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STUDY OF THE FAR WAKE VORTEX RIBLD GENERATED BY A RECTANGULAR AIRFOIL IN A WATER TANK
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Abstrpcy

Underwater towing experiments were carried out
with a rectangular airfoll of aspect ratio 5,3 at 4°
and 8° angles of attack and at chord-based Reynolds
numbers between 2410° and 7,5x10%, cuantitative mes=
surements by means of the hydrogen tubble technique
indicated lower peak swirl velocities in the rdnge
of 100 to 1000 cliord longths downstream than have
boen measured in wind tunnel or flight tests, Tye
mexinum circumferential velocity decayed as t=7/8,
whereas the turbulent eddy viscosity, vy, incronsed
as t3/4, 'this behavior and other known rates of vor-
tex decay are explained in temms of an analytical
solution for the vortex problem with time varying
oddy viscosity,It is shown that this case corresponds
to nonequillbrium turbulent vortex f£low which has
other self similar solutions, such that the rate of
vortex docay is greater than t-1/2 when the eddy vis-
cosity inereases with time, cung?Escly, the decay
proceeds at 8 rate less than t° when ¥ decreasos
with time,

Notation

core tadius

wing span

wing chord

head loss in bourdary layev

exponent for time varying eddy viscosity
pressure

fliid pressure s r ~+o0

pressurae on the yortex oxis

rate of turbulent emergy production
radius meusured from vortex axis
tangential shear deformation, s = dv/dr - v/r
time

time difference in velucigy measurement
time parameter, T = [t/c

radial veloclity compenent

towing spead

tangential velocity component
tangentinl velocity at v = a

Reynolds stress

sxial velocity component

axial velocity on vortix axis
downstrenm distance behind airfeil

W 4 g A 2§ R T MWE £ C N EEQORRXE MR

angle of attack

constant of proportionality, Eq. (10}
cireulation

circulation at core radius
circulation of wing

angle in veloclty measurement
kinematic viscosity

effective viscosity

eddy viscosity

eddy viscosity at core rudius

eddy viscesity level after roll up
density

turhulent shear stress
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Introduction

With the advance of the heavy transport jet
planes such ~% tho 747, dnd more recently the DC-10
and L-1011, e rather intense theorctical and experi-
mental effort has been directed toward the problem
of "wake turtulence,! This so-called turbulence, also
known as turbulent waoko, consists of the remains of
a system of counter rotating wing tip vortices which
are shed from the alreraft as part of the goneration
of 1lift, When a following plsne enters the vortey
wake it can, depending upen its size, lLe rolled out
of control or, in the more severc cases, even svffer
serious structural demage,

The intensity and longevity of vorcex wakes in-
croase with the welght of the alreraft generating
the wake, Wt in generul, the severity of the upset
is proporticnal to the swirl momentum left in an ef-
fective cross sectional ares of the wake at the time
ef encounter, Since the wake vortices dissipate in
time as o vesult of turbulent and atmospheric effects,
an encounter with an told" wake 1s expected to in-
duce less scvere roll on the following craft than one
with a newly formed wake, Present aviation rules call
for soverdl miles sepuration between plunes on ap-
proach, so that possible enccuntors would ecceur in
the far field of the wake where the separation be-
tween planes is on the order of 105 or more mean
chord lengths, There are, however, strong incentives
toward ¢lozer alreruft spacing und hence toward in-
creased hazards from encounters with vortex wikes,

In several recent wind tunnel studies, most
notably those of Chigler and Corsiglin, 112 Logan,d
and Mason and Marchman,? tangential and axial velo-
city components of the vortex flold were moasured
after roll up, Subsequent velouity'distributions and
initinl rates of decay of the flow field were »btain-
ed for downstream distances up to z/¢c » 30, Lnd can
thus be regarded as dats from the near and interme-
diate fields of the wakes,

Although £light measurements of maximum tangen-
tinl vortex velocitles acquired as far back as 7000
chord lengths have been reported by MeCormick
et al.,® no such data aye availsble for comperison
from model tests where the dynamics of vortex decay
in the far field can be studied under well controlled
conditions, Since in-flight encounters with vortex
vikes are most likely to occur in the far field, a
better undexstending of the mechanics and the struc.
ture of wake vortex flow in the late stage s re-
quired,

