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':Tﬁfbulehce"ih'Pdpee, around- Obstacles, and .

through- Screens ..

Turbulence is generally expressed as a haphazard, ir-
regular maze of eddying motions. whose, shape, dlrectlon,.~
and. 1nuen31ty are variable and indefinite. How, it is
‘generslly conceded that all flows of water and air are .
turdbalent, w1th tne exceptlon of P01seu111e's laninary or
pmrallel flow in plpes.A But eéven tais.becomes turbulent
a8 soon as a certaln crltlcal veloc1tJ, dependent .upon. the
test COnd1t101S, ‘has been .reacied.. Our photographig netd—
‘ods have aade the turbulence now acce531ole to visual ob-
servence. The tvrbulence in 01Des consists. of anﬁulwr" ‘
vortices whose rotatlon in tne: xis of tne pipes is toward
the exit. ThHe vortices lie 1rregulmr1y in noraal or ob-
lique transverse plades and can be connected to one anota-
er by branching,. In the eccentric CJClVC motions the axes
“of rotatlon are near -thae wa11s waich are shrouded by a
fine, ¢onsistently 1am11ur boundary layer. The rows.of
the vortices are in sectwons, are wholly enveloped oy con-
JOlnted c1rculat10ns, and forn gyromas, compound eddies of
different degrees wnereln tney can rotate around eaca
otner. . . . : .

The turbulence of flow around obstacles and, in gea-
'eral the dynaulc turbulence of free flows set up by con—
tact with solid. or fluid boundarles, evinces. the.szme es-
sential characteristics. . This, of course, does not in- -
clude the thermal. furbulence, the turoulence of thermal .
convecthn, which is of different type and outside the -
scope of thls.paper. .

*"murOLlenz und decnanlsmus ‘des Vlderstankes ‘&n Xugeln
und Zylinédern," Zeitschrift fﬁr echnlscne Phy31k ~Vol.

12, Ho. 10, 1931, pp. 482-491, .
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The turbulence. of- straighteners in wind tunnels is
of particular interest. The wind artificially produced
by a fan contains strong, irrégular vorticities which,
when passing-through the straighteners, :are largely re-~
moved, leaving behind the metal screen a much finer, reg-

ular, evenly distributed screen turbdulence.

The structure of such, turoulence may be seen in Fig-
ure 1. It is the flow through a screen of varallel metal
strips 10 cm wide set 2 cm apart. Whereas the camera is
stationary, the .screen mowves, traversing during- ‘the, 1/

.8econd time of exposure the distance shown by a 1ight re-—

flection as a fine white line next.to the rear ends of the
Plates, The flanks of the plates are covered by a chain
of fine vortices which at 6-10 cm back of the plate con-

Yverge .into larger vortices under violent. motions and are

similar in shape and position to "Karman's vortex street,
Some dlstence away from the screen .the rows break up,: tue
vortices of the .individual streets dlverge and make room
for the. advanc1ng suction flow. which soon joins up with
the adgacent streets in a. labyrlnthlne maze of partial

flowse. - The Form of thls transition is illustrated in Pig-

ure 2, : The inflow denotes the loss in velocity which an
orlglnallv parallel streamline flow incurs in -each Doint
by passing through the field. One of those turbulent rel-
ative movements.is given in Figure 3. : - :

To v1sua11ze tne efFect of a plate screen on a. turou—

:lenf flow we ut111zed the coarse turbulence of a w1de~

meshed bar screen as shown in Figure 4, Thi s screen was
nounted some ‘distance ahead of the. plate screen .and both

moved through the quiescent flutd. The. stationary camera

recorded the picture. (Fig. 5.) The vortices visible at
the uvpper margin of the photograph are split up when pass-
ing through the plate screen and partially destroyed,.
while at the same time interrupting the fine, uniform for-
mation of the vortex streets and leaving a maze of vorti-
ces and vortex groups behind which are enclosed by joiat
circulations; .the motions .are predominantly forward, bHut
also in - .any other direction with fluid almost at rest in

-between. - Even. such a narrow plate screen is unable to

change a turbulent into a uniform Darallel flow; .it merely
refines the turbulence, the vortices, turnlng Dartly to.
the right and partly to the left, approtlmately equal in
size.the spacing of the’ screen olates, but otherwise are
irr ?ular in every respect - - )
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Theé turbulence cannot be: equallzed except by viscos-

1tJ ‘and Wlll tnerefore Ders1st foor some: time after pass-.
ing through the screen’ so long as the:width of the ‘screen
is as lar e as that for our models.

The stralgnteners in W1nd tunneTS usuallJ con51st of
square cell* of 10 cm zinc strip. Conseguently, the vor-
tices set up on the walls inside of the ‘cells gyrate part-
ly around ‘vertical, and partly about horizontzl ‘axes which
are cyclically connected to each other. The double lay-
ers of the opposingly dlrected vortices impress the same
cell-1liké structure on the air stream as ‘the. straightener,
‘and. th c_eroltal fiuid columns of the vortices investing .
each cell space in close sequehce, form a kind of skeleton
in the stream which offers a certain re51stance against :
‘deformat1on by outside forces. S

T e

B, Turbdbulence and Resistance on Spheres

According to a statement of .G, Eiffel the translato-
ry velocities measured by Pitot tubes:in the cross sec-
tion of the wind tunnel evince an average variation of
around 0.5 to 1,1 per cent, whereas without straightener,
the resistance cannot be measured at all. because-of the
turbulence, As & result it was to be assumed that the
turbulence, left in the stream, Would hdgve no -marked bear-—
ing on the resistance. o - ‘ o

But subsequent measurements on spheres carrled out at
Gottlngen and Paris disclosed the surprising fact that un-
der certain conditions even a ‘very inferior turbulence can
reduce the resistance considérably, in direct contrast to
‘what WOle be expected from many otner exnerlences.

