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An Ee xpet"ime nl on th e Steady \Vak e be hind a S ph ere 

15ao l\AK,\;\1 1IHA* 

Abs tract 

Th l' ch a ra cter is ti c s uf t ilt, ste ach ' wa ke It t- hind a s phe re were 

s tu d ie d expe r inwnta l! y u s in g dyt'd \\"a l l'l' fo r \· i su ali za ti on. Thruugh­

o ut the detail ed ph1llo g r a phic (lhse rva l ion s this wo rk infe r s th L' s lmng 

po ss ib ility o f th e e x is ten ce o f it c los e d re c ircu la t in g e dd y be hind a 

sphere e ven at H to o r 10 \\(' 1' a nd s ho ws th a t lt h t' eddy can p re s er ve 

its s t{>ady s tate up to lhe c a St' for Ii. - J ~)U ( I{ rep r e scn ts th e HL'.n lO ld s 

nu mber based on til(' di amett' 1" of the s plH'r{' ). In add itio n , ne w prof i les 

fo r the va r iation s o f wak e 1 {' Il ~ th an d wa ke s epara t io n a ng le ag:a in st 

th e s te a dy s tate He y nold s numher s ar (' pre s e nt e d, T he s igni fi can c e 

o f t he s tudy o n the s ph er e Wilke in relati on to tilt' cl oud phys ics is 

al s o poi n ted o ut. 

1. Introduction 

It is a we ll kno wn ph e nom en o n that a s ph e r e mo v ing in a \: isc o ll s fl u id \\' l th a 

con s ta n t ve lo c itY, is a cc ompa nie d by a c losed r ec ircula t in g f' ddy be hi nd it when the 

Heyn old s numbe r is mod er a te. R a th C' r s UJ' p r i s ing ly . how en'!" . on ly a few d e ta il e d 

expe rimental inv es tigation s o f th e c ha r ac te r is t ic s of till' wak e be hind a sphere 

have heen rep o rte d. In 19 23 . N is i nnd Porter !) de ter min e d the criti ca l ai l' ve loc ity 

at wh ic h a r ec irculatin g e dd y wa s in itia ll y create d a t the r e ar of a s ph e r e in an 

air c hannel. Th e air fl o w wa s vi s uali ze d by to hacco s mok e a nd o bse r ve d tlll'ough 

a c am e ra furni s he d with a mi c ro scopi c ob jec t iv p 11' ns . T hey obtai ned an e mp i ri cal 

formula for th e c ritical a i l' ve loc ity a s a func t ion of a ir de ns ity. ;li r v isco s ity , 

the d iame te r of a s ph e re . and t he d iamete r o f a n air c ha lln e l. Acco r di ng to their 

fo rmula, the c riti cal R ey nold s numbe r fo r the ini t ial a ppea l' a nce o f a r ec irculating 

e dd y c an be inte rprete d to he a bout X.2. T a ned a 21 s huwe d th e ph o tog raphs of the 

s tr e amline o f th e f luid ar ound a movi ng spherl' in the HC' y nold s num be r ran g in g 

from 9.1 5 to J 33 . He s uccee de d in obta inin g (] tOl'o idial eddy o f th e f lu id be hin d 

a s ph e re ror H ·30 uy usi ng alumi n um d us L a s ;1 vi s ua l iz a t ion te chniqu e . Fur H <..... 