The purpose of the present paper is to report
on a series of underwater towing experiments which
aliowed measurements in the fur wake region of a
rectangular NAGA-001S airfoll of 0.915 meter span
with rounded wing tips and aspect ratio 5.33, Chord-
based airfoil Reynolds numbers renged from 2,2x103
to 7,5x10°, and angles of attack were sot at 4° and
B9, Use of the hydrogen bubble technique+* permltted

*sThis technique uses hydrogen bubbles generated by
electrolysis on a metal wire to mark the flow,



visual obscyvations of the developnent of the turtu~
lence strncturo in the core and the potential reglons
during vortex decay, Simultancously, the flow wus '’
photopraphed on 16 ma movie £ilm from on axial and a
erosswise viewing direction, GQuontitative measuve.
ments wore mode frop these £ilms of the tangential
volocity profiles and pagimum axiol velecity, Thus,
rutes of vortex growth measured at the core and de-
cay of the maximim tangential veloeity were estube
lished as o function of chord-based downstream dise
tanco,

In the lost section of this paper, a closed-
form solucion is obtained for the vertex decay with
time varying eddy viscosity, which affords Jetermi-
nation from the data of eddy viscosity levels in the
vortex flow at given points in tinme, This infornation
is then used to compute radial distributions of tur-
ulent shesr stress and rates of production of tur-
Inlence energy,

Experdpental Procedury

The towing tests wore conducted in the Leckheed
Underwater Missile Pacility (4,6 1 x 4,6 m % 55 m)
with the airfoil mounted to a towing carriuge by a
streaml ined strut {see ¥ig., 1), The hydrogen lubble
generating wire consisted of three twisted platinum
wires, 4.6 p dia, pnd was mounted within the tank at
an angle to the vertical and below the right wing
tip, A & kw light source mounted above the tank wus
cupabla of illuminating the plane of the platinum
wire with an intense light sheet, 1.2 m x 0,3 m in
cross section, Two cameras vere moutited at tha ele-
vation of the airfoil, one of which was lined up
within the plape of the platinum wire; the view of
the other camera was pointed in the axial direction
by use of a mirror,

Gide view and axial view film recordings of the
right vortex were made in two modes, ene in which
hydrogen tubbles were generated at the rate of 3/sec
from the moment of passage of the airfoil until the
vortex flow £field was well marked, This node of op-
eration, illustrated in Fig, 2, ylelded excellent
photographs for further visual study. [ the second
mode, 1lines of hydrogen hibbles were only pulsed
while the vortex core crossed the wire, so that they
were not obscured by previcusly marked f£luid, These
lines, also vielble in Fig 2, served for measurement
of the tangential velocity profiles, For the purpose
of velocity measurements, the age of the vertex was
determined by the time slapsed between passage of
the airfoll and the instant at which the vortex core
crossed the wire, The center of the core, or vortex
filament, was usually well markid by hydvogen ubbles
left, in the water from the previpus run,

Discussion of Hemlts
Tangantial Veloclty and Cireulation

The method of obtaining velecity profiles by
means of the hydrogen tubble teehnique in a linear
flow i3 described in detail by Schraub et al,® In
the present work, rodial velocity distributions were
deduced from film by measuring f-om the ceénter of
the vortex the polar coordinates of the hydrogen
lubble time line next tv the wire, whereby the down-
ward motion of the vortex system, given by [./2nb,
was neglected, Since the time delay, At, between
time lines is known from the £ilm frame speed, the
tafigential velocity variation is given by

rdf
A (1

This procedure L3 indicoted schematically in Fig 3,

After computation of v{r) for each side of the ver-

tex, the vesults were averoged in order te represent
the vortex by one velocity profile,

vir) u

typical velocity profiles, noxmalized on the
towing speed, U, are shown in Fig 4 for 4° and 8°
angles of attack, The radius is normallzed on the
wing span, b, The velocity protiles decay with down-
strean distance in a manner gquite similar to o lomi-
nar vortex; this point will be discussed further in
p later scction, The reduction in maximum tangential
velocity procecds with a simultanecus enlargement of
the core, (Qutside the core, the tungential velocity
approachos the envelope of the potential vortex, mut
it should be noted that due to viscous or turbulent
shear forces, the flow field decays everywhore simul-
taneously,

