w^;Ids t^he fr^cct

of t^hr sphere t^ber^e^bY camsing t^he srp^^rr■tL^cn p^zLct t^c

bec^c^me affect^e^d by t^he ^lI^blle^cce intensit^y^. Tbe effect cf

this is t^o cause sep^ra'ti^c^n t^c cccu :i e^n^^Lin as indicate e^d

by t^br ctbrr t^wc sits of Iesl]lts. As t^hr scale IrtL^c is

flrtbfI incr^eas^e^d, its dom-nance o ^(^:i t^he tlI^bll^r^nce

ictecsit^y iccIrrsrs redlci^c^g flItbfI tbe irvrl cf

inten^^it^Y a^'tL^r^g o ^<^;i t^he tI^rns:it^:^c^n regL^on. T^JLs affects

flrtbfI tbe srp^rr■tL^c^c p^z^nt p^ jLt:^ c^ c cnsi-c^g tbe

d^str^ ut^ c t^c become even m^re q^<^£^jL-L^a^einrr. Tbe

of t^he sepi^]lr■ti^cn p^z^nt is IrfL^e^ct^e^d in t^he

co;II^es^p^cndi^cg drag c^e^f^f^zLciect values cb'tai^c^ed fcr t^he

tbr^ee sits of resuJlts. An ic^-tial assr:^tL^c^n may t^hus be

made he:Ie, that for fi^x^ed R^^^r^c^o.ds num^t^:^ and t^ur^bul^r^c^ce

ictfc^;Lt^y values, an increrse ic t^he scale IrtL^c Iesl;Lts

in an increase of t^he drag values as t^he dcmi.nance of t^he

scale IrtL^c o ^(^;i t^be ictfc^;Lt^Y increrses. The iccreased

scale IrtL^c causes W.d(^:I rffrcti^v^r w^l^es t^c be achieved

W^'th ccII^e^s^t^cndi^ng drag c^€^e^f^:Lcient values. The pressure

drag c^€^I^j^:Lcient cr;Lcl;LrtL^c^c shcwc in fi^gure 8.3r fcr t^he
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thie^d dcta set shows that t^he c^r^r^telbsti^on of t^he skin

fri^tt^-^c^tal drag t^o . t^he total, pre^3^(^^^!tlvely reduces w^'th

lncrecsi^r^g scale ratL^o^.

The p^^^y^ical m^<^<el dc'^<rlcped in thi^]^^eer 4 gives an 

lnditatJ^o^n of thc m^<ans by w^zLch thc scale rati^c 

ine^]^c^c^stes lower presssres t^o t^he rear of the sph<^:re. As 

t^he v^i^'ti^ces ap^:roach t^he sph<^:re, a c^c^t^LLtclly c^<^t.ll^ae^;^r^g 

an*^:-. nf ap^;rnach of t^he fr^ee-^t^•trcae f;^c^w is "^l^j^(^:rved" by

the sph<^:re, t^her^e^by givi^n^g a dYncmLc front st^a^gnatL^c^n

p^ziet p^£5JLtL^o^n. T^l^zLng a t;^ee-f3^o^zen fI^c^ee, as shown in

fi^gurc 8.3b, it w;^l be n^iticed that beccsse of t^he wake

v^i^zLatz^c^r due to this dYncmLc st^agrcti^o^n p^zlnt, ^he

effecti^ve rear pressures of t^he sph<^:re, wLLl be an average 

of t^he pressures nea:! t^he 90° p^s^itJ^o^n and t^hose nea:! t^he 

180° p^s^zLtz^c^n. B^<^icsse pressures ^^air t^he 90° 

lower ^han t^hose in t^he ’ sep^;rct^ed regi^on, t^he ^^^<^^c 1

t^e^n^dency of cv<^:rcgi^n^g the pressures wJ-l be 

p^s^JltL^c^n are

to low^:r ^he

effectl^v^e presssrc recor^ded by prcsssrc t^a^ppi^n^g h^^Les

lotct^ed in t^he sep^:rated regi^on. The am^i^i^-t by w^z^ch t^he

presssres are reduced is depeni^i^i^’t on t^he scc Ic ratl^o

w^z^ch dLrectly relce^et to t^he cm^llJt^ude of t^he wake

e^c^ill^a^ljCc^n^s. By this m^<^]^icnl^t^e an lncrecse in scale rati^o

w-ll pr^odsce l^c^w cffcctJ^v^c rear pressures. The spread of 

the scale C^c^a^e^ate^r^e^J^■eit effect as the ttale rati^c 

intrecses can therefore be cci^s^zLdeeed as being ccssed by 

t^he incr^eased cmp^lit^sdes of e^c^i^llat^z^c^n ressLe:J^r^g in a n^-t 

rrds^■ti^or cf the effect-^ v^e prrttsre at at^;Let
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pro^3^’^!^isiv-1Y ap]^:^oaching t^h— stcgncti^on p^zint. D^r^<aa3-G
>

test^z^r^g tessjLts shown in fi^gutes 8)3G tnd 8)3e fot

ptessure t^a^ppi^ng an<^;Les of 0° and 155° resp^c^'^iv-ly s^c^w

t^he dyntmLG effect of b^-th t^h— stcgncti^on p^zLct tnd t^h—

wake as previossLy dLSGsssed) A^aaL-euees of th — se

o^<^c.L!ae-Cc^ns ccn bs ex^<^<^■tee t^o inGr—as— w^-th t^h— sGa1 —

tati^o dspsnding on t^he inst^e^r^-^t^r^e^ous bos]^<^i^:rY layer fl^c^w.

th — s— Ls^w R^^^r^c^lds num^^rs, th — inst^c^^■r(^ne^oss

a^e^^^jLLL^r^- bosl^(^i^:ty lay—r fl^c^w d^ri^ng o^c^ 3^;iL^ae^;^c^ns is

al^ways La^mLncr. The dLf^e^i^e^n^ce in —ff—cts bst^wssn this cnd

cn o^<^C^;L1at^-^r^- t^urbui-nt bos:^(^i^:rY layer w^LLl be disGsss^ee

Latet.

4b E^jfict of i^ncriasi^n^g R^i^r^c^lds num^€^]is for eSg^e scali

ratS^o and mlds^l^m t^urbu^Lence iiten^zity values.

The —ff—ct of increasL^r^g t^he R^^i^c^C.ds fi^c^m t^he Gcss

of t^h— thir^d s—t of tesuZlts ccl^£^;ieer—e in fi^—sr— 8.3 is

sh^o^wn in fi^gure 8.4.

An inctease in th- R^^^r^c^lds num^c^zt giv — s ptessste

eLstr^;^t^ut^;^c^n values that m^^eGh very GLose1y t^h— lamincr

curve values of Fage, a1t^l^c^L^-h a m^ich higher era-

c^€^-^H^:LGi—rt valus is ob^ta3^n^ee) Fr^c^m t^he e^n^liet discussL^c^n

on ^h— effect of t^he coat^bi^r^Ction of R^^^i^c^OLds num^c^:' tnd

inten^;Lt^Y on t^he doai-ntnGS bst^ween SGC1— and intensit^y

G^c^a^1^c^Ge^r^r^!^•tiGS, it ctn be dsdsGsd Hr^c^a t^he ssGond snt of

t—su^ts that cn increase in R^^^r^c^lds rnhcnicss t^he

doa3.ntnGe of t^he scale C^c^a^1^c^Ge^r^I^-^■tL^G)
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An iecrresed drag c^e^e^ J^zLciret value of 0.782 is ob■tei^i^ed

for Shis second de■te set w^:i.ch can be ex^^Lei^i^r^d as bei^ng

due t^o eit^her or bo-th of tzhe fGl-^c^ai^ng factors: The

pre^<^dLlJ^r^g lar^ge scale c^c^a^r^a^ct^e^r^i^-tics m^Gii^zLes S^he

rffrctL^v^r pressure disSr^i^t^ut^-^c^i t^her^e^by producin^g m^ch

highe:r drag values as t^he domi.nance of Shis C^£^l^r^l^te^e^I^i^■tic

o^<^:r t^he inSre^zie^Y C^c^a^r^l^C:e^r^I^i^•tic becomes comp^tl^^te; or t^he

increase of t^he fr^ee-^s^-reaam R^^^r^c^o-ds nbm^(^]r increases t^he

v^;Lo^;Lt^Y of the frrr-s^■rra^a v^c^•^icrs w^Jich in turr

increesrs t^he fr^e^q^uency of o^<^3^1lat^;^c^i of t^he dynamic

boui^i^iarY layer and w^lke. T^dis incr^eased fI^r^c^uencY of

o^<^C^llee^;^c^n iecreeses t^he skin fri^ct^;^c^nel drag com^<^^^r^r^■^

t^o co^^r^;riebtr er^obnd 44^% of t^he total drag o^c^f^JEicirnt.

Figure 8.4e shows a pressure drag ca;LcULatL^c^n curve fr^o^m

w'^jich t^he preceedi^rg has been deduced.

5). E^Jfect of p^<^c^i^€^£^£^;Lv<elY increasi^ng scale ratios at

high i^nter^zit^Y and R^^y^c^lds num^c^zr.

F^zr c^]^-tain CGmt^eL^^l;iGns of high iiSre^zit^Y and R^^^i^c^lds 

nbmt^e^e^!S, t^he prevzioujslY discussed effect of t^he spread of

t^he high pressures due t^o t^he ieSre^zit^Y can reach t^he

ari^^Les Soaerds t^he front of She sp^^re t^her^^by givi^r^g

tbreblret bou^t^i^zry laYer pressure dLsSr^z^t^bt^:^c^es w ^-SC

corr^r^s^t^oedi^n^g drag values. T^jLs is shown in t^he first set

of resu^LSs in fi^gure 8.5. If on Shis set of resul-Ss is

sbtrrtcsrd the effect of ee iicrrasrd scale

C^c^eI^aCt^rr^i^■tic, Shen She o^c^c^ llat^z^r^g f-^c^a pressure 

dLsSr^z^t^ut^z^c^i (w^^ch w^ien S-^mr-f^3^o^z^e^n gives a tbreblrnt 
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bou]^(^irrY layic fl^o^w) will vary the dIstr^-^i^st^-^c^n to

effehtieelY foi^m a JL-l^£^^1^1 pressure dLstr^;^i^seICc^n^.

The incc^eased amE^rl.t^sd! of os<3c^llat^;^c^n gives an inc?^e^r^s^e^d 

frC^ce^:^c^nal drag h^€^I^J^;Lcient c^r^r^nibutC^on givi^ng f^he high 

^^ag c^e^i^J^iLcient values of 0.636 as indicated by t^he

second set of cesu^^ts. F^i^-fher increese of f^he scale 

?rtI^o t^o values above 2.0 gives a pressure dLstr^;^i^st^:^c^n 

whhLch is agein q^c^rS-ts?iSLeft. T^dCs is beceuse by 

increasC^r^g f^he scale ?rti^o, f^he am^rit^ude of f^he wake 

o^c^O- ;Llrt^I^c^n increases and t^he fi^e^quencY of f^he wake

o^c^c^llat^:^c^n

and f^hec^i^bY

reduces. The comt^bi^c^a-ion of t^hese t^wo fectors 

in a^c^j^'ti^o^n t^o ceducing t^he e^c^i^;icit^Y of ^he shed v^o^'fCces 

t^he drag also casse a nacc^o^w^:? effectI^e^e wake 

t^o be foi^med w^^Cch rei^ne^^c^c^uces t^he q^c^^s.-t^sr^bslent 

presssre dLstr^-^i^st^;^c^t. The redu^'ti^on of the drag 

c^€^ I^ J^:Icient value to 0.606 is therefoce att^1Iil^s^^e^d 

dCrectl^Y t^o t^he pcessure dLstr^:^i^ut^I^c^n e^^cet^:^c^n. T^:^s ne^w

C^c^r^i^a^0t^i^i^;^■tic comt^bi^n^aiion effectC^eel^Y r^educes f^he scale

C^c^rs^a0e^ris^ ■eio dom-nance oee? the infensit^Y

C^c^r^1^r^Ct^r^1^s^■fI^c. Pie'^;Lou^!Y, it has been shown that t^he 

dom3^nence of t^he scale C^£^r^i^a^0e^r^i^I^■tic o^^:r t^he intef^;if^Y

C^c^a^i^a^Ce^i^i^i^'tic is enhanced by 

fi^x^ed comt^bI^c^eti^on of scale and

t^he R^^^r^c^O-ds num^(^:r for a

in-tef^:Lt^Y C^c^^i^a^Oe^i^i^i^'ti^cs,

an increase of ^he scale cati^o for fi^x^ed R^^^r^c^lds num^(^:r

and intif^zie^Y C^ a^ 1^ Ce^ i^ i^ ■tic ^iZLl therefore have t^he

O^J^c^o^s^-te effect as has been shown here.
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The results of fT^gute 8.5 sh^c^w that for a flexed high

R^^^r^n^C-ds sumD^er and t^ur^rul^e^n^ce intes^sit^y t^c^r^r^c^Ct^r^t^i^■tic,

as increase of t^he scale tati^l wL.! in a tur^nL^r^g

p^dLnt in the drag t^€^C^f^;itient values caused by the

int^e^]^<^^^c^r^ge of domi.saste bct^wccn t^he scale and intes^;Lt^y

C^c^r^r^aterri^S^:Lt^.

