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The structure of the flow behind an obstacle of
revolutlon has been the sudbject of many cxperiments at
great values of the Beynolds number,but there is a
scarcity of experiments at small Reynolds numbers.The
difficulties arising when the attemmt is mnde to work
at Reynolds numbers of about 200 are perhaps one reason
for this,

In any case the vortex system in the wake of flgures
of revolution for Beynolds mumbers corresponding to the
existence of alternate vortices in the two dimensional
case is still very poorly known.Some experimenters have
already tried to explain the results of thelr experiments
4n this case by extending to the three dinensional case
the theory of von Karman for the two dimensional case,
but umtil now such at'beizrpts have not been completely
sucoessful.

This lack suggested the ldea of studying more accu-
-rately how tm wake eould be modified w}fmx going from
the two dimensional to the three dimensional aase;m
1t was the first purpose of this work to study the form
of the ugke behind obstaecles such as ellipses with
constant major axis and with decreasing minor axis,.This
kind of experiment can indeed be very helpful for deve-
~loplng the theory of the wake behind figures of revolu-~
~tion.

First,an alirflow of uniform velocity had to be obtai-

~-ned.A small smoke tunmel,with square eross section,wes
used for this.To get a very good laminar flow in this



tunnel was the most difficult task In these experiments.
The wakes behind a two dimensional flat plate and
behind a flat cireunlar plate were first studied,
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REALIZATION OF A SLOW AND UNIFORM ATRFLOW

tus:¥e had to bulld a smoke tummel

in which we wished to get a laminar ﬂow,and to obtain
this deslired flowthe Reynolds number in the tunnel had

to be less than the oritieal Reynolds mber;whieh lies
between 1400 and 2000,To be sure of working in the domain
of stability,we had to choose a Reynolds number less than
1400,

By daefinition,the Reynolds mmber is:

Ryl _wif
O

where v 1s the veloclty of the fluid
d is a characteristie dimension of the body
y is the kinematie viscosity of the fluid
r is the specific mass of the fluid
“« 5-.5 the viseosity of the fluid

For dry sir,we hmre.
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vhere t 1is the temperature of the air in degrees centigrade

p is the pressure of the air in millimeters of nercury
Por dry air,at O degree centigrade and normsl pressure

{760 mms of mercury) we get:
fo = (reo. r0m7 c.g. 7

f" = 0. 00 /897 C-j-J‘

Thent Vo = (u(,:ool-% CoZeSa
The condition for the laninsr flow is@

R _ 1400
_x§.<



wl < 1400 x V= 1400 ¥ 0,123 = 186

v< :.g& e;g.,s.’

oI vlm:n: I%Q CoZeSe

In his experiments in Strasbours,Mr, Sadron had used
a horizontal tumnel of scuare cross section the side of
which was 5 ems He supcested that we use a siniler tunnel
but with a side of 15 cms.iowever since experience has
shown that symetrical steady motion In a chamnel is more
gasily obtained when the motion is vertical instead of
horizontal,we used a vertlcal tummel.

cms :The cross section was souare.We have

for this tumel:
d = 15 ems

Therefore! v,, = 186 =12.4 cms/sec,

The entrance ?;he %g'tmel was streamlined.lt proved
experimentally however, thet this tunnel did not give a
laninar and uniform airflow.It was first belleved that
the big pipe leading the alr into the upper box and pla-
-ged Just the entranee to the tunnel itself was the cause
of the éisturbance;but this d4id not &isappéar when a secreen
was placed Inside the upper box before the big pipe.Other
possible couses were investigaﬁeﬁ;but;finally;it appeared
certain that the disturbances depended on the tunnel
1tself whose dimenslions were too large.

Furthernore ;we are restricted Yo a range of velocity
in which the maXimum velocity is determined by the eriti-
cal Reynolds number and the wminimm determined by the
properties of the Tiﬂlé Smoke which we observed can not

be worked reasonably well below a veloclity of about 12 or



1% cms/sec.That is to say we have to work between two
well defined linmitsia maximm velocity correspondiing to
the eritical Reynolds number and a minimum veloeclty of
about 13 cms/sec, below which a special phenomencn oceurs
that forbids us Yo work in this reglon.

Therefare;&ue to these two conditions,we had to
chemge the dimemsions of the tunmel.
yf 8 oms:We built a turnel similar to the former
" one but with a side of only about 8 cms.The tunncl was
formed of 4 giasa'ylates;s ms thiak;as sides,the oppo-
~gite plates heiag-parallelii&m'seetion was practically

square(dimensions:7.7 cms x 7.8 cms).The entrance was
not streamlined but the glesses were 8 cms too long so
that the tunnel began 8 cms above the bottom of the upper
box as shown in figure 1.