Professor L, Prandtl* has publlshed a very comprehen-
sive paper on this subject, from which we quote: -

According to the well-known resistance formula
W=>kpF v the coefficient k for spheres was defined
in Gottlngen at Z = 0,22 against EBiffel!'s 0,088, A
subsequent check in Parls revealed that Xk = 0,22 occurs
at®"low velocities and then drops in & transition zone at
"Increasing velocity to ‘this small figure. BEiffel also
emphasized ‘that. both figures for Xk wpertain to dif ferent

#,, Prandtl, -The Resistance of Spheres. GOttinger Nach-
richten 1914, p. 177,
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forms of flow._ The dlscrepancy in the test data was ex-
plalnea by the d1fference in velocity, whicn in the Got-,
tingen tunnel was from 4 to 8 m/s against Eiffel's 30 m/s,

.Prandtl then installed a jet betwegen straightener.
and. test statlon which raised the velocity to 23 m/s and
) made the .flow. very uniform and nonvortical., Now a repe-
.tition of the tests likewise disclosed the marked drop in

Z but. at. de01ded1y hlgner velocities and values of Rey—:
nolds Numbers.ﬂ' :

Agcording to.the Reynolds law of. similitude for flu-
ids.of constant volume, the flow on geometrically similar
bodies is also geometrically and dynamlcally similar if
they occur at equal values of R.* Thus the reslstﬁnce
measurements on spheres did not agree with the law of di-
mensions and made the extrapolation of the wind tunnel
data aopsear questionable. .

Now Reynolds himself postulates that in pipes the
transition from laminar to turbulent flow attitude does
set in at a predetermined figure, R 2000, bdut at a much
lower figure if the flow already contained previously ex-
isting vortices., 7From this one may assume that the di-
vergence of the resistance of spheres from the law is
traceable to some effect of turbulence,

In the Eiffel tunnel the flow had to be turbulent be-
cause the test station was directly behind tae Strd15ﬂt~
encr, :; 50 the previously uniform flow in the Gottlngen
tunnel was also made. turbulent by means of a screen made
from 1 mm b1nd1ng twine into a 5 cm mesh screen which was
mounted close in froat of the snhere. The result was a
drop of more than half the resistance in the erstwhile
transi%ion zone and a drop in %k at practically the sane
values of Reynolds Numbers as in. Eiffel's tests,

This proved experimentally that the cause of the re-
duced resistance lay in the turbulence set up by the
straightener, which was lowered considerabdbly when install-
ing the nozzle and ralsed again b the screen made of
binding twine. ' ‘ ‘

*The R numbers:resuit from R = Egi, where v = flow
velocity, 4 = dimension of object and v = 11nemat1c v1~~

cosity F;py ML = viscosity, P = fluid den31tJ.
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.The significance of- the: meckarveal relat1onship be-~
tween turbulence and resi-stancé mow Came into'the fore-
ground. Thé smoke photographs revealed for the large and
small value of k the forms reproduced in Figures 6 A
and 6 B, For high resistance, case A, the' turbulent body
benlnd the sphere with its wavering front edge c extend-
ed about 5- 8° forward beyond the eouator, whereas in case.
B, the’ sebaratlng 1ine was 10-25° to the rear. The more.
intimate bond of. the flow around the sphere qnd the dlml--
nution of the eddylng body bound up with-it, is’ therefore:
an effect of the flow turbulence; - although’ thls itself .
was not discernible in_ the:smoke. Conseguently, the test:
failed to disclose the manner in whieh-the turdbulence sets
up the nrofound upheaval in the entire flow pattern.

Prandtl attempted .to solve this problem by theoreti-
cal considerations, The sudden change in-the flow and in
the resistance of the sphere occurs at Reynolds Number

R vd o 130,000, - The Reynolds Numberfdéanes the ratio
i)

of -the inertia to the frictional forces of the fluid.
Now it seems startling that a reversal of the -flow induced
by the reciprocal effect of friction and inertia does not
set in until at such a high number of this ratio, partic-
ularly since the friction appears to play an altogether
subordinate role. On the other mand, this ratio is valid
for the free fluid only, not for the thin boundary layer
in which the velocity of the free flow drops to zero on
the surface of the body. Friction and inertia are here
of tiue same order of marnltude and "one is justified to a
cortaln extent in assuming that the startlng 001nt of tne
sudden resistance chanve is to de expected here.

This assunmption established.the connection with the
boundary layer theory. 3ut how could the screen turbu- .
lence of the flow react on the boundary layer? Prodabdbly:
to the extent of making the otherwise laminar voundary
layer turbulent also. If this was the case then the tur-
bulence of the boundary layer was the real cause of tae
lower resistance and of the reversal of the total flow,
and this effect was bound to occur also wnenever the
boundary layers became turbulent for any other reason.