6). Sum^a^i^y of effects due t^o t^urbu^Lence chj^T^r^cct^e^rs^-^ic

coeeiL^a^tt^(^]^j3.

Fr^c^m t^he rcsu:^ts ob-taT^n^ed, pressure dLstr^z^b^ut^z^c^ns of

sph^^:tes i^mme^erscd in turbulent fC^c^ws have bccn shows t^o

vary depending os the pre^<^ J-li^r^g copprr^r^r;ions cf

tur^ruL^r^nce C^c^l^t^c^tt^r^t^z^■ti^ts. V^i^iLous dLstr^;^r^ut^:^c^ns are

for^mcd ranri^nr fr^c^m q^c^£^i/1am.nar t^o q^c^£^s-/t^ut^rulest

dist^t^:^t^ut^;^c^ns incl^u^di^s^g tomt^rr^e^r:ions of bo-th, depending on

t^he domd-sasce bet^wcen t^he scale and inten^zLt^y C^^^I^c^c^t^t^c? 'Ls-

ti^c^s. A ca;teful st^u^dy of t^hese dLstr^i^r^ut^i^c^ns, tlU]^;Lcd w^-th

the inow^edge of the pte^c^dil-^s^g C^c^a^r^ctt^r^r.s^its

comt^ri^e^r;ion can give a g^i^t^iral indicatL^c^n of t^he resuLt^i^r^r

total drag value.

Thc tcsu^Lts ob-tai^n^ed have isditat^e^d t^he exzist^e^n^ce of

t^ut^ni^n^r p^zTs-ts in t^he att^r^L^r^arle drag values for spi^c^c-fic

t^c^r^r^ctt^-r^-^■^it compri^e^t:ions. The t^ype of tur^nr^s^g p^zTnt

ob^tai^n^ed (maxi^mu^m and m^nL^m^u^m) is dcp<en<^^]^-t on t^he ch<^:tac-

terist^L^c^s, The effect of the R^^^i^c^C-ds su P^c^:' w^zich

g^i^s^e?trolly incteases ^he fr^r^q^uency of t^he fr^ee-^s^-tea^p

w^is'tices and t^het^e^ry t^he o^<^C^llat^:^r^r w^]^<c, w^i^JLd g^i^s^]^<^:Lly

accoui^'t for t^he presence of a t^ur^nr^n^g p^zint b^'t nc-t for
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t^hr sp(^c^j-fic t^ype of t^n^ni^r^g p^;Lnt presect. The scalr

Irt-^c on t^he other band is a m^«^ns by W^dicb t^he sp^c^3-fic

r^Y^pe of t^ur^ci^c^g p^zLct present can be idr^C^zifi^e^d. The t^y^pe

of tlr^ni^c^g p^z^ct can be idri^i^zLfi^rd as: M.nL^el^e for l^c^w

R^^^r^c^lds num^b^r^^, W^ien t^he iccrersi^r^g dom.nance of t^hr

scale C^c^r^l^r^tc^r^l^!^■tic "pi^ishes" t^hr regi^cc of t^lr^bll^e^c^ce

intrc^zit^y icfl^t^e^cce t^c ^hr tI^rnsit^;^c^c p^s^^ti^c^c t^hus

affectz^r^g t^he sep^ra-ti^c^n p^jLct before totalL^Y r^r^m^^^sLng t^he

rffrct of ^he ictrn^zit^y C^c^a^l^rtc^r^l^:^■tic; and mrxL^e^l^m for

high R^5^r^c^]Lds num^b^rs W^<en t^be increasi^c^g scale ratL^c

causes t^he t^lrbuLect boui^(^^:ry layer fl^c^w t^o for^m w^de and

naI^3^o^a effecti^v^e w^]^<rs for varYi^c^g C^c^]^-^c^te^I^l.s■tics

coeebi^o^rtiocs and depecdicg on ^he deg:Iee of ^be scale

C^c^r^l^c^tc^r^l^!^■tic domj.nance o ^(^:i t^he intec^zit^Y C^^^l^^^r^C^(^3^is-

ti^c. A-t^b^c^ugh t^be t^n^ni^r^g p^;^c-ts dLscussed so far have

results e^d fr^c^m an iccrease in scale Irti^o, it is c^-t incon-

ceivable tbat an iccrease ic one of t^he other C^£^a^£^r^t^c^I^is-

ti^cs can also for^m t^ur^cL^c^g p^zints.

Tbe g^i^(^3ral effeot of t^he t^ur^bul^e^nce ictensit^Y, as cbs^<^r-

ved so far, is t^o cause an iccrease in t^he rear pressures.

The regi^on in W^z^cb this rffrct is previ^;Lrct spreads

t^carrds tbe frcnt cf tbe spbere as tbe frrr-£tIrr^e 

tlrbllrct intrn^;Lt^y iccrerses.

Irt-^c on t^he other band, is t^c 

rear pressures achieved by ^he 

The rffrct of the scale

cause a redu^-ti^c^c in t^he

dynamic w^Ike rffrct. The

regi^on in W^s^ch this rffrct is prrv^^Lrct also spreads 

t^ow^^ds ^br froct of ^be sphere "pi^ishi^c^g" forwards t^he 
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regi^oi of inten^zit^y C^c^i^r^c^Ct^r^i^i^-tic inf-^t^e^ice as t^he fr^ee- 

st^c^i^i^m scale iiti^c increases. T^iLs also increases t^he 

im^p^it^ude of wake c^c^t^^Llat^z^c^ns w^h-ch effects ^he v^c^l^;icit^y

of t^he shed v^i^'tL^ces end t^he d-ssi^pat^ed enei^gy. The effect

of iicreasi^ng t^he R^^^r^c^^ds num^<^:r is t^c m^C^d-fY these

effects; eit^iel by ammpi-fyi^ig t^he effect of t^he scale

rati^c t^hus causi^n^g t^he spread of t^he r^e^duced pressures t^o

iicrease, cr by iicreasL^c^g t^he fr^e^quency of t^he wake

o^c^i-ll^itiCc^ns and t^hus affect^i^r^g the effecti^v^e wake size

for^med. The R^^^i^c^Jlds num^t^zr tan be g^i^€^r^c^I.ised as having

t^he effect of iicreasi^n^g t^he domo^nance of t^he scale chi^ira-

ctii^z-sti^c o^^:r t^he iite^^zit^y

8.2. Dr^a^g v^crL^l^tLC<^n ReynoL^d^s r^umb^er*.

N^'ve [1986] has given very d^itail^e^d resu^Lts and cii^^lyses

showing t^he drag c^€^r^d^;Lcient v^3^;Lat:^c^n w^-th R^^^r^c^Jlds

numD(^]i for varyi^i^g fr^ee-^s^-Tream tc^t^bi^r^ltions of scale end

inten^:it^Y t^c^r^r^c^Ct^r^l^-^-tLcs. R^i^p^c^c^L^u^C^:ions of his resuJLts

are pceseited here as fi^gures 8.6, 8.7 end 8.8. B^<^;ause

t^he ^^ese.-t prc^ject was en ex-tensi^oi of t^he w^:rk tondi^(^-ted

by t^he i^e^pr^o deuced graphs are similar t^c t^hose d^iti:r-

m-ned fi^c^m t^he present resu^Lts. As col^d^;ir^m^^ti^oi of this, a

sam^^le of t^he present iesu.ts have been added o.-to these

c^ r^ a^ Ct^ r^ i^ -ti^ c.

fi^gures fi^c^m w^JLch t^he si^iZLn^^ie^y is ob'^zious.

T^(^!se results ton:fi^c^m t^he plev;iou!SlY made a^i^<^:rt-^c^i that

in iicrease in R^^^nc^C.ds num^(^;r als^o forums m^:Kimi and

m-ni^ma of t^he drag j^;icient values, and als^c that t^he 
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cep^lit^udes and R^^^r^c^lds numD«^;r p^s^Jlti^c^ns of ^hese t^ur^ni^r^g

p^din-ts depend on t^he pre^<^^li^r^g toet^il^c^a;ions of t^he scale 

and lnten^:it^y Ct^£^a^c^ate^r^i^;^■eltt. A^c^O^t^c^ir featsre shc^wn is 

that a curva w^-th a fi^x^ed tomt^ii^r^Otion of scale and lct^cc- 

sit^y C^c^o^c^c^te^r^j^l^■eJ^tt ccc  produce upon ictrecsi^c^g ^he

R^^^r^c^C-ds num^c^ir b^-th a mln^-^e^s^m and a m^:xl^ms^m of ^he drag 

c^€^r^d^;itiert. The ’S’ curve effect discussed in chj^j^itcr 1

can be obiser^ved in t^hese fL^gures lcdicct;^r^g a sequence of 

mLni^ea and m^3^:lma for each curve of col^£^tcct C^c^a^^^c^t^^^e^:^s-

tl^c comt^iJ^c^Otl^oni F^;r a fi^x^ed R^^^r^c^C.ds num^t^^r t^he v^Jiidit^y 

of t^he prcvicssly mcde atse:rt^-^^c that m^:^:lea and mLni^mc

can occur w^-th iccrccsc in t^he scale rcti^ct (keepicg ail

ether C^^^a^c^a^tt^r^j^z^■ti^ts col^£^^ecct) can be obiserved here cgcin

tcgcther w.th its dependence on t^hc R^e^^^r^C-ds numDc^ir.

A-t^h^c^ugh t^sr^ci^c^g p^dJfts due t^o an ictrcasc in t^he scale

rati^o can s^zLll be discce^n^ed at ail R^^r^c^C.ds nsm^s^rs,

^^iKima and mlnL^ma due t^o an ictrcasc in t^he ^^5^nc^C.ds

num^^rs occs:r ^^^ly in p^j^-ticaLar R^^^r^c^lds num^c^r regi^ons.

Fr^c^m t^he preceedi^^g dLscussi^o^c it can be stce^e^d that t^here

p^]^■titslcr regi^ons in t^he R^^^r^c^C.ds nse^(^:r r^a^ngr in

w^dich t^sr^ci^n^g p^z^fts are m^c^-^ li^kcly t^o occu :'. B^c^i^use ^he

R^^^r^c^lds nse^(^]r iccrecses t^he fr^e^q^uency of t^he fr^ee-^t^■trcae

v^i^-tices and also t^he domi^nance of t^he scale C^£^a^c^o^t^^^e^:^s-

ti^c e^er t^he irtef^;ie^y C^i^o^c^a^te^r3^i^■eit, ir t^hc ^^e^i^c^^ids

num^c^]? ranges w^e^ire t^ur^ci^r^g p^z^fts occuir, t^he pre^x^z^lz^r^g 

fI^e^c^uenty ratines are ex^<^<^'ted ^o be ssth that t^hey i^r^dsce 

"res^oncnte". T^dls fectsre w^i^ZLd t^hcrcfcre exI^lcic t^he h^i^-t
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tr^cnsf—r res^c^ntnGe eff—ct obiserved by vcn d^:t H^<gge Zijn^en

[1958] for GLr^GULar c^li^neers, for W^JLGh a fr^e^c^senGy ratios

of 2.0 was ssg<^(^£^■tee by H-nze [1959], F^u^Ither a^e^J^^^j^zLs of

t^he v^riat;^c^n of t^he drag w^’th ft^e^quencY tati^s wLLl bs

dLscussee Later in t^he chi^]^^:er)

8.3. Da^r^g v^r^rL^r^^LO^n wi^-^h s^c^a^^^e r^at^z^o.

The -ffect of cn inGr-as- in t^he scal— tati^s on t^he drag,

is ex]^«^<^■tee t^o be eepen<^<^]^•t on t^he R^^^r^c^lds num^c^jt range

of t^h— fr---£^■Ieeaa f1^c^W) T^is, cs hrs been previouslY

discuss^ee, is because of t^h— eependenGe thct t^he sGa1-

tati^o hts on t^he R^^^r^r^lds nsm^(^r) Figs:res 8.9 t^o 8.14 s^o^w

t^he eff—ct of t^he scale tati^o on t^he drag c^€^-^J^;LGi-nt for

varyi^ng R^^^nc^:Les num^c^ir and inte^^;Le^y ch c C r* a c cej r* I. is ■^ic

GOI^ain^aCt^«^]^£S.