We have for this tunnel?

Vyn— 384 -23.9 ems/sec.

E&gggajxxgtﬁhe air comes into the tunnel from & box placed
coaxial to}anﬁ above the tunnel and open to the atmosphere
by a circular orifice in which wam set a big pipe.The
dimensions of this box can be seen in fipure 1.

canseqnenzly;the alr flowing in the tunnel can de
assuned to come direetly from an atmosphere practically
at rest.All the parasite motions of the outside air have
time to disappear or to be damped almost completely while
the air is in the upper LoOX.
Lower box:A similar box was put at the other end of the
tunnel between it and the fan in order to avoid possible
disturbancea due to the presence of the latter,

ation:¥e used titenium tetrachloride{ TiCly )
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glving abundant white smoke of T10, The titanium tetra~
ehloride which ig contained in a small bottle is blown

out through a very sharr glass needle.d drop arrives at
the extremity of the needle and gives a smoke line;vary

white and more or less sbundant.

Yelpocity: 1) Uniformity of the gclty in i ,
Referring to the work of My, Sadron who determined
the welocity disitribution in a ecross section of the
smoke tunnel he used in Strasbourg;we can assume that
the wvelocity of the £luid in the tunnel is constant in
a central region about 6 oms square;sinne the velocity
is less than 25 cma/s&c.;ana whose length is the length
of the tumnel itself If we choose obstacles of about
S ems in vi&th;we can assune wlth sufficlient asccuracy
that the wake is the seme as If It was in a fluld ex-
~tending to infinity and flowing with constant velocity.
We did not investigate experimenitally the velocity
distribution in a cross seciion of the tummel,ocurselves.

=nt? For the tunnel of 15 cms we

chose a Yenturi tubde of 30 mms in diameter in order to
control the Vﬂloeity;te keep it constant,and to know
its app?oximate vazug;but 1t could not be used for the
amaller,8 oms tunnel;its indication being inappreciable
ror the veloclties used.We chose then a diaphragm that
we put In the air circult as Indlicated on the figure 1.
The difference of static pressure between the two sldes
of the dlaphragm 1s measured by an aleohol manometer
with which it is possible to control the velocity qf the
air and to keep 1t constant during the experiments.

Moreover,if we assume the~va1ue 0.6 for the coefficiemt
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of the dlephragm,o velue which is approximately exact
wvithin a Pew % ;we can caleulate roughly the value of
the velocity of the flvid in the tumnel,

At the seme time;this diaphreaem created in the cir-
-cult & loss of energy which let the fan run at sultable
speed.The relation giving the velocity of the air through
the orifice of the dlaephragm is:

v = KV&?IT {1}

whereAp is the difference of pressure between the two
sides of the dilaphraem
}f is the specific mass of the air.As the variations
afrtem@erqture and pressure of the atmosphere
are rathar,small;we shall teke & comstant value
forf:
- P =o0.0002 ers/en’.

K is a correction fmctor generally taken near 0.6
and which can be considered constent when the
velocity varies.VWe shall take K = 0.6 ,

The formula {1) with the assumed values of X and P
gives & good idea of the velocity in the tunnel If the
velue 0.6 we assume for K is net_exact;the trve values
of the velocity mill be proportionzl to the velues using
K=90,8,

Ve can,from the formula (1), calculate the mean
value of the veloeily of the alr in the tunnels

where S 1s the section of the tunnel
Sy is the seetlion of the dlaphragm



We haves

%:%ﬂ _ Lr_%.ﬁ_}_ = 1.765

S = 7,8x 7,7 =860

¥e can writet

Ayukgy

where h 1is the manometer reading

Y is the specific mmss of the ometrie fiuid.
We use alcoBol for which X = (0,808 grs/tma.'

S S

1 .
r = av——— : NK-A X E- et e e
v=K = th,g . Vzg? }/h E* Vh Cofles

If we measure h in mms,say h',ve get:
}1!
10

X
v m@ {F = K¥ \}_ﬁr‘ ems/see, (h' in mms)

V‘-'-‘*K"\]E‘t?