To produce tirbulence a wire ring .1 nm thlck Was
mounted 15% in front -of-the equator of a 28 cm, -sphere.,’
According to calculation the boundary layer is 1 mm thaick
and it was assumed to have- bcm ade turohlent by .the vor-
tices set up on the ring, Tae result of the measurement

- Al : Fo
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confirmed the expectation, The ring reduced the resist-
ance ;rom O 24 to 0.058 and 0,09 for the entlre veloc1tv
r“nge. ' :

Prandtl calls this. 1nterest1ng experlment an "exper-
1mentum cruc1s," which allegedly proves that the screen-
turbulence of the flow, quite like the wire ring, nakes
the boundary layers turbulent and thus lowers the resist--
ance. He'also opines that the low resistance of slender -
bodies in géneral, such as:airships, were due to turbu~
leént boundary lajers,.wnereas the high resistances of wide
bodies such as of the. transverse plate, Were due to 1o4~~’

inary. boundary layers. .

C.’,Critical Consi&erations' -
o : ¢

Resistance measurements, un:ortupately, vield nothing
as to the mechanism of the res1stance~ hence it is not
surprising when tae pertinent analoglcal deductlons and
heuristic assumptions do mot stand up under closer examni-

nation, partlcularly as regards the last method. by me ans
of which Prandtl believes to be able to- explain the rever-
sal of the resistance law on spheres and, in general, the
low resistance coefxlc1ents on other bodies by turbulence
in the ooundarf layer, '

According to Reynolds, the laminar flow tnrougn pipes
is connected with the low resistance in proportion to. v,
the turbulent flow with the high resistance, in proportion.
to wv=; so by analogy, the low resistance on the sphere,
after tne reversal, would have to be traceadle, if not to
laminar, at least to materially reduced turbulence. And
this, in fact, agrees with Prandtl's flow for low resist-
ances which presents a decidedly diminished vortex field
back of the sphere., - But the analogy is not 1r'keep1nb
with the assumption that the low resistance is due to in-
creased friction. and turbulence by virtue of the turbu-
lence in the boundary layer, It would exnlain an increase
but not a decrease in the resistance,

Bes"des, the boundarJ layer is, by nature and con-
cept, always laminar and nonvortical. Consequently, thne
term "turbulent boundary layer" is formally "contradictio
in adjecto," and ‘is evidently meant to allude to that tur-
bulent layer which accompanies the boundary layer in the
ambit of negative pressure in all flows around solid bod-
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jes without altering their laminary motion. But these
vortices are in nowise restricted to critical R, Ddbut
rather occur at the very instant of incipient motion on
the sides of the body, from where they quickly detach and
soon settle in the space at the rear vacated by the flow
where they Torm the.large eddying body of the gyroma.

The very surprising result of the Yexperimentum crucis"
was that the interference ring did reduce tine resistance.
It also is to be assumed that the vortices back of the
‘ring had some-.-bearing on it by locally =asugmenting- the nor-
mal vortex formation and circulation, but it does not
prove that now the whole reversal is a result of tae "tur-
bulent boundary layer," because the ring consigns posi-
tive forces into the fluid from its front end .also, which
alter the entire pressure and flow system of the spheres;
and the remaining lanminary boundary layer herebdby is of
secondary significance, As matters stand, it is impossi-
ble to maintain the hypothesis of turbulent boundary lay-
ers as suitable basis for explaining the strange resist-
ance phenomena, For that reason, we shall investigate
what mechanism changes the flow of the high resistances
‘into the form coordinated to the small coefficients:

On Prandtl's wire ring,
2) 3By-screen turbuleance, and’
In nonvortical flow,

D, Mechanism of Reversal. .

1. On wire ring

The flow on spheres can be represented by stereo-
scopic photography under water, but in order to maintain
the clearness of the field, coarser sight corpuscles must
be used so that the very fineness of the motion cannot
always be brought out as distinctly as on the surface of
the water, For that reason I used immersed circular cyl-
inders inctead of spheres, assuning that on the same pro-
file, if not the same, at least similar phenomena would:
occur, : .

Back in 1918 I had made various experiments on a cyl-
inder on whose side lines I had placed two 1 mm thieci
wires 15° ahead of the diameter called equator, The pro-
file corresponded with ‘a meridian cut of the Prandtl .
spaere with wire ring in effective position. The experi-
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ments:termihabe&jhega»ively; the Wire - revealed no essen-—
tigl change in flow; that’ 1s,'it'adted'like the wire ring
on--the ‘eguator  of the sphere.' ore about the reason of

I

At the suggestlon of Pro:euwor'b ‘Krell, Berlin, I
recently resumed the experlments on cyllnqers of 9 cn
diameters, - In place of the wires we recessed small ‘strips
of 0,8 mm zinc in radial position into ‘the surface of the

cyllnder,“so that the fprotruded about 2 mm. (See Tig. 7.)

