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ABSTRACT

Vortex formatlion and shedding from the tralling
edge of a two-dlmensional, thln, flat plate parallel %o the
free stream l2 studied experimentslly for the case of in-
compresalble flow. Consideration of the ¢lasslceal boundary
layer theory, the Karman vortex-street thesory, the formation
of the vortex centers, and some annihllation of vorticltiy
in the free shear layers leads to an estimate of Strouhal
nusber., Thies estimate 12 in reasonable &greement wilth
experiment. The flow phenomens of & splitter plate mounted
aft of the main plate and of a NHACA 0012 airfoll are also
observed axyerimunﬁally and are found %o be in essentlal

agreement wlth applicable peortiona of the theory.
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I. IRTRCDUCTICH

The provblem of the vortex shedding and flow fleld
around bluff bodles 18 one of the oldest in fluid mechanices,
but 1t remains one of the moat lmportant probleme, both for
practical and theoretlicsal Lnterest.

Twe lmportant contributlons towards an under-
standing of this problem vwere made by the well-znown
studles of Kirchoff and Karman. Later, Koshko (1, 2, 3)
used & form of the Kirchoff free-streamline theory "joined"
to the Kerman vortex-astreet theory to find & solution
depend lng upon only one experimentally determined parameter,
By allowlng for some snnihllation of the vorticity in the
“free shear” layers near the separatlion polnt on the bluff
body, this sclution furnishes a useful correlation b@tﬂ&&ar
different biluff ecylinders as well as & further understanding
of the flow mechanism. |

The wbove aentributioﬁa have been concerned
primarily with eylln&ria&l bodies having s length parallel
to the flow ejual to or less than the depth perpendicular
to the flow.¥ However, many thin bodles, such as the
thinner alrfoll shapes, have flow flelds of esgentlally
the sams nature. For thils resscn, thls paper was lnitlated
to study the flow at the Dasge of thin, flat plates parasllel

#Roshiko (3) hes also studlied the consliderable effecta
of & "splitter plute” placed behind the bedy.
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to the free siresanm direct&cﬁ. These plates have rounded
leading edges and bluff tralling edges.

It iz resdily apperent that the btoundary layer
thicgness, beling of the same order of nmegnitude or greater
than the thickness of a "thin" plete, may have un important
effect on the flow fleld and vortex shedding of the plate.
Such has been found to be the case., In this respect, the
problem for the thin plate differs from previous studles,
whers the boundary layer thlcikness huas been suffliclently
arall to be of seceond order impartan@a.

For thin, flat plates the usual flat plate
boundary layer theory 1s applied, and it le assumed that
the boundary layer thleciness and the plute thicuness play
an essentlel role 1n deterzining the vortex-street forma-
tion, Fromz this, a soluticn for the flat plate shedlding
frejquency, represented by the usual Strouhal number $, is
developed. Tihils sclution specifies the Karmsn vortex-
street parameters and le found to sgree within & few

percent of the experimental results.



II. EXFERIMENTAL ARFARATUS

Slnce the experlment rejuired that vortex
sheddlng be studled, het wlre and electronle ejulpment was
found useful for measuring the frejuency of the vortex
veloolty perturbations. The only other measuring devlcee
on or nesr the models were ssveral jressure oriflices and s
pitot-statlic tube.

Bo corrections were made %o any of the zesasure-~
ments for tuﬁﬂal wall effect. This waee Justified by the
smell thlciness of the models with respect to the tunnel
teat section helght. (Helzght to thiciness ratlo ranged
from 18 to %00.)

Wind Tunnel. The ex?@riménta were all made in the GaLOLT
20 - by 20 - inch low-turbtulence tunnel. WwWind velocity
ranged Trom abautigéxbantimaters per second (2 miles per

hour) to 2100 centimeters per second (47 miles per hour).

Kodels. Three two-dlmensional models were tested (Filg. 1).
The first two modsls were thin, flat plates with round
laaéiﬁg edzes and blunt tralling edges, The thlird model
wag an RaCa 0012 section of 22.9 c&ﬁtimabers chord length,
The flat plate 4 had a "gplitter plate” whleh was mounted
at varylng dietences downstream frow the maln plate. Thls
aplltier plate was used to effect changes In the vortex

formatlon mechanlism of the flow., Flat plate A sleso had two
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pressure crifices, one in the middle of the base sree and

the other immedistely ahead of the tralling edge.