30 , ho wever . the tec hnique was not s o effe c t ive in o bse l"\'in g \\' he tllP l' th e atta c hed 

e ddy ex is ts o r not s in ce th e al uminum du s t a rc nllt fi ne eno ugh to dl' ift along with 

th e s lo \\" reci rculat ing flo\\" when the He ynold s number wa s de c r e ased. Ne verthel ess, 

he c oncl ude d by e xtrapolatin g th e o us c necl va lu e s o f the wake length and wake 

s eparation an ~ le that the c ritical H('y no ld s num her fo r th e on s et of a wak e edd~ 

He ci ev ed: Apri l 30 . 1915 
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was a bout 24. I-Ie also reported that a wak e began to osc illate a t. abo ut R=130 

J'vlagarvey and Bishop 3) mad e a c la ssi fi ca tion o f th e s hape of th e sphe re wake by 

o!J s ... "r·\· ing li gu id ::. pheres of va r iou s ve locities in Iva te r. Although the cr i t ical va lue 

of the Re ynol d s number for th e wak e s epar ation wa s not given, the t rail left by a 

sphere fo r the Heyno Ids numbe r less Lhan 210 wa s named "single - t h ,· e MI" regardl es s 

of sepa ration. Garner and Gr aft on ·l ) and 1' .... la s li ya h5) a lso carried out the obsenations 

o n th e wake se paration ang le . The former r e ported the existence o f some tran s iti on 

o f the separation angl e at R = 40 --- 60, and t.lw 1,]Her s howp n <llmo st. I.h ~ sa me re s u lt.s 

a s t.h(\ sp ("IF Tan e da. 2 ) 

lVlan y th eo r e ti c a l atte mpt s have been mad e to cl de rmine the flow fi e ld of a v is­

co us fluid s tr ea min g past a sp he r e at low Reyno ld s number s ( Kawaguti,il) Jen so n. 7} 

Hami e lec e t al.,81 Rimon and C h e ng ,9 ) Le C lair et a l. ,1 0: Pruppa che r e t a l . , !! ) 

iVlas li yah and Eps te in ~2 ) Denni s and Walker,13.1 Lin and Lee 1.1i) ivlost of the theoretica l 

wo rk e r s hav e r e ff e rred to th e exp eri me n ta l wo rk of Tanecla Z) fa] ' the ver ifi c ation 

o f th e results conce rning the wake c hara cteristics ( Hamiel ec e t <.11., 8) Pruppa che r 

e t al. , ll ) [\:Ia s l iya h and ~pstein, IZ } 15 ) Lin and Lee I4 :) . There see ms to ex is t a tacit 

ag r ee ment among these threoretica l authors that the cr iti c al Reyno lds numbe r for 

th e initial wak e sepa r a tion at th e rear of a sphere is so mewh at abou t 20 . Rimon 

and C hen g,9 ) on the ot her hand, s howe d in thei r num er ical work that recir culatin g 

edd y be h in d a s p he r e d id ex is t eve n at 11. = 10. 'Th ey ,. fou nd the ir r es u lt to be CO lll ­

parable to th e ex pe r imental re s ult of l\"is i and Porte r. l ) Ma s l iya h and Epste in ,15 1 

however, ra ised so me ob jec ti ons to it by mentioning t hat Rimon and C heng had mis­

int e rpreted th e paper hy Nisi and Porter . As long as th e range of observation lay 

in that of Tan e da's v,,·o rk , c lose agre e ment was fo und between th e valu es of w<lke 

s ize in experim e nt and tho se of th e oretica l ca lculations by l-lam ie lec et al., 8) 

Pruppacher e t a l., 11) Van Dyk e , IU) and Denni s and H·'alkl;!l · ,!3) respecti ve ly, though Rimoll 

and C he ng 9) es timated the val ue of wake s ize fo ]' 11. < 40 somew hat larger than 

Taneda's resulting in a finite dimension of a rin g eddy at H=IO . No ne o f th e theo, 

r e tical worker s , however , pred icts th e cri ti ca l R eyno lds numbel· a t whi ch the 

wa ke behind il sphe r e become s un s tab le ; ne ve rth e less , th e re are ex p e rim e ntal report s 

that the wak e begi ns to oscil];.lte al abo ut R = 130 ( Tan e daz;) and that th e wake makes 

a transit ion fr o m the s ingle-thread wake to the doub le- thread one ~It about R =2 10 

( Maga r vey an d B i s hop~ )) . J udging from the r ev iew ju st out l ined , it see ms that more 

expe rimental e\'icil;! /l ce for the s teady wake be hind a sphe r e is needed fOI' further 

co nfirmation. 