In normal flow around the’ cyllnder W1tnout strips
(fig., 7)- the visible forward boundary of" the gyroma ex-
tended 20-25° beyond the equator, or 15- 20° farther than
on the sphere. At the same point lies, according to Zis-

ner's tests* for velocities of from ‘v = 40 to 60 cm/s,
the pressure minimum of roughly ~1.,35 of the dynamic pres-
sure in the forward flow separation point. Even the zero

preSSLre, the forward ooundary of the negative pressure,
is at 58% on the cyllnder, or 15 farther ahead than on
the’ sphere. o

This dilference explains why my eXxperiments with
strips 15 =ahead of the equator were just as ineffective
as the wire ring at O°»on the sphere,

But if the strips are mounted at about 22.5° of the
width in the forward acute angle of the gyroma where they
push the strong retrograde motion on the cylinder wall
and together with the side flows toward the ountside, the
flow picture (fig. 8) manifests in contrast with Figure 7
a decided widening out of the gyroma whose maximun widta
nas shifted to the rear. These are signs of increased
negative pressure on the rear end of ths cylinder and
thus of the resistance. '

-Figure 9 shows a different aspect. "Here the strips
are shoved forward from without the ambit of the gyroma
to 45 width, The flow hugs the cylinder wall to far be~
hind the equator, and the inward pushing side flows coa-

tract the gyroma which in moments of fluctuation can al-

most lead to complete displacement.

*¥, Eisner; - Resistance Measurements arocund Cylianders.

Mitteilungen d, Versuchsanstalt f. Wasserbau u. SChlLID“
Yo, 4, Berlin, 1929, : :
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To bring out the effect of the strips more forceful-
ly, I .increaséd them to 7 mm, Now, it will be 'seen (fwg.
10) how they catch and dam up the flow on the front and
spill it at much higher velocity over the edges. The
strong curvature at Wwhich the streamlines now proceed to
the rear 'suggests that the stronge'st centrlfugal forces
of the ivhole periphery of+the cylinder exist at thi's 9011t
benind the strips and that, therefore, the negative pres
sure in the axis of the adgacent vortex and on the wall
nust also pass’ through a minimum. From the slope’ of ‘the
side  flows toward the median line and: the contraction of
the gyroma, we then.can infer as to the drop in negatlve.
prcosure on tho rear end nd reduced r051stance. '
841ft1v5 the strlps to 67,5° width on the forward pole,
still" mwnlfests a narked dlmlnutlon of theigyrbma.

A remarkable verification and extens1on of the pres—
ent results is found in the pressure meas urements on a
sphere, conducted by Professor O, Krell* in the  tunnel of
the Berlin Technical ‘Institute, and ‘6f which Figure ll is
one example, These measurements were made at wind veloc~
~ities ranging from v = 6 %o 52,5 m/s. The dashed curve
is the pressure distribution over an 80 mm smooth sphere,
"the full line the pressure over thé same sphere but with
2 mm ring mounted at- 43°, s1m11ar to Prandtl's wire rlng.

.The smooth sphere shows a dynﬁmlc or positive- pres"ure
over ‘the forward calotte which drops: 1aterally depending
upon the proportion of the radial ordinates, and overSuepc
the zero limit at 45° The whole other surface is under
negative pressure or suctlon. The asycuedry of the curve
illustrates the pronounced variations -of the pressure

which go hand 'in hand W1tq tnose of the floW.

The effect of the ring is a"tonlshlng. Where else-
where the pressure approaches zero, in front of the ring
is a pressu ‘e rise which even exceeds half the dynamic
pressure in the forward pole, Directly oehln& is the sud-
den drop to negative pressure of like amount, This abso-
lute minimum experiences between 50 and 50° from the polc
a replenishing up to oneéhalf to one—third its amount meT e-—

'*0g~Krell: Pressure D*svrlbutlon around Snneres. %eit—_J
schrift fﬁ; Flugtechnik und uotorlu?tscn1ffabrt - Munchen,
1931, p. 97. - -
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1y to.drop to a. second equatorial minimum, ‘At the back
of the.sphere the ring has lowered the suction from one-
fourth to ~one~-half of that on the.smooth~sphere. '

Professor Krell exp1a1ps +ﬁe drop of the suctlon
curve at around 60° from the pole and tIe further rela-.
.tionship between pressure and flow aa\_ 0llows: "The air
stream spills over the interference ring as _over a weir,’
strikes the sphere at a tangent of about 60° rebounds
and g“oots on with its kinetic energy to. form a new suc-
tion maximum .at 90 Under the action of this suction
the flow is pulled toward the surface of .the sphere and.
hems in the dead water spatially as well-as in .suction
effect, thus reducing the air res1staﬁce of the sphere

Tne relat;ons betwean pre°su*e dlstrlbutlon ard T~
sistance are partlcularly illuminating. Krell points
out how the effect of itl1e ring- resulted in forward dis-
plmcemcnt of the center of gravity of the negative- pras-~"

sure fiecld and how the »ressure minima back of the ring
produced .an extraordlnary increase over the front hemi--
sphere and .a decrease over the rear. HNow the .resistance
is the vector sum of the components of the pressure forces
in the direction of the progressing motion. The suciion
forces over.the rear half act positive in the sense of the
resistance, as the dynamic forces over the front half;
they are in Torward direction over the side area of the
front half, hence reduce the resistance. The remarkadle
result oF the integration was that the forward directed
suction Torces were much greater than the total resistance
of the rear ualz.