Veloc;tz_%aagu;gagnts. Free stream veloclity wesa determined
from the shedding frejuency parsmeter F of a reference
eylinder (0.635 centimeter in dlameter), as deseribed ln (1).
This reference shows that Reynolds number and free stream
velocity sre a unigue functlon of F, and that F may be
ﬁet@rmiae& direetly from the shedding freguency and the
fluid viscosity. Velocitles were also seasured wlth &
pltot tube. The pltot tube and other yreasures were
deterzined from & preclslion menometer to an accurscy of
about .003 centlmeter of aleohol. This measurement was
campareé te the shedding freguenoy parameters to obtelin an
extenslon to the curves of (1). Thus, once these curves
were established, veloclity could be determlned by two
different methods; however, sasccuracy of the pitot tube was

poor for a spesd less than about 400 centlmeters per second.

Electronic Bjulpment. Hot wire eguipment was used to read
the frejusncy of vortex shedding and the wave form of the
veloclty fluctuations. The hot wlre was & 0.12 a1l tungsten
wire mounted normal to the two-dimensionsl flow plane.
Voltaue fiuctustlons scrose the wire were aﬁylifi&d with e
two-stuge laboratory amplifler and were then fed 1nto an

osgcllloscope, 4 Hewlett-Fackard Model 202 B freguency
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generstor was calibrated against the 60 cycle llne-voltage
staundard, and wes used wlth the hot wire algnal to produce
i.lssajous flgures on the cscilloscope. The hol wire wsas
mounted on & traversing mechanism sccurate to about 0,005

cent imeter, traversing normal to the free stream direction,
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I1I. EXPERIMENTAL RESULTS

& Karman vortex-satreet appeared in the wazes of
_pall models and at all Reynolds numbers tested. It appeared
t cn the oascilloscope as a double row of periodie velocity
fl&ctu&timns of alternate spacling. The alternate spacing
was apparent from the waveform snd the double frequeﬁny
resd near the waxze center line,

2

Vortex Shedding Fsragmeter F. 1In (1) the parameter F = 24

wag shown 10 be & functlon of Rp and was experimentally
determlnég fer & circular eyllimder, Here m #= shedding
frequency, 4 = cylinder dismeter, ¥ = Xlnemalle
visscosity, and Rg = Reynolds number bused on 4. For the
present report, thle relatlon has been exteunded by plece-
wlse curve fitting up to Ry = 9500 aa:

F = ,205 Ro + 12 2000 < BRo < 58500

F = .19 Rq +;%5 5500 < Ko <« 9500
based on the teat polints shown in Fig. 2. The similar
relations of (1) are:

F = 212 Ry ~ 4.5 50 < By < 150

F = ,212 Ry = 2.7 300 < Rgp< 2000
These four relations were used to compute KRy and the free
slream veloclity for the remsinder of ths experimental re-
sults (F 1s &nown from experimental valuee of m and v },
as low B?@@d‘V@lOGlﬁy measurements could be obialned more
accurately by thls means than by the direct measurements of

the pltot-statle tube.
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Flat Plate A. This plate was tested for shedding frequency
and base pressurses over & Reynolds number* range of 17,600
to 460,000, as shown in Figs. 3, 4, and 5, and in Table 1.
At the high end of the range the boundary layer and %he
vortex shedding became turbulent in character and the
shedding frequency became rather difficult to read. At
all speeds the Karman vortex-street was detscted aft of
the model, as expected. Over the model and in the model
boundary layer, no significant veloclty perturbations
other than thoae of the turbulent boundary layer were ob-
gervedj however, as the hot wire probe was moved aft past
the trailing edge, vortex shedding appeared. Actually,
this shedding first became measuradble at about one plate
thickness length ahead of the tralling edge, and developed
to essentlially full amplitude at a distance of the order
of four plate thickneases aft of the traiizng edge.

Surface pressure wmeasurements were taken at the
base center line and alsc immediately ahead of the trailing
edge, 8§ shown o Fig. 5 and Table 1.

Flat Flate B. Plate B was tested over a Reynoclds number
range of 16,400 to 270,000, as shown in Pigs. 3 and 6 and
in Table 2. At a Reynolds number of about 270,000 the
vortex shedding pattern on the oscilloscope wéuld alternate

# Reynolds number R for all the models is based on the
model ohord length (.
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between laminar and turbulent appearance., Hore yraeiaely;
the "laminar" pattsrn appeared as a s&oathAfunoticn,
approximating & sine wave on the oscllloscope, Several
times & second the "turbuleunt” pattern appeared &s a
functlon with many eshary peazs, etc. Somewhat higher
Heynolds nusmbers were alsc téstad, but the pattern was
completely turbulent, and no single domlnant shedding
freguency could be found. 4t the sane tlme, turbulence
was aloso noted in the boundary layer.