Fig 5 shows the decay of the moximum tangential
velocdir - for the range of downstream d. . tance inves-
tigated in this study, For comparison, we.also list
the flight test data of MeCormick et al,,” which was
nermalized appropriately, The effect of angle of at.
tack upon v, /U , shown in the flight test data* apd
plse noted in Refs, 2, 5, and 7 for short distances
behind the wing, has disappeared from our data for
the dowmstream distances investigated, As will be
shown in the discussion of turbulent contributions
to vortex deécay, higher levels of turbulence, or
eddy viscosity, were produced at higher angles of
attack. The result was en increased rate of decay of
vy, which tended to diminish the differences in maxi-
mum tangential velocities caused by the dependence
upen o, The data indicate, furthermore, that for z/c
above 300, the rate of decay of the maximum swirl
velocity approached a slope of -7/8. This rate is
considerably higher tiun the t-1/4 dependence exhi-
bited by the flight test datn of MeCormick et a,,5
for large distances behind the airfoil. Using the
notion that turbulént diffusion is proportional to
the root mean square of the turbtulent fluctuations,
Brown® concluded thyt the turtulent yortex decay
should follow as t=1/3, henee (z/c)~ 3, indicating
8 slower rate of vortex decdy than that usually ob-
served, The computations by Baldwin et al.” on tur~
ilent vortices, hewever, showed that turtulent dif-
fusion contributes significantly only in regions of
low shear, Brown's analysis, applied to the region
of the core rudius, does not adequately explain the
yortex spreading rate, since the turiulent shear
stresses are maximum just outside this reglon, Ex-
amination of the present velocity data with respect
to eddy viscosity levels within the trailing vortex
showed that the high rates of decay and transport of
core apgular momentum outward were, in fact, due to
the increase of the eddy viscosity with time., This
diseussion is deférred until a later section.

The growth of the vortex core region with dowi-
stredm distance is illustrated in Fig. g The indi-
cated growth rate proportional to (z/c) 73 for the
data at 4° agrees only coincidentally with the ver-
tex spreading rate proposed by Brown. As mentioned
above, the rate of radial transfer of angular mo-
mentum 15 related to changes of the eddy viscosity
with time, The higher growth rate observed at §°

"It 15 estimated that within the £light dats of
MeCormick et al,,° the angle of attack varled by a
factor of two.



angle of attack is found to be the lnverse of tre
rate of vortex decay deduced from Fig. 5, ut this
condition need canly be satisfled if we require that
the product v{a,t}a(t) remain invariant with time,
The faster spreading of the core angular momentun
can be associnted with higher turbulence levels in
the vortex after voll up and with increased rates of
turbuience production by the mean shearing deformne
tion outside the core,

Typical circulation profiles as a function of
downstream distance are shown in fig, 7. The trend
toward self similarity, also evidemt In the velsclty
profiles, is well demonstrated by the data, Over-
shoet of the edrrulation was ebsorved in some cases
and may have been rejated to rudial varlations in
the rate of turiulent momentup triasport, as dis-
cussed by Govindroju and Saffman,

Hoffman and Joubertll proposed a universal cor-
relation of T'(w)/Py vs log (v/u). Fig., 8 shows the
present circulation data in these coordinates, It is
noted here that this curve expresses meroly the self
similar property of the circulation profiles, tut it
cunnot be regaurded as a correlation of the £low on
charactoristic turlulence quantities, In the aren of
the core, the centrifugal force fleld exerts a pro-
nounced dumping effect upen the turbulent mixing
precess, thereby decreasing the'lon%th scale of tur-
bslent momentum exchange. Donaldsonl? pointed out
that the use of eddy transport models does not lend
sufficient generality to the development of turhu-
lence in alrerefr trailing vortices, This shorta
coming accounts for the considerably narrowed extent
of the loguritimic region {0,6 <a < 1.3) when com-
pared with the logaritlmic law of the turtulent
boundary layer,