Professor Krell concludes his report with the deri-
vation of the flow reversal from the pressure variations
on the ring as shown in the smoke plctu”es of Prandtl and
in a namber ‘of my own streamline photograpihs,. '

2. Effect of screen turbulence on
the flow around a cylinder

The primary object now is to ascertain whether aad
to what extent the theory of the turdulent boundarv layer
holds true in the other case, where the reversal on nlain,
smooth spheres or cylinders is caused by tne turbulence’
of tho straightener or any other screen and sniftod to.
slower veclocities and Roynolds Humbers.
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The screen turbulence prevalent in a <flow cannot
change the laminary structure of - the boundary layer, but
if it has any effect on the normal vortex formation it
results in either an enlargemént or a diminution of the-
vortices, depending on whether the effect emanates from
turbulence vortices: hav1n& tne same or inverise sense’ o;
rotatlon as the vortlces onf tne oodJ. S
"+ To check the behav1or, we made 2 series of tests in
which ‘a 1 cm wide bar was mounted 2 cm ahead of the cen-
ter of the cylinder. The small bar manifests two rows of
vortices, rolling to the right rand left over the surface
of the cvllnder and having the. same sense of rotation as
the normal vortlces engendered here., -

. The result of ‘these tests was negative. - The instan-
taneous photographs of both series showed wholly similar .
flows and irregularities in strieamlines as variations in .
the gyroma formation, and failed “to reveal any. tendency -
toward increase or decrease in' the normal vortices on the
cylinder, The theoretical assumption that the action of
the screen turbulence is toward vorticity and greater
friction of -the ‘boundary layer 1s, therefore, not substan-
tiated bv these tests. : AREPURL Rt :

hOWever4 ‘the obgection mlght be ralsed that a dlfzer—
ent result: was hardly to be 'expected because in..the wind
tunnel measurements the reversal of the flow, through
screen- turbulence, did not occur until at much higher ve-
locities than used in the pnotograpblc exper Aents.

As "a matter of fact at these v31001tles even a com—
plete screen of parallel metal plates (straightener) or
binding string failed to bring on the reversal of flow -on
the cylinder. On the other hand, the wind tunnel measurec-
ments likewise revealed that the reversal is speeded up
as the screen turbulence becomes more intense. Conse-
quently, it was legitimate to assume that the same result
would occur even at slow pnotographic velocities when en-
ploying the bar screen instead of the plate screen wita
its much iaferior turbulence. :

Such a bar screen consigted of thin pieces of wood,
1 cm wide, and spaced 1 cm apart, It was twice as wide
as the cylinder and was mounted 2 cm distant, so that in
one test.séries a bar, in the other a gap, forces the
" center of the cylinder. The turbulence vortices next to
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tie surface of the cylinder had, in the first test series
the same sense of rotation as the vortices on the cylin-
der; in the second series, the opposite sensec,

The result was clear and defiaite, ‘All photographs
exhibited the complete reversal. (¥Figs, 12 and 13.) 7Ta
lateral flows envelop the cylinder in an unsettled nmann
far beyond the equator and strikingly coniract the area
of the gyromas which never exceed the width of the cylin-
der. Their shape is fairly tapered, their length varies
aad at times is not greater than the diameter of the cyl-
inder. In one casc the space of the gyroma was Tilled up
by a2 one-sided transversc flow leaving only traces of sta-
tionary vortices. 'Tre experiments prove that on the cyl-
inder as on the spheore, the position .of the critical Rey-
nolds Fumbers and the flow révérsal depend upon the degree
of screen turbulence contained within the flow and that,
given sufficiently strong turbulence, the form of flow
conjugated to the small resistance coefficients exists
from the beginning even at very small velocities,

he
er

It follows herefrom, that it was no fault of the ve-
locities when the reversal failed to materialize eithier
with one or two bars. The turbulence vortices passing
over the surface of the cylinder were of the same. tyve
and intensity as in the test series with coublete bar
screen, If they were contingent upon the "turbulence of
boundary layer," the latter would have had to become tur-
bulent in all these cases in the same way, and reversszl
would havo had to occur aft of the separate bars as well.
The reversal here is not attributable to greater friction
through vorticity in the boundary layer, as Prandtl postu-
lates, but to a dircct action of .the turbulence of tae
comolete screoen enveloping the wholeo field of the incrtia
forces

OJ‘-

) <+ H)

An illuminatiang insight into the finer struciurc
tho flow and the corrclations of this mechanism 1is alf
6d by the ficlds (of force) (of the stationary cam
Thoy illustrato the motions set up in thae quiescen
by tho coanveyance of tho solid body,

<t (D
b )

The normal field of force of a cylinder in parallel
unlinited flow agrecs in its front nalI fairly closely
with the known absolute streamlines of the tieory. The
lines radiate dlverbentlj forward and in well- SJmpCd wni-
form curves turan sidewise and roarWard
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_ In the field of .thé bar-sereen (fig. 2) the row of
white rectangles denotes the path traversed by the screen
bars during the exposure (1/5 second): The maze- like
turbulent flow with its ramifications is directed toward
the rear of the bars and emdbraces the engendered vo:téx
streets, which become more and more distorted and'ﬁﬁdiu—
cernable the more they participate in the forward motion,
As previously stated,. this motion denotes the velocity
losses which the corresponding streamline motion (fig. 3)

sustains because of the friction and vortex format1on on
the cylinder.

Field of force of cylinder in the ambit of the screen
(fig, 14): -In the combined field the total flow anpears
as a circulatory motion emanating from the face of the
"screen, escaping to the sides -and rear, then with branches
between -the vortices advancing inward, gradually passing
into -the inflow which extends as far as the screen bars
and attaining their full velocity in them.