4t FReynolds nuzbers lese than about 40,000,
there alac appesared tolba some slight veloclity fluctuation
in the boundary laver of the same freguency as the Karman
vortex-street. 4t the ssme tlme, & second, lower fre-
gquenocy of about 30 cycles per second appeared to modulate
the Karman vortex-street. 4is Raynald; nusber was decreaeed,
the amplltude of the second frejuency becune gre&tef with
raa@ect.tc the orlginal fraqueﬁey. &t & Heynolds number
of 34,000 the two freguenclies appearsd to be of egual
amplitude. Thia trend contlinued until only the seoond
frequency wes observed &t & Heynolds number of 26,000. 4
third frejuency of about 19.5 cycles per second appeered &t
8t1ll lower Keynolds numbers and became egual to the second
at a Beynolds number of about 20,500, This trend continued
to the end of the testa at & Reynolds number of 16,400,
The fact that only the domlnant fréquaﬂcy cculd be agcurate-

ly measured accounts for the "jumps" in Figs. 3 and 6.



shov the effect of a "splitter plate” (see Fig. 1) loecated
aft of the model. With the splitter plate close %o the

tralling edge, the splitter plate appeared to form a new
vortex ahgddine pattern of lower frequency than that of the
single plate. For all positions of the splitter plate, the
vortex shedding fluctuations started near the main trailing
edge, but modified in frequency by the splitter plate.
Aleo, sasller amplitude 6aclllations of higher r'requency
wore sometimes preasent, but their frequency could not dbe
measured. Of course, the far aft positions of the aplitter
plate produced a flow pattern similar to that for no
spiitter plate at all. It is interesting to note that 8
and pressure coefficlent Cp Jump in the manner shown for
the esplitter plate behind the circular cylinder of Fig.4,(3).
Surface preasure measurements were taken at the

bage center line and immediately ahead of the tralling edge.

Boundary layer and Vortex Measurements. As a cheok of the
flow pattern of Plate B, a pitot tube was moved through the
boundary layer in order to measure the velocity proflile.
This velocity profile, taken at appréximately 1.5 plate
thickness ahead of the trailling edge, is shown in Fig. 8.
It ahoys good agreement with the Blaslue theory. A profile
vas alio taken at 0.5 plate thickness downatream of the
trailing edge. This gave similar results, but showed
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higher velocltles close to &nd on the plene of the plate
surfece. The tralling edge boundary layer thlciness was
approxlzately C.8 plate thlesness during this test.

Flg. 8 also shows the result of uslnglé voltmeter
to measure relatlive samplitudes of the veloclty fluctuatlons
seross the vortex street., Here the probe was located
approximstely 5 plate thicinesses downstream from the model.
This shows & pattern like that quallitatlvely observed for

all the vortex atreet neasursments.

Bala 0012 aAlrfoil. This airfoll was tested at Reynolds

numbers from approximetely 15,000 to 90,000 (see Filg. 3 and
Table 4)., Teste were stopped at the high end ol the range
&3 the shedding frejuency became sozewhat varlsble or
turbulent a8 Reynolds nusmber ilncreased, until it no longer
could be resd., at all Reynclde numbers tested, the vortex
street appesrsd in the waze, as with the flat plate models,
It 1s Intersating that no significant velocity fluctuaticna
or vortices appeared untll lmmedlstely downstream of the
tralling edge.

At Reynolds numbers in the nelghborhood of &0,000
e Jump ln shedding frejquency sppeared, and there was a
small range over which both frejuencles were posslible, but
only one at a tlme., a8 a matter of fuct, at one test polnt
{E = 62,800) the oscllloscope showed & rather random

Jumplug between the two frejuencles wlthout any observable
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change ln the tunnel or model operating sonditions. The
shedding fregquency would stay at one, well-definsd value
for a perlod of the order of % to 30 seconds aud then
suddenly Juamp to the other, also well-deflned velue. Thils
Jumplng frem one value to the other was observed to
sontlinue for several minutes until tna7tunnel speed was
changed. It was aeassumed that this Jumﬁlmg-might be the
result of the transition point changlng between two

locations,



IV. A THEORETICAL ESTIMATE OF THE VORTEX
SBHEDDING PARAMETERS

In order to better understand the experimental
results, a physical model ig here developed tc estimete the
shedding parameters for the thin, flat plate body. This
nodel is based on the Karman voritex-stireet and on boundary
layer theory. Incompressible flow is assumed throughout

the derivation.