The value of the circulation at the location of
muximum tangential velocity hos Leen the peint of
much previeus discussion. When the vortex decays
under ige effect of constunt molecular viscesity,
Lumb's®® solution yieids the value T/l = 0,715,

In the work of other investigators (see Ref, 10},
the value of ', /I vanged from 0,37 to 0,6, and the
wodel of Covindraju and saffmanll allows for

T'a/Twe = 1,2, In the Tecent vortex mensurements with
a laser velocimeter by Orleff and Grant? at z/c = 2
behind & rectangular wing, the core circulations
varied between (1,2 and 0,8 x TN , depending upon the
angle of attack, The wind tunnel measurements of
Corsiglia et al,>® resulted in Iy/T, = 0,4 - 0,5,
Dopaldson’st® coleulations indicate o slight de-
creaseé with time of the inicis] circulation at the
core, whereas MeCormiek et al,” propesed that when o
decaying vortex maintains goometric similarity,

I /T, = constant, This cenclusion seems to bé con-
thrmed by the data presented hereln., Fig, 9 shows
that the circulation at the core radius remained
essontially constant with downstrean distunce at an
average valus of I'y/T., = 0.67. The values plotted in
Fig, ¢ were deternined by two different methods;
with the first method, I',/I'w was obtained directly
from plots of /I vs v/b; the second method in-
volved measuring the siope ef I'/lw plotted vs log
{r/1), since

arar]

Aoy fp= I (2
1t should be noted that much of the I'y datn gathers
around the théoretieal vaiue of 0,715 for censtant
eddy viscosity., A comparison of these data with cal-

culations of w/¥ fron the circulation profiles (see
Eq, 17} indicated that the low values for Iy were

associnted with runs in which po/v increased in the
radial direction at the locatien of the cove radius,
Por the remalning cases it was found that »./y did
not depand on T,

ial Yeloed

The importance of the axial core velocity has
been previously discussed by Ratchelor,ld Browm,
and Saffman, € As a result of these studles, it has
hecome evident that the axial veleoelty in the core
can be directed either toward the wing er away from
it, depending upon a balance between the viscous
airfoll drag, which crusss a wake to ferm, and the
swirl induced rodial pressure gradient, which tends
to propel the core fluid as a jet down the cortex
core. Batchelor's formulation far the radial varia-
tien of the axial veloclty, expressed in coordinates
of a statienary observer, is given by

A war:’m 3
w(r) zﬂ[ 5 dr = 20H (3)

where Al is the head loss due to the viscous boundary
layer on the wing, If the viscous drag term is larger
than the integral term, as is the caso at moderate
angles of atteck, one observes & velocity defect in
the core, Hlowover, the dats of Chigler and Corsiglia?
show & reversal from o wake flow in the core to an
axial velocity excess, measured at o downstream dis-
tance of z/c w» 8, when the angle of attack increases
from §° te 12°, tlence, at large angles of attack,

the swirl induced pressure drop along the vortex

nxis immediately behind the wing is strong enough to
nccelerate £ludd from the wing tip srea in the down-
stream direction, despite the momentun loss incurred
by passing through the viscous boundary layer,

In the present experiments, quantitative axial
velocity profiles were difficult te obtain, tut the
visual studles revealed velocity defects in the core
at 4* and 8° angles of attack, The most notable fea-
ture of the axial flow was the presence of u Bharp
radial peak in the axial velocity profile near the
vortex axis, This ovbservation qualitagively agrees
with the theoretical rosulis of Brown™ regarding the
ro}l up of the momentum deficient boundary layer
fluid into the vortex, Accordingly, the axial velo-
city profile, whether representing a wake or a jet,
assumes a8 )/r dependence through the core.