With this circulation around the screen, the lines
of force discharging from the cylinder are so interwoven
that the regular shapes of the absolute streamlines are
no longer recognizable. Because of the proximity of the
screen, they diverge. sharply to-the side quite close to
their source, advance in bunches in- the direction of the
vortex streets and into.the. spaces vack ¢f the individual
bars, and pass.in thisg: way into the general cyclic flow.*
The displacement of the fluid in front of the cylinder is
therefore, csscntially differcent from the normal flow, by
prcdominantly outward directed transverse forces witiaout
contemporary acceloration to the rear; and similar inward
directed forces act on the filling of the space back of
the cylinder,

The effect of the field of force on the fluid nasses
passing through it is portrayed in the streamline photo-
graphs., The repellent transverse forces. set vp a marked
sinking in the water level extending far forward, and of
the pressure on the sides of the cylinder, whereas the
bunched lines of force Du°n1ng in from the sides increase
the pressure behind the cylinder and in that way keep the

*Tikewise, in cases where the cylinder is mounted far be-
hind a plate screen (straightener), the bunched forward
deflection of the lines of force - instead of rearward -
and their advance in the direction of the vortea streets,
has a very peculiar aspect.
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vortex-formation.of the gyroma within moderate limits,

Phe.effect.of a bar screen described here differs
from that of -a straightener or a binding twine screen on-
1y~ quantltatlvely although, according te the resistance
measurements, screens of this type can produce the same:
effect when'theﬁr turbulence reaches the:same 1nten31ty
as on-‘the bar screen by sufflclent increase in flow veloc-
1ty. ’ : SR

3« Reversal of Resistance Law in Nonvortical Flow

"Accordingly, it might appear as if the reversal. of
the resistance law observed in the wind tunnels was not
" generally attributable to thée effect of the screen turbu-
lence of the universally used straightenérs, and could not
therefore, occur in a nonvortical flow, 3But this surmise
is erroneous. Captain G, Costanzi* measured the resist—
ance of spheres by moving them through the calm water of
a large test chainel. On one sphere of 100 mm diameter
the resistance curve revealed the transition from a high-
er to a lower coefficient at a mean speed of 3 m/s, which
is equivalent to a wind velocity of v = 42 m/s and a
crltlcal Reynolds Number which appears:to.accord with the
Gottlngen measurements, without wire ring and thread
screen, This proves the occurrence of reversal:in a. homo-
geneous'fJoW even without screen turbulence, -and the re-
lease with turbulence or ring at low velocities and Rey-
nolds Numbers, Now that Prandtl's theory is untenable, .
thae’ question as to. the real, always effective’ cause of
the reversal remains an unsolved riddle, which has not
been touched in the preceding investigations. In connec-
tion with the resistance measurements it was mnoted at the
range of the critical and supercritical Reynolds Humbers -
the small resistance coefficients -~ that the spheres
were exposed to very violent lateral pressure variations.
The manometric pressure readings yielded the strongly
forward enlarged negative pressure lobes alternating on
both sides, In consequence thereof, the circulations
must have been impressed Dy very strong, oscillatory
fluctuations. : -

: - Now, f1OWS of this kind can be observed at moderate
speeds on thln CJllnders in water. Thelr development is

A*G.‘CostanZi:'Experiments in Hydrodynamiéé, Rendiconti del
stabilimento aeronautiche del genio, Rome, 1912, p. 149.
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as follows: Disregarding the first stages of the incip-
ient motion the flow is always symmetrical, This-is seen
in the uneven structure and size of the two halves of the
gyroma, After the escape of the first vortex doublet,
the other wake eddies follow obligquely in sueccessiorn, be-
cause the contraction occurs always on the greater half. . -
of the gyroma, .A.part of this half remains temporarily
on the rear end of the cylinder and forms the nucleus of
.the éucdeeding ¥ortex, 3But -since ‘the number of the .vor~
tices increases with the velocity, the. seperatlons occur -
more -rapidly until at last -one side of the gyroma is 1ift-
ed off fréom the cylinder, whereas the other side- spreads
out over the rear end of the cylinder and at the sdme tine
advances on the side surface. In the meantime the vortex
formation is almost completely suppressed on the opposite
"side, the stagnation point has perceptidly shifted:toward
this side, more and moere fluid continues to spill-over
the side of the cylinder on which the vortex formation-is
strongest and the negative pressure therefore lowest,
while higher pressure momentarily suppresses or’ reetrlct"
tpe vortex formatlon on the opp051te elde.

A fully developed flow is shown in Pigure 15,- It is
the field of force of a cyllnder 6f 22. mm diameter moving
at v = 97;4 cmn/s through calm watér, copied from the

"photograph of a test series made at Adlerehoi' but for -a
different purnose.l Oxn aecount of the. superposed transla-
tion there is a zigzag flow (instead 6f vortex rows) which
is the bond here of the motion pushing forward between the
vortices. As to the vortex formation, we note onlv a vor-
tex adherlng to tne cyllnder on tqe 1efu s1de. £
t In the" f1e1d of’ force tnls vortex appears far ad-
vanced in development and consisting of .numérous small
verticés coiled up in: the developed vortex. On the rignt
side the vortex formation is temporarily interrupted.
‘There the lines of force swinging in from the front- meet
the stronger lines from the ‘opposite side and together
form on the side of the-cylinder an interference and a
pressure which is opposite to the lowest negative pressure
On uhe vortex source ox the left 51ae. . -