The Xarman Vortex-gireet. It is assumed that the vortex
atreet behind a thin, flat plate is approximated by the

claseical Karman vortex-aﬁreet theory. In actuality, it le
known (1) that the fluid viscosity results in a viscous
core formation in place of the potential vortex centers;
also, the vortex street is dissipated far downstream of
the plate. However, ithese sffects are assumed to be of
second order importance for the present discussion.

The Karman vortex-streset theory (4 and 5) states
that the vortices move at a speed

V= 2%%57; (1)

with respect ¢ the free aiream, where M is the circulation
of a single vortex, and a is the streamwise distance be-
tween vortices. Hence, the circulation per unit tine
developed in each half of the vortex street behind a bluff
body is= I“(ngrz), where U is the free-stream velocity.
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How, over & sufficlently thin, flat plate, the
veloclty outslde the boundary layer is the [ree-stresam
veloclty U, The velocliy at the edge of the boundary layer
ie related directly to the ciroulation in the boundary
layer. That ls, the rate &l which elreui&ticn flows past

any plane sscetlon normel 40 & boundsary layer 1is:

.[Sfudrl = _g_z

where / 18 the local vertleity, « 1& the local veloclty

in the bﬁunﬂ&ry loyer, n 18 the coordlnate normsl to the
plate, and § is8 the boundary layer thlcuness, If we let €
be the fraction of the boundary layer vortlelty that 1s not
lost by viscous diffusieon b@té@aﬁ the plste tralling edge
and the lormation of the vortex street, that ls, the

fractlion whleh forms the vortex street, we can esguates

euU?® _y
2 =Iﬁ(ug v) (2)
Selving (1) and (2} for é;, we get:

{;. —vz U1 -T-%] (3)

and

v=z2l-vi—%] W

where the sign of the radical is detsrained as follows:
5ince the average veleclty In the medlan plane of the vortex
is {; with respect to the free stream (5), thie velocity is

greater than U for the radlczl aigm assumed positlive.
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This appears to be physically unresllstiie; also, it la not
compatible with the experimental resultis. Hence, the #lgn
has been taken ae negative.
The shedding frejuency m , the nuwber of vor-
tices formed per unlt tlme ln each side of the %ert@x
strset, must then be glven by:

(5)

Since the gspacing b between vortex rows in the street ls

given by b = 281 a, we have:

= U :

whers
2

))‘(6)= ,23/ £l+7=="——~[~#_z] (7)

[y

Values of h (¢) &are shown in Flg. 9.
The dlmenslionless shedding frejuency, Strouhal

number, 18 defined by: S = %__d_

and hence

_ _d
S = b h, (€ | (8)

where 4 13 & characteristic length of the body. For this
report, d 18 taien ss the thleiness of the plate.

Since these relations are based on only the boun-
dary layer vortlclty and the Karmen vortex-street, it 1s
clear that they should form & basls for the rest of the

theory.



Ihe YKermsn Momentum Helstlon. Von EKarman has derived, froum

considerations of momentum (4 and 5), the formuls
R - 2
C, = -2.[5.55/-5} - 2.25(¥%) ]

where C, la the body drag coefflclent based on 4. Uslng
equation (4}, which glives %; = %g(E) , W@ may wrlte

¢ = & o )

pz(é) is plotted on Fig. 9, Hence, the Karman value of C,
depends on only the street width ratic i% and the value
of € .,

C, for the thin plate also may ba computed as
the sum of the base pressure drag and the skin friction or
boundary layer momentusm thicinesses, which glves:

C, =-C, + i-d_é (10)
wvhere © 1s the boundary layer xomentum thickness of cm#
alde of the plate,

By eliminating C, from (9) and (10}, we get the

baase pressure coefficlent:

- 48 -bh, (&
Cp = 3

(11}

Thus, 69 is related directly to the boundery layer momentum

thickness and the Xarmsn vertex-street paraneters f% and €.
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Vortex Center locatlon. The vcrtéx caﬁtera of the street
begin forming in the "free shear" layers, which start at
the plate trailing edge. This concert 18 ussd %o writs the

relation

b=d+28" + Ac, d (12)

where S*lﬁ the boundary layer displacement thlckness in
the nelghborhood of the plate tralling edge, and A 18 &
dimenslonless empirical paraneter, The slgn of A is
assuned posltlive,