Moasurements of the axial velocity on the axis
were made by following fihe lines of entrained hy-
drogen hibbles which marked the vortex filements in
meny cases, The magnitude of the maximum defect ve-
locity depended strongly upon the angle of attack,
as shown in Fig, 10, These measurements, furthermore,
revealed that the velecity on the vortex aiis accel-
erated to a maximum before decaying with time, Accel-
eration of the axial flow was accompanied by strong
radial flow toward the axis in the¢ core region, The
mechanism for acceleration nf the axial flow may be
related to a streamwise pressure rise resulting
from the decay of the integral for the radial pres-

sure pradient:
no:
POy - p, = :f £ g
s T

Since the stationary observer sees a velocity pro-
flle that decays with time, we have for the pressure
gradient in fixed coordinates:

)]
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vhere we made the transfornation z » Ut, ‘The fluid
surreunding the axis would thus tend te accelerate
toward che lew pressure vegion bohind the wing, With
inercasing time, the mxlal pressure gradient is di.
minishea, vwhile viseous and turkbulent friction cause
the axial zlow to slow down,

The initial acceleration of the axial flow to-
ward the wing at modorate sngles of attack assumes
significance in vegard to the stability of the vors
tex core, that is, its vesistance to turitmlent eddies
diffusing from the ocuter core region inward, Letting
the swirl veloclity be fnvariant in the azimuthal di-
rection and setting ageln ¢ = Uk, the equation of
continuity is glven by

b 1w
a toa c U (6}

If we assume a mean vaiue for the axial acceleration

in the core,=§%; the radial inflow, ufr), is approxi-
mated by

r ow
Tl e )

The momenturn equation for the tangential flew is

dv o, By o uv o wdv
T PN TR TR (8)

Inside the core, %%% s¢ that by combining Egs.

{7) and (B), we obtain for the rate of change of the
tangential core velocity

“ i (5F)

Hence, spin up of the core angular velocity is in-
duced by acceleration of ths axial core flow, The
vortex filament is thereby utrengthened and further
stabilized. This phencmencn way be partly responsible
for the reported persisténce over long perlods of
time of well defined coves of aircraft trailing
vortices,

Effect of Turbulent Viscosity on Vortex Decyy

Theoretical Considerations

] v
v (9)

Tt is gensrally agresd that the effective, or
turlulent eddy viseosity, Yoqs present in the vortex
is consideratbly higher than the moleculdr viscosity,
an thus cortributes te the rate of vortex decay,
According to dsi; from varlous investigators col-
lected by Oven,™  estimates for v./¥ fall between
30 an! 2000, depending upon the vortex Reynolds
number, /v, Kuhn and Nisisen,}¥ for instance, pro-
posed & theory to culeulate the vortex decay by
using the z-compuitent of the eddy viscosity evaluated
at the vortex axis. Their predictions fit the wind
tunnel data of Chigler and Corsiglis? for values of
the eddy viscosity ratio between 200 end 450, Squirel?
suggested that Lamb's laminar solution can still be
applied to tho turbulent vortex decay when the eddy
viscosity is constant with time apd the radial ce-
ocrdinate, and is given by

vy B {10j
gwon proposed a more scphisticated medel, tut In
ovder to achisve sgrecment with experiment, also
£inally assumed that vy is proportional to My , Both
modclﬁlﬁesult in a rate of decay of v, proportionai
te t° N

However, different rates of vortex decay huve
been previously observed, which, tugecher with the
date of this study, suggest that the eddy viscesity
may vary with time, Particularly in towing experi-
ments, where the airfoll is moved through an undise
turbed fluld, one may expest an initial inerease of
the eddy viscosity and & corresponding contrihution
te the rate of vertex decey, This rveasoning seems
togical in view of the fac. that the fluid is ini-
tinlly free of turtulonce, and that the rolled up
boundary layer from the airfoll dees not account for
the turtulence levels found in the vortex fleld at
some later time, In wind tunnel tests, and partieu-
larly 4n flight test situations where wropulsion
thrust contributes to the initial turbuienee, one
would expect a decay of the initial turtulence with
time, and hence u decay rate for v, slower than
t-172, 1i11ey's20 examination of the experimental
flight data of figse and Dee?l with respect to time
varying cddy viscosity led to a decay of the maximum
tangencial velocity according to t=173, 1n the work
of Baldwin et al,” on turbulent flow calculations, it
was pointed out that the vertex initiully is a non.
equilibrium flow, i,e,, turbulence production ¥ dis-
sipation, Thus their calculated eddy viscoslty de-
croased sharply from the initial value (= 0.5x10%) |
and then ruached a constant of po/p = 150, It is in-
teresting tc observe that during this time, the eir-
cumferential velocity attained only a very small
deciy rate, As v,/ approached a constant or pre-
sumably an aquilIbrium value, the maximum tangentizl
veloeity reached the familiar dependence upon t~1/2,