Value of K'':

Then:

h =

andgs

E* K 8 Y 0.8  1.765 [ 2x981x0,808
K"::vwwm Sep U e . )
) \f:w' s f iSm‘ 60 0.0012
K'Y = g.425
Then: v = 64425 |/IT ens/sec, (k in nms)
v '
ord h = we—
41.5

2 In the reglon of low velocities({i.e.velocities




legs than 15 ens/sec. ) we can observe & phencrenon alresdy
observed by Hr, Sadren in his horizontal tumnel.

The smoke line vhich was steady and rcctilirear at
higher velocities begins o divide into dropns regularly
spoced which fall as drops of o ligquld in an irmiscible
nediim All these smoke drops form o kind of cheplet.

We determined the velocity below which thic pheno-
~nencn,probably caused by ﬁhe high density of the smoke
of Tislé soceurred. e found that in order tec avoid the
appearance of th#s phenomenon,we had to work at velociw-

~-ties cbove 13 cms/sec.

Bemazls: To have a steedy flow in the tunmel,experience
has shown 1t is necessary:
1} to place the tumel in a,Toom where the air is
as calm as poswible for it is Imperative that
there be no intermal motion in the air in the
reservoir supplying the strean
2) to avoid leaks at the opparatus itsels
5)to elirminate ec rmich 2s possible temperature infig-
-cnces because small differences in the terperature
create régional parasite convection currente,
It is very irmortant to reslize these conditions
for without them it is really not mossible to get the
wvonted steady flow in the low welceity renge here consie

~dered .

Tha pictures of the wake were
taken with a Leica camera,the light was provided by a
Photoficod lamp of 250 watls,and superpanchronatic films
were useﬁ;nm other f£ilm beling suitable,

8]



The lemp wes switched on Por as short an interval
es possible, just long enough Por taking the »icture,in

order %0 avoid parasite currents due to temperature.

o8y A1l Reynolds numbers wers calculated withV, =0,133 CeZeSs
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FAKE OF A FLAT PLATE IN TWO DIMENSIONAL FLOW

Theorvilet us consider a fluld extending to infinity
snd flowing with anguniform welocity U in rectilinear
mnotion.if we put now in this fiuid an infinitely long
flat plete of constant width verpendicular to the di-
~reciion of motion;wa shall observe behind the plate a
weicze whose form changes with the velocity of the fluld,

The elassical potential {low of a perfect fiuid past
& bluff body is not a setisfactory representation of
the actual flow eXcent in the limiting cases of very
slow motion of smell bodles or of very high fluid vis-
-cosity i.e. for very low Reynolids nnmbers.(ﬁ<:5}

In the case we are considering,the flow will be the
same in all planes normal to the long axis of the plate,
in this case it is found experimentally that surfaces
of discontimiity of velcecity spring from the two sides
of the bhody ané enclose a dead region behind it.These
surfaces of discontimuity of velocity are essentially
vortex sheeis end can be considered as a succession of
roller bearings between the desd region and the general
stream.But as it can be shown in e culte general way
and observed 6irectly;such sheets are unstebie.Owing to
this faet these vortex sheets rapldly disintesrate and
observation shows that they have a tendency to roll
themselves up i.e. there is a concentration around some
voints of the sheet originally between them,Finally there
is 2 succession of independernt vortices whieh pass

downstreanm in the form of a douhle vortex row or‘vbrtex



street , This hanpens for Heymolds mmbers greater thon
I00 or so.Observation shows that bebweentthe resionsof
notential flow and of the neriodic discharge of vortices
there 1s a.region wherc the wake behind the ohsiacle
rarmains the sane,

e possible existence of isolated vortex filaments
which ¢an be econsidered as the innl prvﬁuet of dscompo~
-sed vortex sheetsgwes first considered and solved by
von Karman in 1912.von Karman investipated the question
whether or mot two parallel rows of rectilinesar infinite
vortices of ecunl strength but rotating in poposhte di-
-rections can be so arranged that the whole systen,
while maintoining an invariable confipuration,wllil have
a uniform translation and be stable at the save time.

It can easily be shown that there are only two possible
arrangements for which two parallel vortex rows;suah as
those considered,can move with a uniform and rectilinear
velocltyithe vortices may be placed one ovnosite the
other{fisure ﬁ;a) or the vortices of one raw-maj be
vlaced orposite the middle peoints of the spacing of the
vortices of the other row(figure 5,b).Indced,in order
that the vortices retain their positions on the two
parallel lines,the induced veloeily at any vorsex musst
e narallel to the lines,Thies condition will be satis~
~fied if any vortex of one row iz exactly opposite to

a vorbtex of the other row or if it is opposiite the
mid~-point between two vortices of the other row.For any
other arrangement than the two former ones,the induced
velocity s o component perperndicular to the vortex

rowjthen the configurationwill not be mainteincd.
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Referring Yo stabllity considerations,von farman
estahlihed that the Pirst configuration with the vorti-
-ces in pairs was uunstable,but he shew that for the
arrongement with altzrnate vortices there exlists a value
of the ratio h/1 for which the system is sitable{n is the
distance between the tvo »ows,l is the distance between
the vortices in the row).The necessary condition of

5t2bility Por this second confimuration was found to bet
-]

1 cosh 2

hfl = ."..: 2 0.?;83.