Figsre 8.9.

F^:r a

rcnge,

C^e^r^^r^Gt^r^1^l^■ti^G coat^bi^r^rtion of: R^^^r^r^JLds num^^:* 

tne 6.3 x 103;bet^ween 5 x 103 tnd tur^bu1^e^n^G-

inten^iit^y range, bet^ween 13^% and 20%, ^h— high inten^^t^Y

in t^he fr^---^s^•ree^a hrs a csl^£^:Le^:rab1- effect on t^he

a.. .

bos]^<^i^:rY layer Gassing tr^ans^t^z^on t^o OGGsr cnd t^ut^bulent 

drag values t:o be ob■taL^ne^e) The very !.c^w R^^^r^c^C-ds nsm^€^rs 

give a L-C^w Hr^e^gs^-^nGy of wake o^(^c^-LLat^:^c^n cnd, as dLSGsss^^e 

pt—viouslY, this reeuces ^h— -ffeGt-^x^e^n-ss of ^he sGa1- 

tati^s. B^<^iasse of t^he high turbule^nce inten^^Lt^y in t^he 

fr^---^stteeai, it is ob!servee H1^c^a t^he fi^gur— that tn
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increese of f^he scale cati^o has no signzLficant effect on

^he totrl drag, al’^l^c^t^gh at t^he high scale cati^o cange,

there is a sli^ght tendency for the drag values t^o

increese. The sli^ght increese af t^he high scale cati^o

r^a^nge is beoasse t^he lo^w R^^^r^c^O-ds num^e^iis bi'^;in t^o affecf

t^he domi.nence bef^ween t^he scale and intef^:Lt^Y C^i^x^i^c^O^e^iris-

tl^cs. Figure 8.9 v^i^^Lfies t^he ^^ev:ious!Y madi esse;rt;Cc^n

that because f^he deg:?!! of dom.nanoe of ^he scale cati^o

C^c^r^1^e^Ot^e^i^!^■ti^c o^<^;r t^he inten^:Lt^Y C^c^a^i^a^Oe^e^l^s^'fic is inhan-

red by t^he high R^^^i^n^Jids num^e^i^is, af lo^w R^^^i^r^lds num^e^iis

the domZnano! of f^he intef^:ie^Y C^c^a^s^aCe^e^l^z^'tic o^^r t^he

scale C^c^r^s^a^Oe^e^i^!^•tic is m^oii or less total.

FCguri 8.10.

Increasi^t^g f^h! R^^^r^c^]Lds nu^^e^ri ’^o 'e’^wien 1 x l0^ and 1.1

x 10^ .ncreases t^h! domi-nanoe of t^h! sca-! ^^c^r^1^e^oe^r^i^z^•ti^c,

w^zLoh at this sf^a^ge, has t^he t^e^n^dencY of increasi^n^g t^he

ob■fei^t^ed drag values at lo^w and high sce!e cati^os. Thi

risuit^i^r^g iffecf obiserved is that a tur^nC^n^g p^zLnt in t^he

foi^m of a mLnz^^^s^m at a scale ?rtL^o value of acound 1.5 is

foi^med. Af scale latino values g^a^'fer f^han 4, drag values

similar t^o f^he st^a^nderd !emLnar values are ob'feC.r^ed

showing that t^he dom^nence of f^he scale C^c^a^s^a^Oe^e^i^z^'ti^c has

totalis Y f^I^;^ifZ^e^d that of t^he inten^zCf^Y C^c^z^s^a^Oe^i^i^j^-fL^c. A

pressure dLstr^:^i^se^:^c^t sim^;ia? t^o f^he second d^-ta set of 

fi^gure 8.5 is ob’tai^n^id.
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Figure 8.11.

At a G^f^I^r^].ds nbm^<^:r reege of bet^aeen 2.1 x I04 and 3 x

104 t^he effect of t^he scale C^c^l^I^ete^e^r^i^■tic on t^he drag is

e^;iden't ever at very lo^w scale raSi^o values. The curve

ob'^ained indicetrs that t^he t^e^i^deecy for t^he incmse in

scale raSi^o t^o Yield leminer drag values rrsb]Lts in t^he

eqi^j^'^c^ Baer'S of a "l^o^w dem^^ieg" effect of t^he curve. Because

of Shis lo^w dam^^^ing effect, t^he drag values o^c^c^llat^e

ab^i^'t t^he la^miee;r drag values YLeldi^e^g t^ur^ni^r^g p^^r'ts at

scale rati^o velbes of 0.7, 1.5 and 3.2.

An increase of t^he inSee^;Lt^Y r^^rge t^o bet^aeen 18^% and 20^%

(fi^gure 8.12) prodbces a curve Shat now o^<^C^llet^rs ab<^i^^t a

highe:r drag velue. T^3.s curve als^o shows Shat t^he incr^ease

in t^he scale reti^c causes t^he Sur^ni^r^g p^^r-ts of S^he curve

t^o occb:r at closer inSer^vals.

Figure 8.13.

F^;r a hzLghe;r R^^^r^e^]Lds nbm^(^^ r^a^nge of bet^ween 8 x 104 end

8.5 x 104, fi^gbre 8.13 shows tcat a "^«^i^:r c^;LtL^cal damt-

ir^g" effect on She curve is ob^tai^ned w ^-SC t^he curve

o^(^C^llet^:^r^g ab^T^-S a la^mLeer drag value. T^zis eeer

c^;iSi^cal dem^^Leg is indLcet^ed in t^he fi^gure by S^he reduc-

t^^o^n in t^he em^t:Lt^u^de of o^(^j^llat^;^c^e of t^he curve w^'Sh

increase of t^he scale rati^o values. B^<^i^iuse t^he incr^e^^s^e^d

scale rati^o increases t^he emE^tit^bde of S^he wake o^c^ci^iat-

ions, t^he rffecSi^vr wake size is also incr^res^r^d w^zich

rrsb]Lts in a co:rr^r^s^t^oedieg increase of S^he effecSi^v^e drag

vaaue ob■tei^i^r^d. The curve furt^Cer indicates Shat a mexi^m^b^m 
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is IT^kely t^o occur at a scale rrti.l value of around 4.0 

t^her^e^by rivi^s^r drag values that are ap^^;roaching t^he t^he

st^e^ndard la^mLna:r drag c^c^C^J^zLcient value of 0.5.

Im^piz^it in t^he fi^gute, is t^he isdLtatT^r^s that w^'th such

high R^5^i^c^]Lds numt^b^crs, t^he dom3.saste of t^he scale chi^irac-

teristi^t o^<^;r t^he inten^;Tt^y C^c^r^r^r^t€^r^r^i^■tit is such that an

intcn^;it^y range of bct^wcen 3.5^% and 15^% as used in t^he

fi^gure prldutes no v^i^;Lat^L^c^n on t^he curve ob-tai^s^e^d. On t^he

other hand, t^he s-i^s^s^itivit^y of t^he curve t^o v^]^;iat^:^c^ns of

R^^^r^r^OLds nup^e^crs is shows in fi^gure 8.14 w^t^irc t^he R^^^n-

o.ds num^<^:t range is increased to ret^wecn 9 x 1o2 and 1 x
5

10 - . R^cre it is seen that t^he dam^;ing effett os t^he curve

is incr^eas^ed and a maxi^mu^m is sow ob'tai^n^ed at a scale

rati^l value of 3.0 fot w^dLch a very ic^w ap^piLt^ude is

ath;Levcd.

An analo^gy bet^ween t^he N^ssG^C^-t num:^€^:t and t^he drag c^e^-^f^fL-

tiest w^hLch has been discussed in ch^j^ptr:? 4 can be used as

a b^i^;Ts for tom^2^]?;Lng t^he ratT^l ^^]^:iat^;^c^n

w^-th scale rati^l. R^e^s^u-^s of van der R^<^<gc ZLjnen [1958]

shows in fi^gure 8.14a, sh^o^w that tur^ni^n^g p^z^fts ottu:t w-th

inctease in t^he scale rrti^l of t^he N^ss^€^-.t■^r^^^mrer rati^l.

A.^^c^ugh ^hese results are fot heat tt^assfcr fr^c^m a c^:r-

c^^Lar c^^CT^sder w^dLch m^J^ics t^h^e^m of litt^C^r q^e^a^Sj^'^atz^v^c

value, thrzLt q^c^rl^•tatL^v^e value in showisg t^he t^r^^n^d of t^he

effeot of the scale rati^c is enormoius. R.nze [1959]

discussi^ng t^he resuJCts of van d^:r R^<^<ge ZLjncn, asso^;Lat^e^d
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tbr iccIrrsrd N^l£^€^;lt^■^^^l^ebrr rat-^c W-tb rrs^c^caccr

o^<^1^2^;IL^ng bet^ween t^he fr^ee-^^•rraae v^:^t^ex fr^e^c^ueccy and t^he

fr^e^queccY of t^hr shed v^i^rtices. T^dLs is sim^ln t^o t^hr

above ob'taL^ned effects in a q^l^al^itrtL^ve sense.

b^ Sum^c^iry of fOOfcCr.

Fr^c^m t^he graphs shown in fi^gures 8.9 t^o 8.14 t^he fol-^c^wL^c^g

d^<^I^c^i;ions can be m^c^<r:

Ic ^he absecce of fI^ee-^trrr^e tlr^blle^nce, st^r^ndrrd

2) .

drag c^c^f^f^zLcirct values of around 0.5 are

F^;r t^he R^^^i^c^JLds num^c^r r^a^nge

can be cci^j^iLdrred t^c be t^hr

p^^:Lt^-^c^r^". Tbe int^I^c^dlC■tL^cn of

cb■tri^n^ed.

co]^£^;LdeI^ed, this value

"rel^a^xed eql^d-li^t^3ilue

fI^re-^^■reaae t^uI^bul^G^c^ce

causes t^he drag values t^o d^^^d-a-te fr^c^m this e^i^Hib-

r-^i^m p^s^d-t-^c^c by an am^^^l^^t depec(^<^]^’t on the p^e^c^a.-

li^r^g C^e^rl^ctt^e]^!^■tics cceet-^e^r;icc. F^;i a fi^x^rd

R^^^r^c^o-ds num3(^r and t^ur^bul^e^c^ce ictrn^zit^Y ooet^bL^£^a;ioc,

drag c^c^I^d^zLcirct vrlles W-Ll g^i^e^e^^dllY t^nd t^c

increase t^c l^mLna:I drag values W^'th increase

scale Irti^o. T^:^s cc i^i^:is because t^be scde

ce cl ar a c ctj r* r. -s -tic

by higb^:I drag

The irvrls of

of t^he

Irti^c

cause WLd(^:I effecti^v^e w^J^es and

values.

tberr-

t:br pre^f^a.li^r^g R^^nc^o.ds num^(^:r and

1) .

in-tfn^:Lt^Y C^c^a^l^r^tc^r^l^^^■tics d^■teI^eine the deg:Iee by

W^dLcb ^he drag values app:Iorch ^be afor^e^e^]^■ti^c^r^rd

rela^xed eql^d-l:Lt^lii^e p^s^d-tz^c^c. Tbe dom.nrnce of t^hr

high tlr^bllrncr ictrn^iit^y O^c^r^l^r^tc^r^l^!^■tic ov ^:i t^he

scale O^c^r^r^rtc^r^l^-^■tic is very evz-dect at l^c^w R^^^i^c^o.ds

118



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

numt^b^rs w^jith gives l^c^w drag values. Increise of t^he

R^^^r^c^C-ds ium^<^:r enhences t^he iomi.niice of t^he stale

C^c^r^r^c^Ce^r^i^i^'tic o^(^:r t^he intin^;Lt^y C^c^r^c^c^Ce^r^i^i^-tic

givi^i^g iicreased drag t^c^l^j^zLcLints. T^jLs enianted

dom.nante is obiserved in t^he rapid iicrease of t^he

drig values fcr only sl-^git: increases of t^he scale

latic at ic^w scale lati^c values. licrease in t^he

^^e^nc^C-ds num^e^iis increases t^he rate of this drig

increase and reduces t^he scale lat-^c at w^d-th this

iici^eise otti^rs.