The importan ce of a study on th e fluid flow around a spher e ha s bee n stressed 

in the field of c loud p hys ics ( L e C lair et a l.. 10 ) Pruppacher and Beard,I? ) Pitte r 

et a I. 18)) . The b e tter understan d in g both th eore ti c all y and experimenta ll y of the f10lV 

fe atur e s around a sp here is r e lated to th e bases fOI' comput in g a c cu ra te co ll ision 

e ffi cienc ies of hydrody na mi call y interacting cloud dr ops . Lin and Lee,' !! ) fo r exa mple, 

ca lucu latecl th e co lli s io n effici e ncy of water dr ops in th e atmosph e ]'c us in g a method 
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of su perpositi on o f flo\\" fi elds around a s pher e obtained by the num er ical work 

whi c h they had ver ifi ed w ith the expe rim en tal data of Taneda. :;n In the 
wak e of a wate r drop in a i r ha s been co nc idcrcd to play an imp ortant rol e th e 

on se t . of the de formation of th e drop ( Prtlppach e r and Be~I]"(I '"j I ) Th e refore , t he 

in ves tigation o f th e spher e wak e will be of s ignificance f]-om th e sta ndpoints o f 

nol o nly pur e hydrodynami cs but al s o meteo r o logy. 

In this pa pe r' , th e co nfi g unlt ion s o f the s te ady wak e beh ind a sphere falling 

in wate r with it s terminal velocity have been c :-:ilmin ed . Dye is use d for visual­

ization . A care ful ob sc n 'a tion of variou s e dd y- shapes with th e ir corresponding 

Rey no lds num be r s ha s been made. In addi ti on, t ile va r i<lt ion s of wak e le ngth and 

se parat io n angle with Reyn olds numbers have bee n pr ·ese nte d. Altho ugh th is wor k 

has not been able to pred ict acc u ra tel y the criti ca l va lue of the Reyn o ld s number for 

th e initiation o f th e e dd y _ i t does s ugge s l th e s tr'o ng possi hility o f th e e :-:iste nce 

of an eddy eve n at R = 10 OJ- lower Th e upper li m i t of t he Reynold s nu mber fo)" 

th e stab le wa ke i s al so pr ese nted 

2. Apparatus and Method 

Fig. 1 s hows the s ide and top views of th e apparatu s. A glas s water tank o f 

46cm X 46cm in t ross- sec tion and 100 ern in height was used. In order La ke e p the 

waler sti ll. care ful attention was paid to the isolation of the waleI' from the di s turbances es­

pecially due to the variation o f t.he external te mpe rature and a i r mov e m e nl in its surround -

transparent plastic plate 

styrol heat insulator 

styrol heat insulator 

glass tank 

s t robo A a 

Fig. J App,ll ' atu s : si d \, \'iell" ( If' h :' and lllp \"i .. \\ , )·i;.dn 
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ings. Every plastic sphere used was carefully polished since the sharp axi­

symmetrical curl of eddy fluid behind a sphere depended much on the smoothness 

of the spherical surface. The sphere which was released from a pair of tweezers 

through the hole in the plate near the free surface of the \vater traveled 75 cm before 

it came into the view of the camera. This distance corresponded to that ranging 

from 79.36 to 60.58 in units of the diameters of the spheres \vhich ranged from 

0.945 cm to 1.238 em. With the narrow range of the dimension of the geometrical 

factors, the diameters of the spheres, relatively wide range of the Reynolds number 

'Nas obtained by producing large variations in the terminal velocities which in turn 

were accomplished simply by adjusting the mass of the contents in the plastic 

spherical shells. The fall velocity of the sphere was carefully examined in prelimi. 