A doudle voriex row of thls stadble type 1s called
a "Korman vortex sireet”,

By ald of the formile found for the complox potential
of this flow,the flow picture could be dravn.The veloci-
-ty u of the vortex street ic smaller than the velocliy
¥ of the fluid.

The origin of the vortex systen remains wanswered,
althoush the viscosity seems to be responsible for the
formation of the vortices.According to Jaffé there is
muach greater cause for the formation of vortices vhen
there are discontimities in the externcl forees or in
she veloacity of the fiuid.Such discontinmuities exist

in the vieinity of the plate.

Exserimontast Ezperiments were made in the sneke tunnel
Porrerly described with thin flzt plates of 1 or 2 cms
width respectively . With these dimensiors and the exis-

~tins veloclity distribution,the central part of the pla=-

-~te was entirely In a region of wmiform velceity and
we can asmme with good apnrozimmtion that the flow

around it is two dimensional.



class nesdle nroviding the indicetor £luld ”3314

the plaie and by oressiie on

the rubbsr bulh TICY, was shed on the mlate,causing the
i

wke to

he entirely T1lled with evoke.Very anod vortices

snringine altermatively fron cach side of the plate

appeared Irmediately behind it,bub as it c¢an be soen on

the nictures they disanpearsd guite repidly and only

“hyee or Four of them were vizible,



UAXE QU FLAT CIRCULGA TLATYS I TNINI DINTISTONAL FLOW

Thepry: Ve congider a £1luid exiending to infinity and

- =

floving with a waiforn velocsity U in rectilincar motion.

c:z

Let us vub a fia2t eireular plate nevpendicular to tae
direction of motlion and we ask what is the belaviour

of the wake when the velocity o the fluld is increa-
~5l&fmj&nj experiments have ied 4o the follouving resultst

At small Reynolds numbers lete for very low veloci-
~ties un toa a vaguely defined 1imit that we will call
thne lower limit{for R = about 35),ihe motion ic of
streamiine form.

A% sneeds above this lower Iinit bui below an upper
1inmit corresponding to R = about 100,a permancnt vor-
~tex vinz is observable hehind the covstacle.Thc exis-
~tenee of a vortex ring at the bhack of 2 circular plate
as Pirst nointed out by Oshorme Reynolds in 1577.The
radius of the ring,2lways greater than that ol 1= disc
arows slowly end the thickness more rapidly with inerea-
-sing Hoeynolds numhers.The surface of the vortex ring
is a suvrface of discontinuity.The eirenlation of the
£1uid in {he vortex ring can he scen,

When the Reynolds number exceeds that of i{he upper
1iit,an oscllleting disturbance of the vortex ring

I3

pecones apnarent,and the vortex ring opens up ond forms
a sheath of discontinuity the substance of which is
discharced downstrean in = series of rings of vorticlty
of definite pitch and periodicity.ihe ezact form of

t+his discharge has been. the subject of contimued inves-



~tigatioln LBut no messure of agrecioent has been reached
SO Tare

The transltion frondthe dtwo diuencional cose to the
three dinensional onc hwos been cbtormibed by a cenerali-
-gobion of the two dimenciounal vork of von “arisnlthe
schome proposed by Mr. Salron In his worll is cune sxsmple
of thls exbtension of the two {dlinensionsl theory of von
farmen to the wale behind ah obstacle of revolubion.
Tuis zcheme does not ssbisfy Ir. Sodron any meve and
I personally believe that 1t does not correspond to a
rmool representation of the real phencmenon.