3). At su^:ficientl^y high R^^^i^c^C-ds iumt^b^i^iS; t^he effects of

t^he iiten^z-e^y C^e^r^r^c^C^r^i^i^-tic bec^c^me n^c^l^-igible. T^:Ls

is shown by the drag values ap]^:^oithiig t^he rel^a^xed

eq^^3-l;^t^cii^m p^s^j-ti^c^n w^-th o^c^t^llat^z^c^ns of v^;^iable

dam^^^ng. The amp^pzie^u^de of t^hese c^b^i^llat^z^c^ns r^edute

w^-th increase in t^he R^^^r^c^C-ds numob^r iit^c^c^i^uti^i^g en

effect sLm^^lar t^c "^i^C^-tical dam^^-ng" in v-brat-^r^g

syst^e^ms.

8.4. Dra^g vcrL^ct^L^c^n wit^h r^atL^c^.

A relat^:^c^^^s^ii.p has previously been sug<^(^£^-ted bet^ween t^he

drag ^^c^e^j^;Lcient and t^he fl^l^c^ueiCY rati^c. T^jLs lelati^cn-

ship has al^o been prev;Lou!SlY d^-tei^mined by reseirchers ^c

cause res^c^iaite effects of t^he drag values. C^i^-^^s of t^he

drig c^e^i:j^:icient v^]^;Lat^-^c^n w^-th fr^r^q^ueicy lati^c fcr t^he

presii-t lesu^ts are give. ii fi^gures 8.15 and 8.16. T^<ise

fi^gures, sh^c^wn expaiiei in fi^gures 8.15a and 8.16a respec-

ti^v^el^y, sh^c^w t^he presence of resoncite at a fl^i^c^u^e^ncY
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tatis of 8.0 al-^l'^c^L^-h ^he am^ait^uee of this res^ontnce 

reeuces w^-th incr—as— in ^he R^^^r^c^OLds num^c^:' t^o bet^ween 

4.1 x 104 tnd 4.5 x KI4 .c figsr- 8.16. B^-^h figsres sh^c^w 

that at very Lc^w fI^e^c^senGY ratines t^h—r— is a raaie erop in 

t^he drag G^^-^J^;Lci-nt values w^-th very litt^L^e Go;rt^e^s^a^s^nei^n^g

Ghcnge of t^h— f^e^quencY ratines. T^Jis res^c^nance p^s^zitL^c^n

idn^C^zifi^e^d by vtn der H^tgge ZLjnen [1958], HLnze [1959]

cnd N^-ve [1986] is ineicat^ee in fL^—ures 8.151 cnd 8.161 as

p^s^JLtL^c^ns such that w^<en t^he p^]^■^iGULar fI^e^c^u^enGY tati^o is

att^r^:^r^e^d high drag c^€^-^^^:LGieat valu—s, cu-t of

w^'th t^hose for t^he n^«^3^<^i^-t fr^e^c^senGY tati^os, are att^a^z^r^e^d^.

In t^he regi^on w^c^re res^s^ncnGe OG^^^^^s, t^he high scale ratios

values give w^]^(-s of Ici ^-- caE^ai■t^sees cnd 10^w HI^e^c^senGY of

o^c^c^-LLct^:^c^n r-sult^z^r^- in high drag vaLseS) Increase of t^he

fr^e^c^uencY tati^s causes a raaie r-es(^■tL^on in t^h— drag

values as its effect of reeucing t^he effectL^v^e wake

beGomes a^:Leen■t) An inGr-cs- in t^he R^^^i^c^C-ds num^e^;' as

shown in fi^-ure 8.16, shows that this reesGes t^he amaaLLt-

ude cnd increases t^he w^x^e^S-en*^--! of t^he o^c^c^-LLct^:^c^n co^c^r-

ing t^he fr^e^c^s^enGy tatL^o r^c^nge.

8.5. Dr^a^g v^crs^ct^:^c^n wi^l^h b^ot^e s^c^aL^e i^a^L^o a^n^d ^^l^i^buL^l^i^c^e

L^nten^:Lty.

A^c^C^t^<^:r m^^thoe of ani^ZLYsL^c^g t^he -ff-ct of t^he t^sI^t^u1^e^n^ce

ch ci r* a r; cej r* I. is ■tiGS on t^he drag ^^€^-^J^:iGi-nt is t^o obiserve t^he

drag v^]^;iat^;^c^n for p^]^■^iGs1ar Goat^iL^^ations of scale ratios

and tut^bs1^e^nce intensit^y. T^dLs is achievee by aLote;;^r^- 

regL^ons of va:ti^ous drag c^c^-^H^:LGi-nt values for v^i^^at^s^c^ns 
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of t^he scale ration w^'th t^ur^bul^e^nce ictccsit^y. Figuzees 8.17

to 8.24 sh^e^w these v^]^;iat^;^o^rt fee ictrcasi^cg R^^^i^c^Jids 

nsm^s^rsi On t^he graphs are shown p^JLcts and te^■tou:r li^n^cs 

of ccl^£^^ecft drag c^€^e^f^;Ltlentt and alsc shaded rcgi^ccs of

Lc^w drag vclses.

nset^s^rs w^zLch are

F-gure 8.17 shows

Drag c^^^r^f^zLcient vclses are shown by 

100 t^z^mes ^he a^■tucl drag c^€^r^j^;Ltiects.

e
that at a ic^w R^^^r^c^O.ds num^c^zr of 6 x 10

t^he Lc^w drag vclses fail on a li^r^e w^rLch shows a li^rear 

irtreate of scale rati^c w-th tsr^bsl^e^cce intrntit^y.

Iccrecsed drag c^c^e^f^zicient values otcszr at p^£^jLtJ^o^cs of

iccreasi^cg dLst^a^cces fr^c^m this li^c^e. Iccrecsc it t^he

R^r^i^c^]ids nu^^^zr t^o 1 x 10^, as sho^wn .c f.^gure 8.18,

redstes al^c^ng t^he li^ceazrie^Y li^n^c t^he mcxL^ms^m ictcf^zLt^y and 

scale ratine values t^o w^zLch t^he ic^w drag vclue regimens are

att^a^z^r^e^d. The eegiec of the hLghi^i^'t drag c^€^r^J^zitier■tt is 

obiser^ved t^o otts;r at iccr^ecsed t^ur^bul^e^^ce C^£^a^£^c^t^e^j^;^■tit

vclscs. Peo<^ 3^ (Missive ictrccscs in ^he R^^^r^c^lds nsm^€^:r

[fi^gsrcs 8.19 to 8.24] sh^o^w that t^he high drag c^c^r^^zLcient

rcgi^ec apj^c^i^zrs t^o rotate via ^he high scale ratJ^ct t^e

.ow^zr ictcf^zit^y va.ues. a 1 a R^r^i^r^]ids nu^^c^zr of 7 x 10^ as

in fi^gsrc 8.24, t^he high drag c^€^r^J^zLtlect value rcgi^oc

for^ms a li^ceazeit^y rclct;Cc^c^s^ii^p bet^ween t^he scale ratine and 

t^ue^bul^r^^ce ict^ccsie^y^. The l^c^w drag c^c^e^f^zLcicnt regi^on c Is ^o  

roeates via t^he l^c^w scale rcti^ct t^o cel^c^t^r^nrc•tc at high

R^5^r^c^C-ds nsm^s^rs ^o ^^;iy t^he L^c^w scale ration values.
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T^ese fi^gs?es sho^w that for a given combiI^t^e;i^on of

t^ur^bulence C^c^r^1^e^0t^r^i^-^^ics, t^he vaiYi^^g rorc^e^s^E^o^ndi^^g dcag

h^€^l^J^:Lcient values ran bi ide^leii^z^c^c^.

8.6. PredLct^z^c^s o^f d^r^e^g c^oeffd^c^z^c^s^t;.

The r1!C!!ding m^lthods discussed isolate and a^<^(^2^’facn t^he

i^m^<^o^'tanoe of t^he CndivCdua! h^c^a^i^e^0f^r^1^s^'tics in ^^•fec^mln-

ing ^he drag h^€^f^J^;Lcifnt of t^he sph(^:?e. ALt^h^o^ugh t^he

e^2^;iet^L^c^n of t^he drag h^€^l^J^;Lcient w^-fh t^hese C^£^e^1^e^0^€^I^is-

ti^cs has been isolae^r^d, a m^Ithod by w^jLoh ^he pred;Lct:^c^n

of f^he drag h^€^l^J^:icient fi^o^m f^he know:^edge of f^uc^bul^e^nce

O^c^r^1^aCe^I1^z^’tics has as Y^'t no-f biin provided. A m^ithod

w^z^oh ran be used t^o pre^jLct t^he drag h^^^r^J^;Lciift has biin

^^zcI^ved and discussed in t^he fol-^c^wi^ng sectz^o^n^.

Fr^o^m a comt^bi^^aiion of t^he fi^i^c^uinry ratC^o, R^^^r^c^O.ds num^(^;r

and t^ui^bul^e^^ce intensit^y, a rcod^<^•t func^-fi^on is ob’tai^r^ed

w^JLch is !q^ir! t^o t^he produt^-f F.R. x Ri x I. Thi e^]^;Leti^c^n

of t^he drag c^€^I^J^:Lcieft w.th this p?odu<^‘t func^-fi^on is

given in fi^gure 8.25. A total of o^^r 2,000 da-ta p^dCnts

are incl^s^ded in this fi^gsre risuLt;^n^g in w^<^‘t ap]^(^i^;?s t^o

be a dLs-tinct t^s^e^n^d. A^nrl^£^;Is of these ti^e^n^ds shows that

CndCvi^dua! cu^vis e^d^i^-t w^JLrh ace depij^*^^!^'’ on f^he scale

ratC^c^. Figure 8.25e shows t^he e^‘^ract;e^d csrve for a scale

?rti^o of 0.1. Thi curve for this lo^w sce!e catl^o is

sCm^lac t^o a eLbrat;LC^ns curve w^-fh a very high dam^^Ing

fector. The drag values increase vicy rerid!y t^o a la^minac

drag c^e^f j^:Lciift value of 0.5, for^ming a piak at a very

l^o^w func^-fi^on valui, before gcad^c^lly ceduring af very high

122



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

prod^<^-t fbe^■ti^c^n values. Increesi^i^g t^Ce scale rati^o t^o a

value of 0.5 as shown if fi^gure 8.25b gives a curve w^-th a 

high emp^tit^bde peak w^zLch occi^:rs at an even aoa^:r produ<^-t 

fur(^’tion value and is m^ch "shj^;rper". F^3?-the:r increases in 

t^Ce scale raSi^o t^o 1.5, 3.2 and gm-ter t^hen 4.0, as shown 

in fi^gures 8.25c, 8.25d and 8.25e rrst^<^^tivrlY shows t^he 

t^r^r^e^d of peaks becoming pro^3^<^!^^ivelY she:rte:r, ^^(^i^nri^r^g

at higher drag I^€^r^i^;iciret values, and at

fbn<^^ti^c^n values. The g^j^c^ral t^r^^r^d of all

Iow ^:! trGdu(^■t

t^hese rrsb:LSs

can tCrrrfcr^r be seer as being similar t^o a redu^’ti^o^n in

S^he dam^^Leg factor of a vLereSL^c^ns curve.

The preceedi^n^g graphs t^herefore give a d^s'ti^nct m^ithod by

w^:^cC t^he drag ^^;Lciret of a sphere car be predict^e^d

fr^o^m t^Ce knowledge of t^he fr^ee-^s^-reaam S^ur^bulr^ece c^«^i^i^<^ite-

rist^i^c^s w^'Sh gree■t accbracy. With t^he prev;LOuslY m^e^rti^oned

simlarit^Y t^o a viereSi^c^ns curve, an aneaogY can be dr^a^wn

beS^aeen t^he se:ries of graphs of fi^gure 8.25 and t^he gra^ph

of a forced viereSi^c^n w^'th a rotate :^r^g unbi^;Lenced m^iss as

given by Thomson [1981]. The eql^^^^ti^Gn ^^;ri^v^ed by Thomson

for Shis forced viereti^c^n w ^-SC an o^^t-of-^eel^l^i^ce is as 

fGl-^c^as:-

MX

me (d - k2)2 + (2ZK)2)0-5

and K (w / wn)

w^€^:^e is t^he m^jss of S^he syst^^mM

X t^he amE^tit:^bde of o^c^c^^Llat^z^c^n
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Thc

be:

The

and

analo^gy

and

mass out-^o^^-^r^alli^r^c^em t^h^e

e t^^e

w t^he

wn t;^e

Z t^^e

nat^ur^aC- f^:^<^c^L^e^r^t^Y

d^a^mpi^r^g f^a^ct^or..

dra^ws

MX

mc

eccn^n^tricT^t^y c^f cut^-^c^j--l^ccrsI^c^e

c^f cstiC^l^£^■ti^n

bet^ween ^he t^wo syst^e^ms w^i^ld t^herefcr^e

eqi^J^'^<^:Lest

eq^3^'^<^:Les-t

eq^j^'^«^]Les-t

t^c

t^c

t^c

t^wo ratL^ls int^:^c^c^u^ced in t^he

c^€^C^f^;Ltiest ra■ti^l and the prcdu<^'t

t^e^r^ms are ^^fi^n^ed as fol^l^c^ws:

a) Drag t^^^C^J^;Tticst

diciest t^o t^hc

t^c w^z^ch t^he drag

fus<^-ti^^n

Cd rati^l

prod^<^'t fust^-ti^on

ratT^l

t^he inve;rse of t^he

scale ra■ti^l

analogy are t^he drag

func^-tr^on rati^l. T^<esc

rrti^l: R^atio of ^he actual drag

ap]^;ro^;im^-tc drag c^^^C^f^zLciest value

t^€^C^f^;Tticsts t^e^nd at high prcdu<^'t

values - 0.4.

b) Ptodi^c^-t fun<^'ti^cn rrtr^l: R^atic of ^he ^^-tual prcduc^-t

K

Z

fust^-ti^on t^o t^he prod^c^-t fus<^■tT^l^n value at w^dLch m^c^'t

of t^he peaks occu :? at high scale tatL^o values - 100.