This relation 18 based on the assumptlon that the
vortices first form at distance s* awey from each slde of
the plate, giving & street width of 4 + 28%. As the
vortex centers move downstream from the plate, the base
pressure 18 assumed to changs the width by amount A»Gp d.,
The slgn of thle term ls ressonable, inaamuch as & negative
Gy, for example, mlght be expected to "pull in" the vortex
centers, whereas & posltive C@ would be expected to do the
cppostte. The magnitude of the paraseter A wlll be beased
on szperlmental results, |

The distance S* is used above, lnsenuch &s 1t
represente an effective thlciness added to the plste, as
8een by the potentlal flow cutside the boundary layer. s*
is also the welghted averare dlstance betwsen the pla£9 and
the boundary layer vorticlity, as & llttle computation
2a8lly shows. Thus, two different points of view glve the

same locatlon of vortex center formatlon.



Completion of the Physical Model. By using equations (11)
and (12) to eliminate Cp, we geti:

s 1+F(2+ BF) (13)
d / *"*73 |

Then, putting equation (13) into equation (4),
8 begomens i

= [ +Ahg '
S )7'[, ,.ai.'z,._‘_g‘,,?.z] (14)

Hence, the Xarman vortex-atreet parameters depend

only on the parameters f%i, € , A , and the boundary
layer profile parameter £,. Both € and A are based on
experimental results, whilé -JE,:f and ,-%g usually may be
computed from boundary layer theory.

The parameter A for the computations of thie
paper has been taken as unity, which pives & falr agresment
to experimental results. However, varying A between Gh
and 1 gives only a small contribution to 8 and Cp for the
values of ﬁ-f, € , and % used in this paper. Ibh
particular, if we assume € = 0.5, 5-*=1.1, and 2 laminar
boundary layer profile, then equation {(14) will give the

same value of 3 for either A=1.00or A=0.
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V. COMPARISCE CF EXPERIBENTAL AND ESTIMATED RESULTS

Flat Flates & and B. The experimental values of Strouhal

L
number for plstes 4 and B are plotted in terms of -5- in

Fig. 10. Values of Btrouhal nuamber estimated from
equation (12) are also plotted. The boundary layer para-
neters 5 and & have been computed from the ususal
boundary layer equations for flat plates (see reference 6,
for example), assuming that the piatg thicknesa 1ls suffi-
clently emall to be neglected. Eguations (13) and (11)
were used in the seme manner to compute Cp, a8 plotted on
Fle. 5.

The experlimental results at Heynclds numbers
greater than about 300,000 lndleated that the boundary
layer flow weés becoming turbulent. Thls appeared both from
the waveform observatlons and froz the 3trouhsl number
behavier shown in Flg., 4. Hence, the boundary layer
parametors used in eguatlons (11), (13) and {14) were the
vsual laminar profile relaticns for Keyneclds nusber less
than 300,000, However, slnce the theory of turbulent flow
18 nol well forsulated near the tr&naitien region, no
simple béundary layer parameters were asvaileble for the
assumed turbulent flow region. This was particularly true
since the transition point (or reglion) iteelf is not well
defined. For these reasons, ths boundary layer relatlons

used for Reynolds numbers greater than 300,000 of Figs. 5
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and 10 were the well-known fully turbulent flow parameters
(based on the one-seventh power veloedty profile computed
from the leading edge). Therefore, where turbulent flow is
indicated on Figs. 5 and 10, the estimated parameters are
not expected to be as c¢lose to experiment as for the case
of laminar flow.

| It should be remarked that the low turbulence
level of the flow of the GALCIT 20-inch wind tunnel amight
- be expected to delay transition to a Reynolds number con-
siderably greater than 300,000, However, since the unsteady
vortex atreet was located close to the end of the boundary
layer flow, it appeare that & transition Reynolds number in
the neighborhood of 300,000 i1a a reasonable number. Such a
transition Reynolds number has been reported by many
observers for cases where the free stream turbulence level
ie not too low (see reference 6),.

‘Tha experimental results are geen to be in falr
agreement with the estimate for A= 1, €=0,5, and a
laminar boundary layer. This agrees well with the value
€ = 0.5 for eircular cylinders reported in reference 3.
Also, there appears to be a trend toward small € as
Reynolds number decreases and 5  increases.