nary experiment. Four examples of the profile of the distance traveled by the fall-

ing spheres vs. the time are illustrated in Fig. 2. The fall distance was 

measured by the photograph the measuring stick which had been placed in water 

in the preliminary experiment. The unit of the abscissa in the figure is 1.74 sec, 

the interval of the light flash given by strobe C. Although the distance traveled 

by the sphere before it reached its terminal velocity ... vas affected by the releasing 

con~itions, 

16 

12 

all the spheres attained their terminal velociLies within the travpiing 

V terminal velocity 

R: ReynOlds number 

9 13 15 17 19 

TIME (x 1. 74sec ) 

Fig. 2. Variation of fall distance with Lime for the spheres of 

diffeI'ent terminal velocities 

23 25 
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d ista nce of 10 C lll . 

Ha ving been dipped in th e dyed wa te ]' , a di lu te mi xtur e o f wate r and fl uo r esce in. 

th e sphe r e wa s re lea se d. i ll umi nated w' i th pe ri odi c r l a ~ h c::; giv e n by s t t'o be C. 

and th e ph o togr a ph o f i t s s uccess ive pos iti ons was Ulk e n by cam e ra A with its 

s hutte r le ft ope n. On c losin/.! the s hutter of c a me r a A. a full p ic tu r e of the wtlk e 

be h ind th e s ph e r e was tak en by ano the r C<.l lll e r a B lIs ing s t r obes A and B fo r 

illumina t ion 

3. Wake features 

Numerous p ic tur e s of the s te ady wake behind a spher e fo r th e Reyno lds num be rs 

be twee n 7. 3 and 186. 7 we l"e take n. T ypical s am pl es of the m a r e s hown in F ig. 3 

and Fig . Ik T he wa kes we r e a lwa ys ax i - s ymme t r ical and the i r trai ls we r e s tra ight. 

Thro ugho ut th ei r cons id e r a b le fa ll d is ta nces, no change in th e ir shapes wa S observed 

a s illu s trated in Fi g . 5, ass uri ng t ha l a ll th e wak es dealt \\'i th in thi s ex pe rim en t 
we r e fu ll y deve lope d. It ma y be r. a tur a l to s ay that th e r e is a rin g edd y hehind n 

sphere a s long as the sp here is acco mpa ni e d by an eve r last ing s tr e am of dyed wale l 

in a s te ady c up -s hap e a s see n in th e figur es . T he p ic tur es of wa l,e fo r 11 > 70 in 

Fig. 4 ar e se lf -explan atory, s howing t he c lear c url s o f flu id be hind spheres. In the 

pi c tu re s fo r H< 70 in F ig. 3 . on t he o ther ha nd, t he inn e r r eci r c ul at ing flui d ca n 

no t be d is tinguis hed. However, the ex is te nce of th e eddy at the r e a r o f th e s ph e r e 

fo r H< 70 can be s how n by t he fac t tha t th e co lo r o f dyed water fa des a t th e coni c 

po r t ion of fl u id ne ar e a ch sepa rati on point , whe r e t he r ec ircu la t i ng inne r f lui d is 

s uppose d ly to mee t th e outer fl ow. No dyed wate r may be c onta i ne d in th e f luid 

whic h s wee ps o ver th e . s u rfa ce of the s phe r e . Th e inn e r t'e ci r c u lato r y flui d with 

dyed wate r onl y ma kes the c losed wa ke ri g ioll v is ih le. Du e to th e pred omin at s tag­

nati on o f the flu id ind uce d by th e r eve r s e flo l\' in a wak e o f low He yno lds number 

th e co lo r of dye d wute r fa cies at th e v ic inity o f t he se paration po"i nt . As the Rey 

no lcl s num be r is dec r ease d furthe r , t he flui d of th is po J"ti on bec om es a lmos t tra ns­

par ent. Th e a uthor con s ide r s thi s exper ime nta l evi de nce as pr oo f of th e e xi s t· 

e nce of a r ec i r c ul ati ng e ddy be hind a s ph e r e_ As see n in the bl own-u p p ic tur es in 