Tne developed vortlces of tne two - rows stand united
on-the outside by flow br idges and on. tne 1n51de ‘evince-
common forward zlgzag flow. - Sl e :

" The speed’ together Wlth the.spac1ng of toe flo~r
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bridges and the scale of the plctu”e reveal that 11 dou—
blets ‘per’ gecond have been produced on the cyl*nder,iand
that is also the number of pre sure v1orat10ns. T

e“”A
100

. : e - ‘water tempernture in tne test was 17, 5°C -t
estlmated klnematlc v1sc031ty v o= 0, Ol" so for v
v

Jp- n B

cm and -4 # 2.2 cm. the Reynolds Number wa, s.fRHAA =T

22000.~”At‘-V'= 0.14 viscosity . of the air the 'same Rey- °
nolds Number is obtained in the eéxperiment in.air by 14-
fold Velddlty"v»i 14'm/s, ‘or, in-other words, “the same -
flow prevails in the same cylinder, &dccording %o ‘the law
of ‘similitude, but with the difference ‘that.the vortex
sequence and the number of pressure vibrations, propor-
tionally ‘to- the veloc1ty have ‘increased from .11 to 11 X. -
14 = 154 Der second, - The préssuré vibrations on cylinders
of d11ferent diameter are then ea31ly determlned LOT the
same’’ Reynolds Number. .

«Unfortunately, the Adlershof test program contains
only &a.few photographs for . v = 150 m/s, which do . not show
essential differences against v = 100 Cm/s in the flow,
I am, therefore, unable to give any more details on the
flow at -différent Reynolds Numbers nor -on the development
of - tne phenomena from the initially symmetrical form of
flow, Weither am I in a position %o repeat. and . eéxtend the
experlments ‘which might reveal 'a preferable basis for-
chec&1ng tne 31m111tude 1aW w1tn my 11m1ted test eqvlp-;
3mcnt S » i :
E There can bé no doubt that this particular form of .
flow is in fact a problém of supercéritical attitude of -mo-
tion because it is only through it that the strong later-—
al pressure vibrations which are assigned. to this atti-
tude and to the small re31stance coefflclents can occur..

But then the crltlcal questlon arises To:wqat ceuse
is the trans1t10n of the symmetrical flow and.pressuveuf
distribution 1nto 1ts&mymmetr1cal “oscillatory form to De
attributed? o : C

The answer to this is: 'The arrangement of the vor-
tices in the double row behind the cylinder corresponds
to that of a "vortex street" which, according to Xarman'
experiments, is stable when the ratio of the-distance ot
both rows to the distance of two vortices of one rovw
0.283., This is plainly the case here. .The stable arrange-

i
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ment Tirst ‘develops under the vortices left in the dead
space by the cylinder, then advances with increasing ve-
locity toward the cylinder and finally predomlnates the.
waole fleld enveloplng the cyllnder.,n-.

';Consequently, the cause of tqe revereal lles in the
fact that the fairly symmetrical circu ulation eond vortex
formation on the cylinder becomes unstable at the critical
velocities and changes into the stable but asymmetrical
form of :flow of the vortex street. The -one-sided vortex
formation, still remaining, makes -the marked decrease
11 re51stance forthw1th comprenen51ble.

Any turbulence, partlcularly of screens -a2nd stralgat-
‘eners, as well as the. strips on the cyllnder in our tests
.or the wiré ring on the. sphere, endangors.the contlnuancc
of tane.initially symmetrical flow, makes it unstable and
thus permits the transition into -the stable, asynmetrlcal
form even at slower velocities than in 10mogeneous flow.

Inaomuch as tne stability of +ho vortlces is 1€'ormed
in the dead space behind the cylinder, it plainly is
“founded on the .equilibrium of pure forces of inertia which
arc bound ‘up with the.orbital motion of the vortices -and
thus proportional to wuw?:r, Wwhere u = perlnher V1 veloc—
ity and r = radius of vortex,  Then since u is propor-
tional to velocity v of the flow and r 1is proportion-
al to diameter ~d. of the cylinder, these.forces on cyl-
inders of different diameters must have the same ratio of
v2:d, if similitude is to prevail. That is, in other
words, the Frouds law of similitude., .The legitinma CY of
this conclusion awaits experimental proof which I am, un-
fortunately, not - in position to supply. On the Ouher
hand, experience teaches that the regular arrangement of
the vo“tex streot on thin cvllnders or narrow podies oc-
" curs at very much slower' velocities than on wide podics,
whereas the opposite should be expected a according to the
Reynolds law, But this, evidently, cannot prevent tiae
fact that the full reversal of the flow and of the re-
sistance nevertheless follows the latter law,.