It is interesting that the Strouhal number esti-
mated for the fully turbulent boundary lasyer is close to
the "turbulent” experimental valuea. However, Cp and 8

indicate contradictory values of € , and 1t is clear that
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more knowledge of the boundary layer is noeded to obtain
any better agreement between experiment and estimated
values of Cp and 8,

it should be noted that some improvement between
the sxperimental and the estimated valued of S and Cp may
be obtsined if A is taken aomawﬁa% less than unity. For
flat plate 4, a deorease in A will decreasse the satimated
values of both § and Cp. By this means the slight centra4,
dlction between values of € of Figs. 5 and 10 may be
reduced to within the range of experimental error.

A “wake Strouhal nuaber®, similar to that of

reference 3, is defined as
S*- m(d+25%)

U
wherd U,—"-?/—C, U

s
Hore 4 +28% ip repressntative of the estimated distance

between vortex centers in the wake, and U, repressnts the
"free streamline" velocity assumed tov exiast in potential
flow at the edge of the wake. Values of 3% computed from
experiment are presented on Flg. 1l for the case of flat
plates A and B. (For plate B the value of Cp ls assumed to
be O,) This data, when compared to Fig., 4, shows the
leveling effect of using 8%, but the values of 5% are
considerably greater than that for the several models

tested in reference 3, where 3% = 0,16 was cbtained.



flat plute B the parsaseter %F ls larger than on flat
rlate A, and apparsntly 18 related to the 6&& experizental
vehavior at -§f greater than about 2.7 (Keynolds numbers
less than about 35,000). Here the total bsundafy‘layer
thiciness of both sldes of ths plate L8 greater than 16
times bhe Plate thlekness. Also, the flow has a Reynolds
number based on d+26 which is approsching the somewhat
unstable "transition range" of reference 1. However, it ia
interestlng to note that the estimated value of 3trouhsl
nunber (for € near 0.5) 1s found to pass through the
reglon covered by the experimental polnts, |

It i3 mssumed that the above behavior may be &
result of shear layer oscillationa such as mentioned by
Tani in reference 7. Tanl has obtained experimental date
for the oscillation freguency of flow psst & square corner,
However, the avallable literature and the experimental date
are not sufficlient 10 make any definite ststemente con-

gerning this,

Flat Plete 4 with the Splitter Plste. 4&s shown in Fig., 7,

the splitter plate causes two jumps ln Strouhsl number &as
it moves toward the mein plate. Using these values of & in
equation (8), the basic vortex street relation, we see that
the street wldth b 18 lncressed approximately six times,

regerdless of the value of € used., It may be expected
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that equations {11} through {14} hold; however, for the
guliltter plute locsted elose %o plate 4, the voriex
shedding must be gontrelled by the tralling edge of ihe
sulitter plate. The flow must sepsrate from the trelling
sdze of plate 4 and reattach on the splitter plate, Thus,
1t is ligely thet & thiecs boundary layer iz formsed on the
@gii%ﬁ@w plate. This increassed thliciness of the boundary
laver flow then grestly lnorsases the value of b,

It 18 also remarikable Lo ncte that.a gap of
only about three times the maln plate thlciness la
sufficlent Lo restore the Tlow pattern %o essentlally
that -for no splitter plute et all., This leads 10 the
goneluaion thaet once the vortlelty has hed a sufflclent
opportunity to "roll up® into concentrated strest forsm,

& splitter plste mekes Little difference.
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NACA 0012 Airfoil. Hone of the above theory may be applied
directly to the NACA 0012 airfolil data of Fig. 3 inasmuch
a8 there is not a well-defined separation point. Alse,
near the separation point the potential flow velocity is
expected to be greater than the free stream velocity, eo
that the vorticity ahnd may lsad to a new form for the
parsmeter ), (¢). However, assuming ) =4.62, equation (8)
gives b = 1.38 centimeter for 8 = .43 (R = 23,000 or
R = 64,000 in Fig. J, where 38 is based on airfo;i maximun
thicknees). Thua, it appears that b is only about one-half
the maximum thickness of tha airfoll, This appears
ressonable in light of the theory and computations for flat
plates.