A reprcduc^'ti^c^n of fr^gute 8.25 is shows in fT^gure 8.26 bu't 

w^'th t^he afot^e^m^i^-^i^c^ncd rati^cs used for ^he axes inst^e^^d.
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U^zing t^he e^i^I-lable dc-ta, the^t^i^c^ttical drag c^€^i^d^:Lcient

rati^cs tan be ob’^ai^n^ed usi^n^g t^he eqi^c^Itioi d^Lri^ved by

Thomson t^c give t^he series of curves shown in fi^gure

8.26a. T^(^!sr turves are agi^;in depen(^<^i^'t on t^he scale rati^c

in e^he sa^me m^r^r^(^r as has been prev;iou!sly disc^uss^e^i.

To tom^<^iie t^he accuracy w.th w^zLth t^he eqi^c^lei^ci tan be

used t^c pre^:Lct t^he drag c^e^l^j^;icient; a graph of t^he

a^'tual drag J^;icient lati^c c^^r t^he the^i^c^itical drag

c^€^e^ j^;icient rati^c e^‘^^Li!^'t t^he func^'ti^c^i lati^c is give. in

fi^gure 8.26b. T^JLs graph shows very good agreem^i^-t fcr

fui<^^ti^c^i latinos grei^^eer t^han 1.0 w^dith to:ii^e^£^p^oids t^o t^he

peak p^s^JLt-^c^ns in fi^gure 8.25. F^;r fui<^‘ti^ci lati^c values

less t^han 1.0 t^he agreem^i^-^ is ict as good because of t^he

iLfj^e^c^e^r^ce in app:roath t^o ^he peak p^s^diti^c^is of t^he cftual

results tom^<^^^ed t^c the tie^3^(^e;ical results. A furt^ier

les'tii^ct-Cc^n t^c t^he tom^pa^^-son is fcr scale lati^c values

less t^h^ii 0.6 for w^dith Inhere is also po<^:r agreem^j^-t.

WL:^. t^he li^mLtat^z^c^ns of a scale lati^c grea-ter ^han 0.6

and proi^<^■t fui<^-ti^ons grii^-trr t^h^an 100, this eqi^c^dei^on tan

be used t^o preddict t^he cb-tai^n^ed drag t^e^r^d^zLcient tc an

accuracy of + 20%, w^dith tom^'^ned t^c the present aci^i^r-

atzies in d^-ter^miii^n^g t^he drag t^e^e^d^iicients is actei^dtable.

The im^l^icati^c^n of this analogy e^l^^Lie^i t^o t^he drag co<^:f-

ficiint v^3^:iat:^c^n of a sphere tan be t^a^ken t^c be as

foll^c^ws:
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Tbe tlrbllrnt fl^c^w fiel^d sets up an rffrctL^v^r o^u^-o;^- 

brlr^nce effect probably due t^o t^he o^<^j^;llrt^:^r^g wake W^dLcb 

varies ^he m^a^r^r^-tude of t^hr drag com^c^c^e^i^lt. T^iLs o^C;-cf- 

balr^nce v^:rirs W^'th t^he coet^bL^c^rtion of t^be O^c^r^l^a^tc^r^r^!^■tics 

given by

icten^;Lt^Y

of curves

^hr fr^e^q^lencY ratL^o, free-s^■Irrae t^lr^bll^€^n^ce 

and fr^ee^s^■Iecae R^5^r^c^C.ds num:^€^:I t^c give a series

dep*en(^<^i^-t on t^he scale rati^o. At a given prod^(^-t

func^-^L^on, W^dLcb is eQi^j^'^t^^lect t^c t^he rati^o of t^he fr^e^Quen-

cy of t^br sphere o^<^i.lL^rC^;^c^ns caused by t^br wake t^c its

c^-^ural fI^e^c^uenoy, res^onanoe W^ll oocu;I W^'th it^s p^s^j-t-^c^c

and am^tlLt^l^de dftel^einrd by t^hr m^a^^l^£^<^^;Le size of t^hr

fr^ee-^^■rrcae v^i^'ti^ces. A^ l^c^w scale Irti^os, W^<ec t^he effect

of ^hr wake o^c^i^llat^:^c^ns is c^c^liigiblr, tbrrr is no

res^cnance rffrct at ail, bl■t W^-th iccrease ic t^hr scale

Irt-^c and bence t^br am^pit^ude of t^hr wake o^c^i-llrt;cc^cs,

t^hr drag at W^JLcb ^hr tlr^cL^cg p^:^ct (res^c^nance) ccdirs

iccreases and varies W^'th t^he O^c^r^r^cte^rr^-^^tic coet^bi^^^^tion

at W^JLcb it occi^zrs. N^C;ed ic ^he fi^gurr alsc is tbat

al-^t^c^L^gb W^ec t^he drag ^^s va;Ii^ed W^-th individual

e^;isti^cs b^-th m^:^;ima and m-nL^er w^^re cb^tai^crd, ^hr drag

cb^^3^i^<^i:-

v^l^;Lrt:^c^n W-th t^he prodK^-t fucc^-t-^c^c fcr a fi^xed scale

Irti^o forums ^^;Ly a single maxi^mu^m.

To enab^Le coeE^pa^isons of fi^glre 8.26b tc be made W.th 

rrsl]lts of previ^ous researchr:IS, t^he t^ur^bul^nce ict^ecsit^y^,

R^^^r^c^o.ds num^(^]? and m^r^c^(^£^(^^^;Le of t^uI^bul^e^nce C^c^r^c^r^t^t^I^:is- 

ti^cs tcgetber W-th ^he fr^e^c^lrncY Irt-^c and ^he drag 

c^€^I^f^;icirct all need t^c be known. A lL^^^I^3^r^i^lI^e survey 

126



 

 

 

 

 

Gon(^l^c^■^ed faiL^-e t^o reveal p^U^l1LCctL^c^ns cor^CeainL^n^g CLL t^he 

infor^m^'tL^on n-<^<^issa^Y t^o make this com^a^r^;Lson p^£^^;Lb1-)

C^o^aacI.sons of t^he indivi^dsa1 G^£^r^I^cGt^-1^L^■tiGS w^zLch

GsLmLna■tee in this fi^-ure have bssn made in t^he preGeeei^c^g 

sectL^c^ns cnd htvs bssn Hosne t^o tg:ree eit^h—r in values or 

in t^1^e^n^es w^-th t^he p^l^].is^h^ee t-ss:1tS)
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Ctt^:PTER 9.

Fro^m t^he en^^lY!^;Ls of t^he resul-Ss on t^Ce rffrcts of t^he

m^a^c^r^s^c^i^^le of Sur^bule^nce on t^Ce total drag of a stCl^;re,

t^he fol-^c^ai^eg col^c^JLusi^oes can be dra^wn:

1). The SoSal drag c^€^f^d^:Lciret of a sphere for any given

coi^c^i^'ti^on is dep<^^<^<^i^^ on S^he pre^^^jLlL^i^g S^uI^bul^e^e^ce

I^c^l^r^l^tt^r^r^!^■tics comt^eL^r^ltiGe. The C^c^l^r^l^tt^r^r^!^■tics w^c^ise

cGmt^ei^r^l:iGn is of im^^^c?■tence in Shis rrstrct are: t^he

Sureulence ietresit^Y; and t^he m^a^c^r^s^c^i^;!! of t^ur^bul^^i^ce.

The fr^ee-^s^'teai^m R^^^r^r^C-ds is also im^t^c^rtee■t becabse

of its inf;^l^r^nce on t^Ce I^c^l^r^ate^rI^i^■tics domi.eaece for a

giver C^c^a^r^l^tt^e^r^!^^tics comt^ei^£^^ti^c^n.

The effects of t^Ce individbel C^c^l^r^ate^rr^i^■tics and t^Ce

R^^^r^c^Olds nbm^(^;r on t^he total drag c<^e^r: J^;iciret can be

sum^ae^ized as fol^;^c^as:

a). T^irb^^Lence ieSresit^Y: T^JIs causes m^'^;ing t^o occur

bet^ween S^he fas-t fL^c^aieg high erer^gy fr^ee-^s^-reaam and t^he

sL^c^w fL^c^aing ic^w energy boi^]^<^,^;ry laYer. By recei^vi^r^g

erer^gy fr^c^m t^he fr^ee-^s^-teaam fL^c^w, t^he boui^c^i^ry layer f;^c^w

increesrs its energy and reszists t^he ad'^t^irse pressure

gradzier't ar^ound S^he sph^:re. T^dis causes tr^ensit^:^c^n fr^o^m a

lemLner t^o a tbreblret b^^^i^^ry layer t^o t^^ke tlece

e^n^^Lier t^hen usual and for t^Ce set‘^3re•ti^c^n p^irt of t^he

boui^di^:ry laYer fr^c^m t^he sthere ^o be dela^yed. G^e^s^b■ti^i^g 

fr^c^m Shis is a CigCer energy recovery and nerr^c^aer wake 

givi^i^g a r^educed drag c^€^r^f^:Lcieet. 
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b) . Mct^c^e^t^^^;Le of t^ur^bul^e^tce: T^dis C^c^a^e^o^te^e^j^l^■tit, depen-

ding on it^s size com^t^aeed t^o that of t^he sph(^:re diam^iter,,

ice^]^oc^sces a dynamic boul^(^^;rY layer w.th an e^(^t.llct;i^^r

w^]ke. It it^s sim^p^L^i^'t for^m, this C^^cc^ate^r j^l^■tit can be

tol^^^;lder^ed as t^w^-dim^i^£^:^onial and f^r^-i^l^i:e:rcc■ti^v^e. At ic^w

scc Ic rcei^c vclses, (m^c^t^c^£^^icle of tsr^bule^tte t^o sphere

dicm^eter ratl^o) t^he effects of this C^c^a^e^c^te^e^3^^^•tlt are

f^c^n^iLgible, al-^l^c^L^gh an itcrecse it t^he R^^^r^c^C.ds nsm^s^ees

w^^l enhance t^hesc effects. At high scale rati^c valses,

this C^c^a^c^c^te^e^r^i^■tit foI^es a dynamic pressure dist^e^-^S^se^:^o^t

and an e^c^i^JLlae^z^r^g w^lke w^Jich, depend;ing on t^he fe^e^c^s^c^nty

of e^<^t^llot^;^c^r, w-Ll vary t^he size of t^he effectiv^e wake

and t^her^e^by vary ^he drag. The effect of this c^c^a^e^a^c^t^e^is-

tJ^c Of a "free sphere" it a tsrbuLrft fl^c^w flrl^d w^i^:id be 

t^o cause it to c^c^t^;Llate it t^he v^3^^tltol (or h^n^zizo^ital)

pla^ne becasse of ^he presence of a vcrYL^^g lift

rcssLe^:^r^g fI^c^e ^he resolsti^o^n of t^he force com^<^o^€^l^^ti U^of

cv<^;rcging, this lift com^c^o^r^i^-t ca^<^(^;Ls e^-t, or it t^he case

of a fr^ee sph^;re, it w^i^:Ld e^c^i^JLlat^c ab^^i^-fc a fi^x^ed li^r^e.

c) . R^^^i^c^lds nsm^s^r: The v^^Le^zity of t^he fr^ee-^^■■trcae v^ir-

tl^t^et tegc-thcr w^-th t^he fI^e^c^uetty of e^c^llat^:^c^n of t^he

w^]^<es that ^hey produce arc affcct^e^d by chatges it this

C^c^a^c^o^te^e^j^l^■ti^t. T^dis causes a dependence to develop

bet^ween t^hc effects of ^he scale C^i^ae^att^rr^is■tit and t^he

pre^«^JLl-^r^g R^5^r^c^C.ds nsm^€^:r. F^:r a given coet^ii^c^O:ion of

tur^bul^r^nce C^c^o^c^c^tt^r^j^!^■ti^ts, t^he R^^^r^c^C-ds fsm^€^:r enhances 

t^he doei.nafce of ^he effects of ^he scale C^c^a^e^o^te^e^r^-^■tit 
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o^<^:r f^hosi of t^he intef^;Lt^y C^£^r^1^c^0e^r^1^zstic.