The £allewing deseribes an analytical solution
for the decay of an originally potential vortex with
turhulence when the eddy viscosity is allowed to
vary with time, tut remaing eonstant in the radial
direction, Sinee the actual development of turbu-
lence in the vortex flow is not considered, the soe-
lution shows the dependenze of the rate of vortex
decay upon purticular asguned variatiens in v.{t)
which are actually observed,

We define ths effective viscosity of the flow

b, =¥+ u(-"l) ™ o u[ﬁ 4-(31'-) T"‘]
Py Vi

where (01Jv) iz the initial eddy viscosity ievel in
the flow aftfr roll ups The symbol, T, is dimension-
less time using appropriate parameters of the flow,
e.g., T * thy /c2, In order to solve the resulting
differential equation, we make the further assump-
tion that (#p/¥)eT » 1, This assumption is justi-
fied in wind tunnel and flight tests, except perhaps
in low heynolds number towing experiments, Under
these circumstances, the two-dimensional vortex mo-

tivn is governed by
Lay v
+ ray ?T]

By . (o) (BY 2
at vy ¢t} |ar?

(i
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The solution to this equation is
{m + 13

T, -
He) g [‘ T ( w(3E) (5" ) (1)
v hhe

We note that the overall features of the flow
renain the same as with constant vqp hut the rate
of change with time new depends upon the develop-
ment of the eddy viscosity, We want to establish
the rate of change of the maximum civcumferential
vefocity and the growth of the vortex core asm
assumes various values, Solving for the radius at
the point of maximum tangential veleclty, a(t), and
substituting r = a(t) in equation {13}, we have

4 ¢ \elm 4+ 1M
vty A u.(l=§-) (14
<
and
[ R\ 12
am "(“é‘) (15}

In contrast to vortex decay with constant UT the
growth of the vertex is preportionmnl to t(m 1)/2,
i.84, time dependent changes in v« contritute to the
rate of vortex decey threugh the additional exponen-
tial factor m/2, Table 1 demonstrates the signifi-
cance of these results,

Table 1, Time depenpdence of maximum circumferen-
tinl velocity and core radius upon
assumed time variation of /v,

m -1 =23 -1f3 0 173 243 1
\“('d,t) ) e t‘ll’ﬁ ~ l'ﬂﬁ} e (o142 mup ~353 ~t ~5i6 ~t -1
a(t) ~|

aop M6 auf 1 g 18 a2 g SA g

Surveying the literature, Including the results
of this study, one finds that the range of time de-
cay factors listed in Table 1 include those either
previously measured or predicted using various
theories of turtulent shear flow, The casem = -1 is
of interest since turbalent vortex decay initially
behaves remarkably in this way, namely with no ap-
preciable decay of the circumferential velocity or
growth of cere yadlus, The initial value of m, of
course, does not remsin constant hut tends toward
zero at the same raté at which eguilibrium condi.
tions are established in the vortex flow, On the
other hand, the ¢alculations of Baldwin et al, showed
that the t~1/2 dependence occurred from the outset
vhen the initial conditions were chesen correspond-
ing to en equilibrium flow, The euthors called these
selutions self simllar, tut we recognize that all
solutions with constant m possess the self similar
property. Hencs, m = 0 represents the law for turia-
lent vortex decay when eguilibrium econditions have
been established in the f£lew, The available data on
wake vortices suggest strongly that the time re-
quired to reach this condition is proportional to
the degree to which the initisl flow conditiens de.
viated from those of equilibrium,

In view of the findings above, our test results
in u towing tank suggest primarily that the turbu-
lence intensities were rising during the development

¢f the vortex, tut hod not reached the equilibriug
1e!?§ which 15 chavacterlistie of the dependence upon
tv4/ 4, This coenclusien derives from the vesult that
the rate of vortex decay repained proporticusl to
t=7/8, For the vate of change of the sddy viscosity
with time, we obraln from Eq. (14) and the data in
Pig, 5 that m = 3/4, and thus {wq/v), ~ t3/4, Using
the apprepriate equations 31Vi3 B the papers of
Baldwin et al,Y and bonaldson?? we estimated the
equilibrium eddy viscosity level to be (¥q/¥)equ, =
150,