It is assumed that the jump and the decreasing
value of Strouhal number, as Reynoclds number begones
greater than 60,000, are associated with bbundary layer
phenomena. Both the jump and the decrease in Strouhal
number may be caused by a shift in the aseparation point to
a point further downstream. This is different from the
flat plate case, where aeparat;an is alvays assumed to
ocour &t or very close to the tralling edge. Transition
may also play a role in determining the separation point

and the observed phenomensa.
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VI. CORCLUSIORS

An expsrimental investligation and theoretloeal

eatimate of the parsmeters of the Karman vortex-street shed
hahiﬁd an NaCa 0012 airfoll and behind thin, flat plates ln
incompressible flow has indlcated the followlng conclusionas

1. Conalderation of the Rarman vortex-street
theory, the formation of the vortex centers, and boundary
layer purameters lesds to an estimate of Stroubal number S
for flat plates, This eatimate depends only on the ratlo
of boundery layer dlisplacement thlckness to plate thickness

-EF , the boundary layer profile parameter 'gw, an
emplricel parameter A, and a vortielty annihilation
parsseter €, For a value of € = 0,5 and & lamlinar
boundary layer, this estimste ia within a few percent of
the experimental resulis, The estimate of pressure
coafficlent Gp on the base of the plate is alaso close (o
the experimental value for €= 0.5,

2. For values of -§f greater than about 2.7,
more than one shedding frequency appeared in the wake of
the plate,

3, The introduction of & "splitter plate”
lmmediately aft of the main plate inhibits the vortex
street formation to much smaller vuelues of 8 and €,

The atreet width b 18 grestly increased.
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4. Vortex shedding from & KACA 0012 airfoll
sectllon appears simllar to that for flat plates. However,
since the boundary layer development and the separetion
point on the airfoil are not as well understcod as with
flat plaags, no shedding freguency estimate has Leen nade

for the airfoll,
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(om.yaeo.)
83.4
94.5

109.2
121.7
131.7
149
161
198
251
303
356
418
485
573
688
8as
990
1,124
1,336
1,569

EXPERIMENTAL DATA FOR FLAT PLATE A

17,600
20,000
23,100
25,750
27,800
31,400
34,000
41,900
53,000
64,100
75,400
88,400
102,500
121,200
145,500
174,500
209,500
237,600
282,000
330,500
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TABLE 1

(eyclégysec.)
14.2
17.1
19.6
23.0

- 26.3
30.5
34.5
44,0
61.0
7.5
g97.0

119.5

146.0

177

222

ar?

340

389

449

463

8

.1082

1150

.1138
.1200
.1267
.1300
1360
L1412
L1545
.1625
1732
.1814

L1912

.1965
« 2050
«2133
. 2180
.2195
2133
.187%

Cp

-0.28

-0.35%

~0.290
~-0.313
-0.273
-0.320
-0.308
-0.318

. =0.333

"0 0312
"’0 0323
"'0 . 312

Gyaﬁ

-0.17

-0.15

-0.158
~-0,176
-0.137
~0.180
-0.140
-0.153
-0.162
-0.162
-0, 147
-0,143

%*Notes Cpg = pressure coefficlent on the model surface.
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TABLE 1 (CONT.)}
EXPERIMENTAL DATA FOR FLAT PLATE A

(cm.yaac;) ? (eyc{ZE/aec.) °
1,815 383,000 534 .1868 -0.337
2,080 432,000 600 L1860 -0.338
2,180 460,000 642 (1870 =0.350

TABLE 2
EXFERIMENTAL DATA FOR FPLAT PLATE B
{cm.?aoc.) ? (eyeléZ?sec.}
79.2 16, 400 19.2
21.7 19,000 1.8
95.9 19,900 15.4
100.5 20,800 29.7
112.0 23,200 29.7
126,2 26,200 29.7
140.5 29,100 29.7
150.5 31,200 29.7
157.4 32,600 - 29.7
165.4 34,200 25.8

165.4 34,200 52.3

‘0‘155
~Q . 145
-0.152

.0246
.0219
.0208
0300
.0269
0239
0214
0200
0191

.0158
0521
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TABLE 2 (CQONT.)
EXPERIMENTAL DATA FOR FLAT PLATE B

(am.yaao o) R (cyclafg/see o) s
171.2 35,400 52.3 .0310
180 37,300 54,2 .0306
217 45,100 72.2 .0338
253 53,500 90.2 .0362
307 63,600 124.1 .0411
366 75,900 156 .0433
426 88,300 209 .0498
485 100, 300 256 .0536
573 118,500 | 338 .0599
689 142, 500 444 .0654
836 173,000 583 .0707

1,012 209,500 740 .0742
1,112 230,000 851 .OTT7
1,212 250, 500 985 .0825

1,302 269,500 1,025 0798
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T4BLE 3

EXPERIMENTAL DaTa FOR FLAT FTLATE 4

WITH THE 3JPLITTER FLATE

U = 485 om./sec.