Fi g. 6 , th e d isco ntin u ity of dye contour of th is sort is cl ea ry observed in th e cases 

do wn to f O J" H= 10 .6. Th e p ictur e fo r R = 7.3 , howev e r , is no t s o c le a r lo d is ti ngu is h 

s uc h di sco ntinuity at its se pa rat ion po in t, though th is cou ld be a c co uted for by 

asse r t in g that th e acc umu latio n of t he dyed wale I' be hind th is s ph e r e is due to n 

rin g e ddy be hin d i t s in ce th e s ph e r e wa s kept a tta c he d by the dyed wa ter of th e 

s ha pe as see n in F ig. 3(a ) cven a fter t r a ve lin g as long <.I S 68 .18 s ph e r e d ia me te r s 

in di s tan ce o r 18 min utes in ti me ( whi c h might ca use t he conto ur o f dye s tr e am 

to beco me fu zzy ) . From the ex pe rim c nta l fa cts c i ted a bove it cou ld be s uggested 

th a t the s ta ndin g edd y app c n r s a t the r ea r o f a mov in g s phe r e in a v isc o ll s [ Iu id 

eve n at H. = 10 o r lower . Th e p r ese nt r es ul t fai r ly ag r ees \\'ith th e th eo r et ical work 
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I-=- ig . 5. r hree s uccess iv e pictures of a wak e be hi nd a sph ere with three 

s ucce sslvcexposure S. 
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Lv Ri lll on and 

As secn in 3 ancl F ig. 4. th e s tanding eddy c ha nge s in s hap e a ccord in g 

to th e Rey nold s numbe L T he in c li nation angl e . (3 in I: ig. 7, betl-v ee n th e lin e of 

separa t ion and the line pe rpe ndi c ul ar to the dir ec ti o n o f motion of the s ph e r e varie s 

ac co rdin g to the Heynold s number, a nd the cruss·sec t ion o f the en ve lope se parat ing 

the fluid o f eddy from th e outer unifo rm fluid takes var iou s s hapes as th e Reyno lds 

number incr ease s . When Ii. is less t han about 35 . (3 is large r than 90 de g r ees and 

th e c r os s·sec t io n o f th e e n ve lope tak es {) co ne,w e s hape. \Vh e n H is about 05, it 

becomes a lrian g ular fo rm. As R in c r eases from 35 . it assumes a convex shape and 

e nlar ges in s ize. The (3 is s till lar ge r tha n 90 deg re es a t th is stage. At the s tage 

wher H. is about 90. (3 becomes 90 def,rrees a nd the di\' iding line nea r th e sepa r at ing 

point is p<lral le l to t he di r ec tion o f mo ti on of th e s ph e r e. Wh e n I{ is in c rea sed 

furth e r above 90. (J becom es less than 90 degrees and decreases, and the subsequ en t 

t ube of the wa ke beg in s to s we lt. Th e uppe r limit o f th e li. ey nold s numbe r for the 

s tabl e and ax i · sy mm etri ca l r ing eddy i s found to be abo u t 190 , whe r e (J reach es 

its minimum valu e a nd th e width of th e central port ion of the tube of wak e become s 

equal to the diamete r o f th e s pher e . Ko osci llati on o f th e dow nstr ci:un part of the 

wake was observed until thi s s tage , wh i le Tane d a :!i r e p0l"le d that o s c illati on occu red 

and the wak e became un s teady a t about H 130. 