A ?flatOc^r^s^hi^r has been found ^o e^JLst bef^ween t^he drag

c^€^ f^ j^zLciert and a rrodu(^t fun^'ti^on co^pr1.sL^t^g t^he

fr^^quinry ?rti^o, t^he R^^^r^c^^^ds numD(^:r and t^he turbulence

intensit^y. T^dls ?elaeIOc^n^s^hi^r forums a series of curves

defi^ned u^;iqu!!Y on;iY by f^he scale latino w^dCch has f^he

iffict of causi^n^g an incr^eased dam^^Ing w^'fh d^<^:?ease in

t^he scale ?rtI^o. Thi simi.arie:Y of this relatzOc^t^s^hi^r f^o

that of a sf^r^cda?^d "^v^t^-of-ba!a^nc! rofat^:^r^g m^iss" eLb?e-

^Z^o^cs curve, ecab^led f^he sami eqi^j^iti^oc f^o be used and was

found to give a good agreem^i^-t bef^ween the ea!ues

ce:lcu!et^e^d fi^o^m t^he iqi^i^^i^on and t^he exj^f^j^im^r^n^a;! values

w^'thcc li^mCts. The IL^m^-ts w^'thcc w^zIoh this rel^etcOc^n^s^hi^r

maY t^hus be usid are: a scale ?rtI^o value gr^^-ter t^h^an

0.6; and a func^-fi^on rati^o gru^^ter t^h^an w^;Lt^Y«

2). Thi dynamiLo pcessure dLstr^;^e^ue^;^c^ns rassed by f^he scale

h^c^r^1^a^0e^r^S^s^■tio have been sh^o^wn fi^o^m presssr! drag ca;lcu;Le-

t^C^o^ns f^o increase f^he p^:rr!ntag! c^I^r^;?cbsti^o^n of t^he fcic-

tC^o^n drag t^o f^he total drag. A^l^(^nbech [1972] w^2^]^;ing with

turbuLeno<^-fr^ee fi^o^ws d^-tei^mcned maxi^mu^m skin f?i^ct^I^c^t

^^ag cor^t^]icbutC^c^ns of n^'t m^ori f^han 12.5^%. Presen-f ress:Lts

have shown that ^he effehts of f^he scale ^^c^a^1^r^C^e^1^!^■tic

ran increase t^he skin fri^ot^;^c^n drag c^l^C^:?ibutC^c^ns t^o o^<^:r

40^%. G^i^C!1^]-!y , ^he ifZti^rlL^Y madi asse;rt^:^c^n that f^he

e^]^;LetZ^c^n in t^he pressure dLstr^I^e^st^I^c^ns should have a 

ro;??^e^s^r^onding drag e^2^;Iaf^;^c^n was sho^wn f^o bi c^i^irect.
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3) . R^is^i^ascc, isLtirll^Y obiscr^vcd by van d^:t R^<^<ge Z^jn^cn

[1958] who was w^^riing on the hra-t tr^ansfer fr^c^m

c^ZCinders, has been sh^c^wn t^c ottu:t in t^he drag t^€^C^f^;iciest

values of ^he presen-t rcsu^Lts. In v^]^;iat;Lr^ns bet^wecn t^he

drag c^^^C^f^;Lti-nt and ^he fr^^quency ratr^o, res^c^nance was

found t^c ottur repea’tably at a fr^r^c^ucnty ta■ti^l of 8.0. The

amp^lz^t^udc of this res^onancc was obssct^vcd t^o bc depen^^i^i^'t

on t^he prc^^^JLli^s^r R^^^r^c^C-ds sum^€^;r. T^s^s can bc shown fr^c^m

t^he resu].ts of t^he drag v^3^:La^L^c^n w^’th t^hc R^^^r^n^C-ds sum^(^:r

that o^ly so^me regi^ons of t^he R^^^i^c^lds sum^(^]r are prone t^o

having ^ur^si^n^g p^zis-ts.

4) . R^e^v^^'ts fr^c^m t^hr dynaPLc tcst^:^r^g have shows that

effects of as individual vc^t^ex is prev<^;Lent o^<^;r t^he 

sphere for a p^;ri^od w^dTch can be deter^mised fr^c^m v^irtex 

size and v^:Co^;Lt^y. T^;^s showed that individual v^c^■tites 

can bc id-]^r^;TfL^e^d as t^hcy passed ^he sph(^;tc, w^dLch furt^her 

enhan^ces t^he asse:rt^:Cc^n that as n^<^C^llat^:^r^r w^^ke is for^med

by v^n^rti-ces and that a n^r^--^z^Ste;rac'tT^ve of t^he fr^ee/

v^l^■ti^tes (such as that discussed in ch^]p1ter 4)

fully d^!^(^:ri^r^ed t^he a^-tual sit^u^at^z^c^n^.
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further  W^l^K.

W^rk t^o be Gr]:ri-d ou't cs an extensi^on of ^he pr—s—nt 

pIs;jeGt is ssg^(^!^t-e to aroceee it th- fol-^c^wL^cg 

dLrect^z^c^n, w^-th t^he ai^a of iGh;ievL^n^— t^he tesu^^ts disGsss^ee 

bsl^c^w.

1). F^]^-ther stctistL^Gr! a^e^d^^^s^zLs of t^he eYnamLG r-suJlts

ob^taL^nee is IL^k—lY t^o give a gi—i^-ter insight int^o t^he

dYncmLc behi^'^;iour of ^h— lay—rs and t^hebo^]^(^j^;ry

w^lks. B^(^iasse of t^h— way that ^h-s- results w^:^e

t^a^ken - ineivi^esr1 t^a^aaL^n^— h^;L-s recot^eee tctalL^y

ine-a-n<^^I^rt1Y - t^h— d^'ta wLLl have t^o be ana1Ysee

in such a m^r^t^c^r t^hat: -it^h-r t^he start^;^r^— p^din’t of

t^he ineivi^esa1 tesun-ts is e^■te1^ainee; or t^he t-^me

p^E^iLti^c^ns of t^he individsa1 ress]Lts ccn be ider^t^;--

fi^e^d. T^dLs w-LL icvolv— a Lot of stctist-^crl

a^«^i.y!^zLs, bu't ^i-Ll —iv— a GLert pLctute of th—

dYncmLc beh^'^zLou;* of ^he ptessur— eistI^;^l^st^:^c^c^) An

alt^-r^natL^v^- t^o this m^^thoe is t^o Gond1^<^■t an<^ith^:r set

of ex^f^^rim^i^’ts usi^n^g a single hoL^^c^w sphere w.th 33

pr—ssur— t^1^c^c^s^esG-rs a^£^;it::^c^t^-e as fol-^c^ws: Ore at

t^he ftoct sta—cr-tL^c^c p^dLct, four at 45° HI^c^a t^he

fr^ont s^a^-ncti^c^n p^zLct b^-t at 90^° t^o each other, cnd

this repeat^ee at t^he 90°, 100*°, 110°, 125*°, 140°

and 155° p^s^zitL^s^cs. U^zLng pressur- t1^c^c^^euG-rs w-th

coi^i^t^s^ctin- l-ads sm^l.1 enosgh t^o enab^Le t^h— leads

HI^c^a cLL 33 tI^r^ns^dsG-rs t^o pass t^h1^c^s^gh the hoLL^c^w

stL^r^g w^ii^ist still m aii^CtainL^c^— th- tequii^e^d

132



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

se^;^^^g/^£^p^iere diam^Iter rat-^c, wi-l enab;Le t^he pressure

tc?I^is^iucers to be stanned sim^i.taneously usi^n^g t^he

d^-ta logger. T^JLs wi-l give an acci^rate pict^ur^e of

t^he iise^i^r^'^(^r^e^c^us prissuri dLsti^;^b^ut^;^c^ns and t^he

torr^e^s^p^onding drag.

A^c^c^c^s^-^ t^he ob£^<^]^'^<^iti^ons ex^<^<^‘ted fi^c^m t^hese risuJLts

is a cci^C^^-r^m^-^i^ci of an essi:rt:^c^n made by A^l^(^nbath

[1974] thet v^ntex sheiiiig fi^c^m a sphere occu:rs a

resuOLts are

t^hi dynamit

it^self rotates ai^ound

al^o exj^i^c^-ted t^o sh^c^w

t^hi sph<^;ie. T^ese

rn^cie

behi^'^:Lour of t^he wake and

IL^r^k bet^ween t^he iist^c^c^t^c^r^e^ous pressure

and t^he inst^i^i^t^c^r^e^ous drag.

col^c^]^^^^^;ivelY

t^he disti^nct

dist^ i^-^ b^ut^ c^n

2). In t^he developm^i^'t of m^Iehods for t^he pre^:LceL^c^n of

t^he pie^t^jLlL^r^g drag c^€^e^j^;Lciints for known t^ur^bul^e^ice

t^c^r^r^c^Ce^r^i^z^’tic coi^mbi^nit^z^i^cs, t^here are t^wo m^zLn w^^ys

t^o proceed: first^L^y, t^o furt^her di'^elop a such

as t^he sphere drag t^j^rt shown in fi^gure FL; lid

setondly, t^o di'^elop a sim-Lar cht^]^': t^o fi^gure FL b^-t

p^dint w^z^th

w^-th variables based on t^he fr^^q^ueicy spect^:^i^m aid

no’t g^id dim^i^£^:ions.

S^l^<^;re drag chi^i^lt.

The spiire drag chi^re of figure FL, shows ehi drag 

v^]^;-at^;^c^i w^'th t^he tui^bule^ice t^c^r^r^c^Ce^r^i^i^-ti^cs based on t^he 

grid dim^r^j^ions. T^<^ise v^3^:iat^:^c^is on t^he four axes are: 

a). The drag c^^^l^j^;-cient; Cd [left Y^c^s^i^zs].
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b) . Tbe

c) • Tbe

d) . Tbe

W^b^re

inten^;Lt^Y fuc<^■^i^on, I(M^/bb) [bot^‘^<^m Xc^2^x^!s].

v^;io^:Lt^Y fln<^■ti^on, (Rib) [ri^gbt Y-^j^xis].

scale fuct^-ti^oc, (L^y/b) [t^op Xc^j^i^is].

is t^be t^ur^bul^e^nce icten^zit^Y as a percent^a^ge

is t^he grid m^isb length

is t^he t^uncrl W^i^'tb

is t^he grid s Ic T W^-^-tb

and Reb is t^he num^€^:r based on t^he gri^d slct

M

H

b

^^nd

W^-^-tb.

Tbe ai^m of this drag cb<^3^-t is t^o prr^j-ft C^be drag

ciect values t^o be ex^<^<^‘ted fr^c^m a trst ri^g of kcowc wind

tlcnrl and grid dim^i^£^:ions. F^i^'tbrr a^c^i^'ti^c^ns t^c this

c^<^]^-t are s^;ill requ;Lr^e^d, t^c incl^u^de rrs^lts fr^c^m

m^f^r-s cond^<^-ted ic wind tlcc^;ls and grids of varyL^n^g

dim^i^jsion cceeiL^c^rtiocs so tbat a m^cre g^j^e^e^r^Jli^e^d c^<^rt

may be cb'tai^n^ed. Tbe curves shown are of ccl^£^^tact scale

and v^;io^;Lt^Y flc<^■tL^ccs as cb'tai^crd fr^c^m ^be presect

Ifsllts. A-T^b^c^ugb ^be a^•tlal dcta p^:^c-ts are no-t shown,

errcrs of up t^o 15^% ob'taL^c^ed.