The 050111atory vortexr formation on the sphere in
uniform flow is dlI;lcult to ylsoallze “otner ‘than-that the
point of origin rotates to rigat’ and Teft: around the
sphere and the nroduced endless vortex, wound.- ‘tightly in
.a spiral, is left . behind the sphere like a ‘single~-turead
screvw, In 1ong1tud1nal section then appears the well=
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Ynown picture of the . vortex street. 1In this fictitious
system the. revolution speed of the spiral.a}b. large .R in
the air would become so great. and the oerlod.of the lat-
eral pressurs variations so short as to ¢all to show up

in manometric pressure, readlngs and 1ard1y dlsce;nlole
alongside the mean values, = Besides, it was ass sumed in’
this consideration. that the sphere remained perfeculy sta-
) tlonary in the flow: and thaat the ho lders neces sary to ac-
-comollsh tnls, do. not disturbd the flow ' ’ '

”Lnese cond1t10ns are,. unhapplly,'never encoun*ered
in a real flow,. 'And so it leads in the not Derlectlj uni-
form flow to the violent, 1rregular pressure variations
which Prandtl attributes to the tongue-shaped motions of
“the ‘separation line, or to -Krell'!s sudden reversal of the
pressure extremes in his measurements,  Here tho_stfanev
pressure differences remained steady above and below thaen
suddenly and in wholly irregular periods, reversed tﬁu‘”
positionss  In this arrangement the flow at times was in
equilivrium, sometimes for such a protracted pcrlod that
"the wait for the reversal had to be given up for lack of
time." In my opinion the cause lies. with the inevitable
variations in the air strea which was not exactly sym-
metrical and had a 4,5° upward slope, even when the spJere
was set at the same angle., Besides,. the 6 mm pipe through
the center of the sphere used as manometer lead may nave.
helped to bring on the phenomena, The irregular varia-
tions in flow and pressure on the sphere must, obv1ously
prevall upon the form and set-up of the vortlces in- unev

dead Water.

, As on circular cylinder and sphere, so also on bod-
ies with elliptic profiles, the augmented vorte forma-—
tion can approach at critical velocities thp Lorward lim—
it of the negative pressure field and tnus alter the en-
tire pressure distribution and resistance coecft IWCWBDt
On bodies such as airships or plates in Longlundl al posi-
tion the vortices always begin to form in froant at thae
zero 1limit of the pressure. "But the. resistan ce of aiyr—
ships as of vessels, is materially affected Dby t%? body
shape, which also defines the form of the total field
of force, Lines of force discharging forward and returan-
ing rearwvard on a ship set up the bow and stern wave. The
stern wave balances the resistance of the dynanic pres-
sure- to the extent of increasing the Iorvard directed
pressure on the stern, and this effect is so mucih smaller
as the stern wave is farther: beh1nd tqe ship. The speed
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of such ships can be increased by lengtheni ng the hull,

The nigh resistance on the transverse nlate is not
due to the laminar bvouniary layer, tut rather to the
fact that the lines of force do not converge with the
stern wave until aft of the gyroma, and tne rear end,
reached by the suction only, is deeply imbedded in the
negative pressure, But even on thec spherc and on the cyl-
inder the transition of the resistaance to lower coeffi-
cients is closely bound up with the proximity of the rc-
turning lines of force at the rear enéd of thc body,

Sumnary

The nature of turdulent flow through pipes and around
obstaclcs is analyzed and illustratecd by photographs of
turvbulence on screens and straighteners. I% ig shown the
the reversal of flow and of the resistance law on spheres
is not explainable by Prandtl's turbulconce in the bdoundary
layer., The investigation of the analogous phenomena on
the cylinder yields a reversal of the total field of flow,
The very pronouncod changes in pressure distribution con-
nccted with it were affirmed by manometric measuremen *s
on spheres by Professor 0, XKrell, Tﬂu reversal in a nomo-
geneous nonvortical flow is drought abvoul by the advance
of the stable arrangement of Xso ruar'v Gead air vortices
toward the test object and by the substitution of an al-
ternatingly one-~sided or rotating but stable vortex for-
mation in place of the initially symmetrical formation.
This also explains the mariked variations of the models,

o

Translation by J. Vanier,
National Advisory Committiee
for Aeronautics,
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Fig.l Field of force of

a plate screen,
The surface of the plates
is covered with fine
vortex layers,which some
distance behind the model,
develop into larger
vortices of the vortex
streets.

Fig.2 Field of force
of a narrow
bar screen.

Fig.4 Field of force
of a wide bar
screen.

Fig.5 Effect of plate
screen on the
flow of Fig.4

Figs- 1,2’ 3949 5’7

Fig.3 Field of flow
of a narrow
bar screen.,

Fig.7 Normal field of

flow of a smooth
cylinder.
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Fig. 6 Flow round a sphere according to Frandtl,
A at large,B at small resistance coefficients.

160°

Fig. 11 Pressure distribution on Fig. 15

sphere with interference
ring at v = 12 m/ sec. according to
Krell, The dotted curve is the pres-
sure distribution on the smooth
sphere without ring.

Cscillatory vortex
formation in the
field of force of a cylinder
for homogenous flow. Cory of
an under-water phetozraph.
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Figs. 8,9,10,12,13,14

Fig.9 Circulation

' %

’!Q % V4

Fig.8 Circulation e - Fig.10 Flow as in
a 11 inder with 3 mm Fig.9 but
da $iS oivine T SENIRN e . S0 RPN el
ek BATAPS 3 of the equator. P8,
radians ahead of the gyroma is seen
equator. to extend to the
strips.

N l;(:

Fig.1l2 Field of flow .
of cylinder be- Fig.13 Flow as in Pig.14 Field of force of

hind bar screen,one bar Fig.1ll,but a cylinder in the
in center. The gyroma with gap in front field of a bar screen.
is materially smaller of center.

(compare Fig.7.)
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