Wh en th e Reynold s numb e r wa s lar ge r than about 190. the wa ke be hind the 

s phere s howed de forma t ion a s see n in Fig, 8. The spher e fo r s uc h lar ge Rey· 

nolds numbe r alwa ys fe ll in wate r with i ts d irec tion changi ng . So met im es , th e doubl e· 

thr ead wake. whi c h was f i r s t found by i:Vlugarvey and B is hop j ) for H > 2 10, was a lso 

sphere motion 

t riangular 

f3 > 90° 

R '" 35 35 <R <90 R "' 90 90<R <190 

Fig. Schematic diagrams of wake·s hape develuped hehind a s phere 

fur differclll rang e of Hl' ,l'n .. lds num uef S 



Bu l l. Scie n ces & Enginee r in g lJiv .. Univ. of the HYllk~u s . • :'-lath. & l'\al. Sci. ) 33 

Fig. H. An exa mple of deformed wake ( R =ZZ3.0 ) . 
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found fO I th e range of Ht:y no lds n umbe r abo .... e 190. 

T he va ill e o f the wak e le ngth (S) a nd th e separation an g le (0) we l' e di r ec tl y 

meas u red on t he photog l'ap hs and th e va lu e of t he nondim ens ion al wa ke le ngth SI D 

( 0 is the diame te l' of sp he r e) and 0 aga ins t Heynolds num ber wer e pl otted in Fig.9 

an d F ig. 10, r espec ti ve ly . The represen tati ve pdi le s o f t he tw o varia bl es are 

ex presse d by t he so l id lin es in th e f igur es . F o r co mpari so n, Tan eda 's~ ) result ar e 

also s hown by t he br oken l ili es 0 11 th e s am e fj g u res. As fu r the se paration an g le 

which was obse n ' ed in the range of t he Reynolds number above 35, a close 

ag r eement \vas fo un d be tw ee n Taneda's I' estl ll ( as well as iVlas li yah ' s :") and the 

pr ese nt re s ult ; while as for the wake length fOl' the same ]'ange T a ned il es timated 

its va lue a l itt le la r ge ]' tha n t he present resu lt exce pt at H :35 and H 150. whe r e 

both a g reed exac tly. The whole trcnd s of the two \' al'iab le s fou nd in this stud y 

agree s fairl y we l l with th e theoret ical I' esults of H imon and C heng 9 1
• G arn e r and 

G rafton·L I r e poned that ther e was a s udden ch<l nge in th e va r iation of th e s eparatio n 

angle al R =40 ........ 60. 0:0 s ignificant tran s il ion of the angle wa s found "'tthin the range 

of Heynol ds numbe r in q uestion . The wake length and the se paration angle which 

ga\' e the s tab le wa ke for th e highes t Reyno lds number ( H= 190 ) \\iere found to be 

ab o ut 1.4 and 64. d eg r ees. r es pec ti ve ly . 

4. Summary and conclusion 

The fol low in g fe aLul'cs o f the s teady \ .... a].; e be hind " Sphe r e we l' e demonstrate d 

through the carefu l l photographic observalion s . Th e recir c ulating ed dy seemed to be 

init ia ted at the rear of a sphere even at such low Rey nold s number s as 10 or lower. 

Th e h ig he st Reynolds numb er for 11 s table and axi-symme tr ical eddy wa S found to 

be abou t 190. W i th in the range of the Re yno lds numb er whi c h cO IT cspo nd e d to s uch 

a s ta b le state as a lxwe. th e wake assumed the s hapes changing from concave to convex 

fo rm as the Hey no ld s num ber in cr eased, as shoWJl in Fig. 7. As fo r th e va ri at ions 

of Wilk e length and wake se para tio n angle, some ag r ee me nts we r e found be twe e n th e 

present re sul ts and t he previous ones ( T aneda. 2 ) Mas li yah !»)) as long as fOl' the 

hi gher range o f th e Reynold s numbe r was concerned, but thi s r epo rt is th e first 

to revea l t he pro f iles fo r the who le range o f steady state Heyno ld s number including 

for th e ex te nde d lo we r po rti o n a s see n in F ig. 9 and F ig. 10 . 
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