A similar based on t^be spect^:^^^e of t^hr tlr^bll^f^cce

firl^d w^x^^^d a^£^:^s-t T^hose researchers usi^ng t^ur^bul^r^c^ce fl^c^w

fi^rl^ds tbat are g^i^c^rated in m^j^ns other t^ban by gri^ds in

t^he drag c^€^f^J^:Lcient pIed:Lcti^c^cs of tbrzir va:ri^ous a^J^p^-ica-

t^L^c^cs .
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Fig. 5.1 D^^taCled sphece ee■eoch^m!nts^.

Fig. 5.2 Schematzc view of r?obe.
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c L % >f c < x n ^ c- < e fio m V ‘ Cl.





 

 

 

and

Pressure distribution.

Figure 8.1 Effect of istteasisg Reynolds number at low scale ratio values. I; 2% to 
5%: LVe^; 01to 0.3.

<> 1st data set: Rc; 15000 to 20000 : Cd; 0.329. .
A 2nd data set: Rc; 95000 to 120000 : Cd; 0.345.

____F^j^g^e R^<;; : C^d ;
Rc; 42400(0: Cd; 0.143.

Pressure Drag Caiculations.

Figure 8]1t Pressure drag talculatinn for thc sctnnd data set of figure 8.1. 
____Fagc [19^37]: Laminar pressure disttirutinn.



 
 

 

 

 
 

Pressure distribution.

0 
A

Fiiurf 8.2 Effect of LncreasLcg tuIbulence intensit- at low scale Irtios and 
Reynolds number^s. Re; 15000 to 20000: Lx/d; 0.1 to 0.3.
1st data set: I; 2% to 5% : Cd; 0.329.
2nd data set: I; 12% to 14% : Cd; 0.328.

Pressure distribution.

Angle (deg)

0 
A
x

Fliurf 8.3 Effect of progre^ssively Lncreasing scale raTio for low Reynolds cumber 
and medium turbulence intensity values. Re; 15000 to 2C(^(^(C 1; 9% to 15%. 
1st data set: Lx/d; 0.1 to 0.3 : Cd; 0.328.
2nd data set: Lx/d; 0.5 to 0.6 : Cd; 0.353.
3Id data set: Lx^d; 1.5 to 3.0 : Cd; 0.486.



 

Pressure Drag Calculations.

Figure 8.3a Ptessure drcg Gc!GlslatLon fot the thitd dcta set of figi^;re 8.3. 
____ Fcge [19^37]: Laminat ptessute eistribution^)
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Fig. 8.3b Sugg<estri wake ieeelopm^l^C■t



Dynamic pressure variation.
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Ftgure 8.3 c DYcamir pcessuci ve?ietioc at a pressuri tepping hole angled at 0°.

Dynamic pressure variation.
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Figure 8.3d Dyfemir prissuce verietioc at a prissuri tepping hole angled at 155°.



 

 
 

 

 

Pressure distribution.

Angle (deg)

Figure 8.4 Effect of incteesing Geynolds numbers for medium tutbulence intensity 
and high scale ratios. I; 8% to 10%: Lx/d; 1.5 to 3.0.

0 1sS dete set: Re; 15222 to 22222 : Cd; 0.486.
A 2nd dete set: Re; 52000 to 122022 : Cd; 0.782.

CD 
CM 
c
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Angle (rad)

Pressure Drag Calculations.
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Figure 8.4a Ptessure drag celclbletion for the second dete set of figure 8.4. 
____Fage [19^37]: Leminer ptessure distribution.



 

Pressure distribution.

Re; 50000 to 800(^(^: 1; 14% to 19%. 
d^jaU se:: Ix/^d ; 0^6S 0) 0^.7 : C^t; ; 05576. 
d^c^'^a s^st: : Ix/^d; ; 1.4 -^o 16:: C^g ; ; 06^:^6.
data set: Lx/d; 2.0 to 2.1: Cd; 0.606.

Figure 8.5 Effect of progressively inGreasLng scale ratio at high turbu!enGe LntensLty 
and ReynoLCs numbers.
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Drag variation with scale ratio.

Scale Ratio (Lx/d)

□
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Figure 8.9 Effett of stale rctio on the dreg toeffitient for turbulence intensities of

Scale Ratio (Lx/d)

Figure 8.10 Effett of stale rctio on the dreg toeffitient for Reynolds numbers of
between 10000 end 11000. I; 11% to 17%.
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Drag variation with scale ratio.
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Ftgure 8.11 Effect of scale retio on fhe drag ooeffioient for Reynolds cumbers of 
befween 21000 and 300(^(^. 1; 11% to 14%.

Drag variation with scale ratio.
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Ftgure 8.12 Effict of srali retio oc fhe drag ooiffioient for Riynolds numbirs of
betweec 21000 acd 300(^(^. 1; 18% to 20%.



 Figure 8.13 Effect of scale ratio on the drag GoeffLG:Lent for Reynolds numbers of 
between 80000 and 1; 3.5% to 15%.

Drag variation with scale ratio.
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Figure 8.14 Effect of scale ratLo on the drag GoeffiG]^ent for Reynolds numbers of
between 90000 and 1^(^<^(^(^. 1; 3.5% to 15%.
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(Vcts def Heo^c^c ZLCscs f 1^?^J81)



 

 

DRAG VARIATION WITH FREQUENCY RATIO

Figure 8.15 Drag vetietion with ftequency tetio at Geynolds numbers of between 
21000 and 32222.

DRAG VARIATION WITH FREQUENCY RATIO.

Figure 8.15(a) Expanded view of figure 8.15, showing the tesonence position.



 

 

 

DRAG VARIATION WITH FREQUENCY RATIO

Cd

Figure 8.16 Drag variation with fraqsan^ty ratio at Rayfolds numbars of batwaan 
41000 and 45000.
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DRAG VARIATION WITH FREQUENCY ^ATIO.
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Figure 8.16(i ) Expanded view of figure 8.16, showing a raducad amplitude 
ratonanca position.



 
F'ig.9.17. D^ag ealiat■ion at a Reynolds number of 6,000

Fig 9.18. D'tig eariaeion at a Reyiolds number of 10,000



p-g.8.19^. D'ag vQriat’ion at a Rr-nolds numter of 1^,(^(00

F-q.i8.20. D-qi  variatioc at a Re-cclds number cf 20,(000



Fi«j8.21, Drag variation at a Reynolds number of 30,000

Fi^.5J.22) D'cg vcrLat-Lon at a Reynolds number of 40,000



^•^•*3.23. D'ag ve?iatioc at a Reynolds number of 50,000

PCg.8.24. Drag ea?iae•ion at a Reynolds nsmber of 70,000
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Figure 8.25 Drag vetiation with ptoduct funcSion.
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Figure 8.25a Dug vetietion with ptoduct function for a scale tetio of 0.1.



DRAG VARIATION WITH CHARACTERISTICS.

Figure 8.25b Drag variation with product funttinn for a scale ratin of 0.5.
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DRAG VARIATION WITH CHARACTERISTICS.

Figure S.ZSc Drag variatinn with product funttinn for a scale ratio of 1.5.



DRAG VARIATION WITH CHARACTERISTICS.
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Figure 8.25d Drag vcriction with product funttion for a stale rctio of 3.2.
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Figure 8.25e Drag vcriction with product funttion for a stele rctio greater thin 4.0.



Fliurf 8.26 Drag latio vaiirtion with funotLon ratio.

Fliurf 8.26d Theoieticrl drag ratio variation with function ratio.



   

 Figure 8.26b Comparisoc of the actual against the theoretical drag coeffioient 
cafios fo? srali ratios greafe? than 0.6.
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APPENDDIX a .

C^ailb^j^-tl^c^n of t^hf Weydt^^tony b^;ldly.

aTo d^■teI^eice ^be drag force ex<^rted on ^be spbi^:-',

st;]^a-ing^<^i^ged cn^e^zLl^r^vri is used. Figure Al shows an

exploded vL^e^w of this SYSt^i^e. The w^c^c^g^-sbaped guard is

p^£^:^T^;^c^r^ed up!sT^]^i^^^e of t^he sT^]^a^;^n-<^c^t^ges so as t^c ensure

that QLl t^he sticL^n on t^he sT:^i^r^;^n-c^c^L^ges is caused p^rel—

b- tbe fcrces ex<^;rt^e^d on T^be sph^:ie. To cr^Libirtr T^be

force balance sysT^i^e( t^he procedure used was as fol-^c^ws:

The dist^c^i^ce beT^ween t^he st^]^c^;^n-c^c^u^ges and T^he

b^i^zLzo^ltal cri^i^;relL^ce of t^he stz^r^g (150 mm) t^cgr'ther

W^-th t^he disT^r^i^ce bet^ween t^he st^L^r^g and t^he v^i^Iticcl

supp<^oi‘t (100 mm) rre ^^■tel^eined.

K^own m^r^ises are hang at t^he p^s^j-t-^c^c W^e^re t^he sT^z^r^g

is cti^c^c^e^e^d t^o the sphere. The sti^a-^cs caused b—

t^bese mc^^jses are ccted fi^o^m ^be S^C^i^rti^c^c tI^lr t-^me

1) .

2) .

a^<^rrge:i WezLch is cc^i^c^t^-ted t^o t^he WeaQc^-tone brL^i^ge

for W^e-oh t^he st^]^r^;^n-c^c^L^ges f^i^m ona of t^he ar^ms.

3) . The force W^dLcb causes t^be above m^r^izioned force is

^^■teI^ei^ced b— tcki^c^g m^I^er^r;s aboi^'t t^be stz^r^g and

v^irticcl ai^m coi^i^t^c^ctL^c^n. A graph of t^he Q^j^p-ir^d force

a^t^jici^-t t^be S^c-^rti^oc rerdi^cg is shown in fi^glre A2

fr^o^m W’^^ch t^he cc;iibrat^i^c^n factor of 2.206 N/^c^c-t was

detar^mLnad.



 

 

 

T^]^;ing m^r^er^r:s abo^'S She sS:^r^g and v^i^’tical ar^m

cd^r^r^e^ction:

on

100 mg = 150 F

fr^c^m w^Jlch

100
F - mg ( 1 )

150

Ft^o^e t^he sl^o^pe of fi^gure A2

mg - 3.31 x IO-3 DR ( 2 )
•

w^i^ire mg is S^he w^e.g]^-S of t^he kno^wn m^a^jses hang

F is S^he force on t^he str^ei^n-gauges

and DR is t^he so;Lert^I^c^e teedi^ng of ^he stt^ein

t^he gau^^^^js.

C^i^mii^zLn^gr eqi^e^ations ( 1 ) and ( 2 ),

F - 2.206 x IO 3 DR

w^jlch trlaSrs S^he force etI^t.ied on t^he sthete and t^hus t^he

st^l^^:^n-<^^L^ges t^o t^he S^]^-^3tSt^on teeding.
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APPEN^ItX B.

D^-ter^il^c^l^;Lon of ^he lon^:it^udinll m^ac^r^o^c^c^li

The m^'^hod used t^o d^■t:ea^elce t^he lef^jJtsdLncl m^a^c^(^£^(^i^;ie

of tsr^bslecte, as distsssed was found t^ein tii^J^^eer 6,

pr^odsce incccs^ac<^:ies w^<en t^he peak p^s^jJtJ^c^n for t^he tsrve

was ^^-t dlfti^cctl^y ^^;fi^ned. T^z^s is becasse of t^he direct

dependence of t^he m^ct^e^£^t^^^;Le of t^sa^bsl^e^cte on t^he peak 

p^£^:^t:^c^n. WCLl d^:fi^c^ed peaks, as ll^;^s^te^3^s^■^e^d in fi^gures Bl

and B2, are net c L^wcys  ob^ai^ced ic w’^JLch ccfe t^he m^^thod

dLstsssed ic th<^]^i;er 6 is rendered ico^^^r^j^-ti^ve. A m^'^hod

usi^c^g retsl■tt fe^c^e bcth t^he high and ic^w fr^c^c^ueccy r^a^nges

t^e d^■tee^eine t^he m^c^t^(^o^t^<^:Le of t^ur^bul^e^nce is t^herefore a

b^e^■tea m^i^ns of solvi^r^g t^he paobL^e^e. Ssch a m^-^hod has

been dr'^<eloped and is discussed bel^c^w.

Fr^c^m EiSiDiUi D^ita 74031 (supert^e^ded by 85020), the

von K^^rman tp^c^ttral d^i^c^JJty eqi^c^^i^en w^JLch is g^j^^r^r^lly 

accepted as t^he b^ift a^c^a^-^ttical represe^^tcti^c^n of at^m^is-

p^(^]^:ic t^ur^bul^e^^ce is given as:

4 c2 (L/^U)

is t^he m^a^t^(^£^t^^;le of t^ur^bsl^e^nce

S(n)
[1 + 70.8 (L^,/U)2]5/6

where S(n) is t^he pow^:^ sp(^c^t^:ral d^i^c^z^ty

n is t^he fa^e^c^senty

t2 is t^he vc:ai^a^nce (er total eneagy)

L

& U is t^he t^l^ee-cver^o^ged fr^ee-^t^•aecae v^:Le^^t^y.