But the %wo cases,the two dimensional sud the three
dizmensional,are very different.lndeced in the two dimen-
-gional case all the vordicity ls produced ahoub a well
defined direction.lhere is no such simplificatlon in
the three dimensional case.It wes Pirst believea as a

wmi-gniral disclinrge of veorticity dowm the wale,but

r-v

+his wovld Irmly 2 circulation ebout a contour surroun-
~ding the wake drawn in =2 plane marallel to the disc,A
vake composed of helical vortlces the sum of whoze
strenzths is zero would meet this difficulity.lut it
vos shown by Jeffreys(Roy. Soc. Proc.h. Vol, 128,1.376
10504 that the bi-spirsl discharre,onc hellx raving
ositive vortleity and the other negative,was 2lso im-
~pnssible beeause if the helices are imsgined wound round
an imsclnery cylinder in opposite &irecticas,they are
powngd 48 interscet znd produce big disturbances at
the points of intersection and them disrupt themselves;
end if they are Imecined wound round the cylinder in

the seme direction,then this means thal on the average



there 1o mo reensreting
which iz irmossiblaBloreover,the bhl-omiral
distlhares does not in gemnerald Torm a steady motion,for
not tend to Pollov each other rowmd the
surface of the Imgginary eylinder,but they tend o come
torether ond to neutralise each other,.

The auestion rises to debernine whicl are Ll possibdble

Porms of asteady motion of tiree dlrcnslicnnl vortielty

<hat sobisTy the circulation condition and to {otermine

(d

whether they are stable or notl.The only mossiblie fornms
o steady motion arc?

1) The sheatlh of disconbinuity

) A systen of circular rings of vortiei*cy
whieh are both unotanle.fron this Tact,dosenhead derived
a model of the ket

The wobtion is of streamliine Corn: when the velrcity
is wvery oll,

Between thoe lower and the woper linits,vorticity is
shed ond arranges idself symaetricolly.this sives rise
t0 a vortex ring which diffuses vorticity in the rear,
mut beinz contiminlly supplied with wmwtic:iw Trom the
plate it remains at wniform strength and keeps its posi-
~Lion.there is suoh an ecuilibrim state for each
Heynolds number,the thiclmess of the vortex adjusting

1bsell DPrUneltlye

I the weloceilty in inereacsed nhove the wpper limit
the supply of voriicity to Ghe voriex ing excecds the
amownt which is diffuscd awey and the surlace wlbers 1ts

rapel e resudt i o shonth of voritlelildy which is

unsteble and breals up.Clonsideriag the surface of
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montstE 'zvem*"’clit were nade with dises of 8 mms,
IC rms,15 ms,20 s in diareter,dimensions such that
they can be cousidered as belnsg corpletely In The regiom
of uniforn veloclty and that inderference with the
suwmel wells is not yet appreciableDue o the fach

that the tltaniwg tetrachloride siolz is rather heavy,
we eould t nbeerve very well the formi m\,n of the

permanent voriex ring below the urmer Limit,The veloeity
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spacn being oo sloweThe swmoke Tell in the

“low by its own welght and the wale wus cormiotely

On the olthey hand,we could ebscrve very woll the

~eriofdle discharse of long shaved vorter rincg,ccmeclale
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UAKE OF FLAY SLLIPTIC PLATES IH THREL DIINSICUAL FLOW
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gonsible intorfersnce with the walls of
chose ellimses with a major axis of 16 rmic.vn tried

also one ellinse with a major axis of 32 rms 2nd a minor
axis of 4 ‘TS

Txmerinents on ellipses were not mmerous cnough to

y

anablc us o2 draw volusble conelucsisns from thendd

study of the —a%e In two direcctions at risht zngles
s absolutely neccosary before drowing ony couclusions,

ilowever,we observed the following things:
:’ﬁ.h axis

Te comnsider ellipses vwith a ratio — = about
mﬁior axis

/5, Vhen lanking at such an eilivpse ir $he dire

the najor axis,we see alternatle var*iccv,u nilar to those
ve get in two dimensiona 1 flow,snringing Tron fhe long
sides.dn the other hana,vhenwe look at the ellinse in
the direction of the minor axis,we see that thesc vortlces
oven themselves up slishtly,giving long shaped vortices,
similar to those we get for the discs,

In this case,therc is therefore e combination of the
wakes we observed for two dinensional obstacles and for
obst-cles of revolution.ﬂur conclusions can not actually

go furthere.
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axig=

Photo Ho, D,4, - Biliptic vl
axis=4 mmairatio of

direction of the

16 mrms

P we

minoy
; g at it Iin the -
minor axis.Velocity!22,1 ens/sec R N, =266

Proto Noe Dy4. ~ Blliptic platelmajor axis=16 umesiminor
s=4 mmsjratio of the axes=1/4),looking at it in the
direction of the ninor axis, Veloeityi22,1 cms/scc RgN,.=266