Bxperimental Results
The variation of vq/p with radius and time was

computed from a praphical £it to the circulation
profiles, Substituting

=h=35“
i ( p )0( o

{16}
in Eq, {13) and solving for vTJv, we have
pe® . (m o+
b e (7

Using m = 3/4 ue established from the data of Fig,
5, profiles computed from Eq. (17) were accepted as
representing levels of the eddy viscosity approxi-
mately when vq/v was invariant with v, or nearly 3¢,
at the lecation of the core radius, Surprisingly,
this condition was satlsfied in the majority of the
exemined yvortex profiles, Some typleal results are
shown in Fig, 11, indicating an expected dependence
upon [, through & and Use , A summary of the eddy vis-
cosity data obtained at the location of the core
radiys is plotted in Fig, 12, together with the wind
tunnel data of Refs, 18, 22.25, It is seen that the
eddy viscosity levels in the towing experiments were
below those obtained in wind tunnel tests,

Fig., 13 shows the time dependence of eddy vis-
cosity, (¥g/¥)g, determined at the radius of maximum
tengential velocity for the data taken at o = £°,

The indicated increase of (Pq/¢},, proportional te
t3/4, is in sgreement with the value of m established
from the slope in Fig. 5,

Interaction of the turbulent shear stress, T7/p =
- ulyT, with the mean flow provides the significant
mechanism for dissipation of the mean flow energy
via production of turbulence, Nondimensional turii-
lent shear stress profiles werd computed from

T S\
i 1Emiier

Fig., 14 chows shear stress profiles for o = 8° at
varicus downstream distances, They ugree with the
computed results of Donaldsun and Beldwin et al, in
shape and the relative location of the peak value
with respect t» the core radius, Rates of prodic-
tign of turbulent kinetic energy, ncrmallzed upon
/b8, were computed from

(18)

(2 -2) )
P:...Tj...g.l:._-r-..

2 fp?

Fig, 15 shows representative profiles of turlulence
productisn for the cohditions of Fig, 14 in relation



to downstream distance, At the core vradius, P attains
approgimotely one~half its peak value, It is also
evident that as the core radius grows, decreasing
portions of the mcan fiow energy are dissipated in
the core due to the ineressing 1egdon of solid body
rotation,

Leneluddng Renprks

Using a towing tank faellity, tangential veloc-
ity profiles were measuved far downstream of & rec-
tanpular alr foil, The resuiting rates of decay of
the maximam tongential velocity followed a t=7/8
dependence, and rates of growth of the vortex core
were alse greater than expocted, Amnlysis of the
data showed thit this particular behavior was re-
lated to the imcrease in the turbulent eddy viscosity
with time; specifically, »q/v appeired to increase
accerding to t3/4, values of circulstion mensured at
the point of maximum circumferentinl velecity, al-
theugh scattered, vemnined eonstant in the mean with
downstream distance ut about 0,67 T'o ., High axial
velocities with initinl nceeleration in the towing
direction were obseryed and were attrihited to a
strongly stubilizing influence upon the vortex
filament,

An analyticel solution te the problem of vortex
decay with time varying eddy viscesity revealed that
only under equilibrium fiow conditions does the self
similor solution for the tangential velocity depend
upon t-1/2, iind tunnel and flight test duta, as
well as fiow calculations for turbulent vortex de-
eay, have established these results as the expected
long time behavior, Noneguiiibriun £lew with tem-
porally decreasing turtulence intensity (eddy vis-
cosity) yields other ?elf similar solutiens which
decay slower than t-1/2, yhen vy ingreases with time,
85 was the case in the present experiments, the vor-
tex decay proceeds at a rate faster than t-1/2, The
low turbulence levels created by the airfoil in our
tests resulted in conditions so far removed from
equilibrium £, ow, that the eddy viscosity incressed
steadily wi:h time, thereby causing an accelerated
rate of voruex decay, According te the data, the
vortex could be considered decayed before it reached
the slower equilibwium decay rate,
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