 

 

 

 

 

 

 

 

 

If this -qi^c^ltion is css^s^aed t^o bs eqi^c^i-ly c^l^^-iGrb1- t^o 

fr^ee-^£^■rraaa gri^d ge]^(^^c■tee t^ur^bule^ice, t^hen t^he ne^w m^-^hod 

can be ds'^<-1oped as foll^c^ws:

t^he pow^;r sp^^c^c^tial d^r^r^JitY of tu1^bs!^e^nce is als^o

dsfL^n^re as t^he ener^gy in t^he w^'^<ebcnd pe:r u^r^-t bandwd.d'th

i. e. S(n)
ener^gy in w^^^ebanC

band^d^-^-th

dn

is t^he snrrgy in a w^^^ebanC

& dn is t^he band^j^L^-th

t^hen usi^ng a baid]^i^!3s fiie^ei set ct 1/3 oftave, (i.—. di

0.2311) t^he sp^c^c^ticl d^i^r^j-tY of t^he t^ui^bule^nce fl^c^w fi—L^d 

can t^h-r-for- al^o be ^^fL^n^ee as

S(n)
0.2311

E^i^u^ieing t^he t^wo eqi^c^lti^ons W^;LGh b^-th t^he sp^c^ltrcl 

d^r^c^zLtY of t^he t^ui^bule^nce HL^c^w fiel^d gives t^he folL^c^wL^ng 

eqi^ tuition.

4 c'2 (I/^U)

[1 + 70.8 (L^,ZU)2]5/6 0.2311



 

 

 

 

 

 

The total ener^gy in t^he full fr^i^q^u^e^nty I'a^nge is t^herefcr^e

given by

t2
e2 [1 + 70.8 (L^/U)2]5/6

0.924 (Li/^U)

T^jLs eqi^c^iti-cn tan be sim^p^i-fi^ed acc<^]riLngly at t^he high 

and ic^w fr^e^quei<^;Les usi^ng t^he folL^c^wi^ig ap]^]ro;^;im^C:iois:

2
At very high fr^e^c^^^nty values, 70.8 (Ln/U) >> 1.

T•^i^I^(^:fo:re t^he tctal energy is given by

t2
eH2 [70.8 (LiH/U)2]5/6

0.924 (L.h /U)

37.67 eH2 (LiH/U)2/3

Aid at very l^c^w fi^i^c^u^e^nty values, 70.8 (Ln/U)2 << 1.

T^h^i^c^iforr t^he tctal ener^gy is given by

c2
er"

0.924 (L.l /^U)

E^u uniting t^hese eqT^<^1t-^ons w^z^th give t^he total ener^gy of

e^hr full fi^i^c^^enty r^a^nge d^:fines t^he Lon^:^tuiiiaL m^c^ro-

scale of ^ui^bul^e^ice as fol^L^c^ws:

Lx
0.1188 U:eL/eH)6/5

n,3/5 Uh 2/3

To d^'tei^mine t^he atturaty of ehis eqi^^iti^on, t^he folL^c^wi^n^g 

table w^dith gives a tomp^a^r^ison of t^he a^-tual m^c^c^c^£^<^<^:Les 

of ^ur^bul^e^nce t^e^ken fi^c^m tu:rves cnd cc;lcuLat^e^i m^c^c^c^£^<^c^:Les



 

 
 

 

 

 

 

 

 

 

 

 

of turrulence fr^c^m ^he eq^j^ition are ta^ken. ^^e first t^wo

tesu^^ts arc t^a^ken fr^c^m fi^gures BL and B2 resle(^■ti^vel^y^.

?!

■J 
:> <s. U4 

o 
2T- »-

3 <?

•J 5 u) 
&
ID b**

-J X 
QJ

J 
C

X 
C <c X 

—J
* 

-J
u. 

o

13.70 0.0^0^92 0.0^052 2000 12.0 0.102 0.167 39

21.60 O.C^C^4O 0.0^038 2 2000 24.5 0.0^86 0.129 33

17.70 0.0^095 0.0060 2 2000 17.5 0.115 0.148 22

20.19 0.0^053 0.^048 2 2000 22.0 O.C^85 0.134 37

16.03 0.0^0^62 0.0^045 2 2000 15.0 O.C^88 0.156 44

Fr^c^m this t^able it is shown that t^he ca^Lculat^ed m^c^c^t^^<^<^lc

of tutrulence is grea'tet ^has t^he actual of

t^ur^rul^e^nce by as av<eragc of 35^%. Its cu^s^zLst^a^n^cy sug<^(^£^'ts

that there is be a sl(^c^C^:ral phase dif^^r^]^c^r^te between t^he

at^m^£^]|^l^€^-^;lc tur^rule^nce fcr w^zLch t^he von K^;rman cq^j^'ti^on

was dc'^<elopcd and t^he grid g^i^c^iratcd t^ur^rul^e^s^ce.

Thc cqi^c^iti^on ob'tai^s^cd cas t^herefore bc used t^c deter^iinc

t^he m^a^c^r^s^j^i^;!- of t^ur^rul^r^s^ce using t^he tesu^^ts at b^'th t^he

high and lo^w fr^e^q^uescy rasges. A^ ji^£^iti^n^g t^he deter^iined

m^c^c^<^£^<^<^;Lc of t^ur^rul^e^nce t^c am^i^'t for t^he sp ^c ^c ^:?!! phase

diff^^r^^nce, as actutaty of up t^c 1E^% can bc achieved.



 

o 
o o



 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDDtX C.

A^c^c^s^jsl^ni d^'ta and d^'ta p^<^^sy]^itd■tl^on.

A^c^c^iss t^c t^be d^-ta ecclcsed ic ^be atC^a^c^b^e^d fl^c^pp— disks 

crn ocl— ba achieved b— m^«ans of a L^ltus 1-2-3 spreadsbr<et 

ci an eqT^j^'^<^;Lec-t spieadshi^i^-t col^eprT-b;Le W^-th L^ltus 1-2-3.

The com^p^lcing hardw^;ie t^c ba used shculd 

co]^epat-ble W^-th a r^r^r^c^c^m access m^i^c^ciY of 

kb^^ltes. L^ltus 1-2-3 req^u-res a giap^:^cs card 

be an I^E^M or

at least 253

t^c anab^Le t^he

displa— of grap^:LoS( a reqli]?e^eec■t cct c^(^(^!ssar— W.th 

cther eqi^z^'^^^Lec'^ spreadsh<^<^-ts.

After loaiL^n^g L^ltus 1-2-3,

reveal a w^I^:^;Lng menu at

pressi^r^g t^he foi^wrrd slr^s^h W^;^l

^be t^op of ^be scr^eec. U^;Lng T^be

si^ie m^\^(em€^r^dt arI^c^aS( or b— pressi^r^g t^be first lett^er of

^be c^’tion, t^be "^:-le" o^'^L^oc shouli be higblLL^gbt^ed and

selecT^e^i. Tbe "^d-recT^c^-^-^" c^dti^on W^<an select^ed WLll rl^-^c^w

tbe "a (cr b):\" disk diivr tc be ohosen. F^u^-tbri

seleot^-^c^n of t^he "fil^e^" and "-oti^i^e^^^e^" c^'^i^ons revej^^ls T^he

filers a^<^C.lable cn t^he fl^c^p^py ic t^he disk diL^ve

selecT^ed.

Tbe strtL^o . d^-tr are sT^ci^e^d ic t^he first fl^c^ppy disk und<^:r

t^be name of stct^;^(iwkl. T^d-s W^<en srleot^e^d revec^ls

tLC-e€^i srcti^c^is W.tb a fl^ r^s^b-^r^g p^din-ter ic tbe t^cp

seoti^c^n. T^dLs is tbe ciit^r^i^-^c^n sefti^c^n and shows t^be

cor^c^i’ti^ons W^zLcb t^he d^'ta t^c ba seleoT^e^d e^l^^t sotis^f^—. Tbe

d^-ta m^e^fticg T^be c^iLteiia ap]^<^i^;i ic T^be bot-^c^m seot-^c^n

fr^o^m W^JLob seleot-^c^c of d^'ta for pLoTT^i^r^g is m^cde.

T^ wc



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ''fs1(^^tL^o1 7” key be<^:Lis s—1—Gt;LC^c of d^-ta scti^s^ j^Y^L^r^g

t^he coi^c^i^'ti^ois given ii t^he Grit^er^-^c^c sectL^c^i. To e^^trrGt

d^'ta for plote^z^r^— grcphs, a m^c^:ro is evoked by

ksys. D^-sp^Lcy of t^he grcphs is by uss of t^he "f^^c^'tL^on 10"

t^he "^3^-t c"

ksy. The "r—e^ui^t^" kry r^ao'ves t^h— graah^Lc disa1rY and

r—t^ur^ns t^he spreadsi^^■t)

To Ghcnge t^he c^;it^eri^a, t^he c^ll coi^CeainL^t^g t^he coi^r^i^'tL^c^ns

to be Ghangre is hi—i;LL^—ht^—d) The "fu^c^ieL^on 2" ksy m^l^es

^^zLtz^c^— of this c^ll p^s^j^jLbl— using ^h— st^r^ndai^d e^;^t;^t^—

keys of "dc^^ ", "bcck sarG — ", "sid— ari^c^ws", cnd th —

"r — t^sr^t^" key to rne ed:Lt-^r^g) Ths 31^ aroG-dsr — of

"fu^<^-^L^oi 7", a", and "fu^c^-^L^on 10" keys Gcn bs

repeat^e^d t^o eLsa1^Y t^he graph of r—s^].ts that sc^isf^y t^he

new Griteti^a)

To Ghange t^he v^riabl—s briig a1ote^e^d, t^he "gra^a^i^" O^'ti^on

fo1^-^(^wee by t^he "r—set", "^:raph" aid "^i^jLt^" ^^-^i^ons shos1e

be s — 1—Gt^e^e) U^<oi sel—ct^;^!^— ^h— "x" ^^■^L^oi, t^h— range

cci^ltciiL^t^- ^h— d^-ta is r—qu—st^e^d) E^r^<^:ri^n^- for sxcm^^Le

"m6)m600" wLLl i1dLGat— t^he I^r^ngr) R^S^a^e^iting this for t^he

"c" o^-tL-Oi w-Ll reider ^h— com^a1^■te) S^l—ft ii

order ^h— folZ^c^wL^t^— o^^ti^ons: t^Yp — ; xy; o^^ti^ocs; foi^m^'t;

graph; sym^c^ls; q^u^-t; grid; b^-th; q^u^-t; cnd q^u^-t. Pressi^t^g

"fu^i^iti^on 7" aid "fu^<^'^3^on 10" ksys dLsplCYs t^he requsLi^^d

graph satL^^j^y^z^r^— t^he G^:it^eI^i^r^)



 

 

 

 

 

 

 

 

 

 

 

 

 

M^c^I^<^lS; such as t^he one evoked by t^he "^I.e a" keys, are a 

set of commt^c^ids thet are fr^equ^l^itlt used. T^(^!se comm<^i^(ds 

placed ii a single tol^u^mn are evoked as is t^he m^(^;ro in 

t^he current spreadsh^i^'t. The up]^<^;rm^c^'t c^^Ll in t^he tol^uimi 

of m^c^ros is iamri usi^c^g t^he "raige", "name" and "^ireat^e^"

o^'^i^ons. A si^igle alph^l^€^i^;ic leet^ir r^a^nge name preceded by 

a bi<^]^£^:Lash is t^hen given.

The setond, eiii^d Cid fcu:^t^i fl^c^ppy disks cci^ltain the

dynam-t d^-ta w^c^ise use has been li^mit^ed and as such has

been st^cr^ed on high d^r^c^ity I^E^M AT for^m^-t because of it^s

e^iZLit^y tc stcre up t^c 1.2 My^t^es per fl^c^ppy. A^o^c^iss t^o

this dcta is eierefcre w^-th an I^E^M AT or cd^mplt-yie aid

tan t^he be iicorpo;^a■tei iit^c t^he spreadshf^i^'t for

as previcuslt dLscuss^ed. T^<ese filers are st^cr^ed ii cine 

sepi^rate filers iacei ii series fr^c^m "DY1^7^A^II^1..PRN" t^o