R = $§,800

Gap beiween plates

mn
(in thicknesees of Flate 4) {cycles/sec.)

0.56
0.63
1.00
1.13
1.2%
1.50
1.7%
| 1.88
1.56
2.00
3.00
5.00
7.50
12.00

oo

25.4

25.5
25.0
24.7
81.7
81.0
80.5
134.7
139.5
137.6
138.7

139.5

143.3
145.3
145.3

.0333
0334
L0327
0324

.1070

. 1060
.1054
1763
.1827
.1800
777
.1827
.1880
.1905
.1505

Cp

-OQ?
"’t‘OT
‘007

“'.1’0
“¢93

-.07
-.25
-.27
-.30
-.28
-.28

Cpe

"‘";O&
-.07
"‘107

"’007
-.G?



EXPERIMENTAL DATA FCR NACA 0012 AIRFOIL

(om.,t/’aee.) " (cycl,an;/soo.) s |
98.1 15,300 13.0 364
105.3 16, 400 14.3 372
129.5 20,200 19.4 411
161.0 25,150 26.5 451
202.7 31,600 35.6 481
256.2 40,100 48.4 .518
312.0 48,700 65.5 576
354 55,00 77.6 .601
368 57,300 84.4 : 629
372 58,000 8a.4 .621
377 58, 600 61.6 449
382 59,500 86.3 .619
385 60,000 61.1 435
396 61,600 62.5 433
403 62,800 63.5 432
403 62,800 91.2 | .621
411 64,100 64.5 430
456 71,100 72.3 434
459 71,500 71.3 426
501 78,100 7.1 422
571 89,100 86.3 414

679 105,800 5.0 390
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Static Pressure & 1015 6RAM, 2
Temperature =24°C

© Flat Plate A
A& Flat Plate B

@ NACA 0012 Airfoil

. I i

5 20 30 50 70

100 200 300 500

R x lO_3

FIG. 3 —EXPERIMENTAL SHEDDING FREQUENCY VS.
REYNOLDS NUMBER
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0.20
|
0.16 f
l
J
l
0.12 ,‘
Note:
S Tﬂé | Splitter Plate Chord =5 Times
, | Plate A Thickness
0.08 : ]
| 2.0 Points Denote Case Of
! Splitter Plate Removed
0.04 ’ _
3.R = 99,800
{ { | |
0] 2 4q 6 8 10 i2¥ @©
Gap / Plate Thickness
Gap /Plate Thickness
0] 2 4 6 8 10 IZ/\/CD
05 :}Abg 28
e A
0]
Cp \G\.A\__G ——{)—J\/-{)"
- =0.4

FIG. 7 — FLAT PLATE A WITH SPLITTER PLATE -
EXPERIMENTAL STROUHAL NUMBERAND

8 Surface Gp

© Base Gp

PRESSURE COEFFICIENTS VS.GAP DISTANCE
BETWEEN PLATE A AND SPLITTER PLATE
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Nofe:n=—i{—./R .
Where y = Height Above 4 .

Plate Surface ll.l' VS. 'r,‘
x = Distance Frgm ? Measured 3.2 Cm.
Plate Leading 1o p— Aft Of Trailing Edge
Edge , Test R=1I7,500.
(m Computed From
o | 0% Rand x At The |
% VS. 7 X0 Trailing Edge)
Measured | Cm. < 6
8 | Ahead Of Trailing 8 5
Edge. Test o
6
R=88,900 G K o
o
6 6 5
o
o
X &
4 4 >
Comp.Curve x6
(Blasius Theory) %
For R=88,900 3
2 5 2 ox
dﬁu 6
X6
g//g o
S 0 b 0)
o) 0.4 0.8 2“1 °% 2 4 6
u 6 vt |
(Tf) 6  Velocity Fluctuation

. -9 |—<© From Vortices — -
velocity In Boundary Relative Magnitude

Layer/ Free Stream Velocity Only

-4

FIG.8— FLAT PLATE B — BOUNDARY LAYER AND VORTEX
" STREET MEASUREMENTS VS. NON-DIMENSIONAL
HEIGHT ABOVE PLATE SURFAGE
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4.8
4.6
4.4 /// 1.2
n, (€) / /
4.2 / 1.0
n, (€) // n,(€)
4.0 /// 0.8
| rmn,l€)
3.8 //// 2 0.6
3.6 // d 0.4
3.4 0.2
0
0 0.2 0.4 0.6 0.8 1.0

FIG.9 — FUNGTIONS 7, (€) AND 7,(€)
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