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Decay of Wake Vortices of Large Aircraft

Turgut Sarpkaya*
U.S. Naval Postgraduate School, Monterey, California 93943

A brief summary of previous works is followed by an in-depth analysis of velocities, circulations, and decay
histories of a number of trailing vortices generated by large aircraft during field tests in Memphis, Tennessee.
The results suggest that the decay of trailing vortices is governed by the mutual straining of vortices; intermittent
exchange of mass, momentum, and vorticity across the core boundary; rotational damping and restructuring of
turbulence in the core; stretching of large turbulent structures, turbulent diffusion, and the interaction of oppositely
signed vorticity in the overlapping regions of the vortex pair; and the draining of vorticity from the Kelvin oval.

Nomenclature
by = initial separation of vortices
c = chord length
k = turbulent kinetic energy
N = number of scanned sections
Rcen = core radius at nth scanned section
Rcv = average of Rcn over N scanned sections
Rcl = coreradius at the first scanned section
Rec = Reynolds number based on circulation, I'/v
Rev = Reynolds number based on velocity, V,, Rcv/v
Ro  =Rossby number, (Uy, — Uy)/V,,
r = radial distance
r* =r/Rcv
T* = Vgt/bg
t = time (measured from the wing)
t* = V,t/Rcv=wt
U = axial velocity
U, = axial centerline velocity
U, = axial ambient velocity
V. = maximum v atr* =1
Vo =T/Q2rby)
v = tangential velocity
v* =v/V,
X = axial distance
z = vortex elevation
r = circulation of vortex, 27 rv
I,y =averageof I" between Rcl and r
ry =Ty/QuRcvV,)
e = dissipation
e = (ebp) )V
A = dissipation length
v = kinematic viscosity
Q  =vorticity, I'/zr?
Q* = normalized vorticity, QRcv/V,,
10} = angular velocity of the core, */t

Introduction and Brief Review

HE currentimpetus for research on single and mutually strain-

ing vortices comes, in part, from the need to enhance the ca-
pacity of large airports by reducing wake-hazard-imposed aircraft
separationsfor various flight modes and meteorological conditions.
A review of the extensiveliterature! ~* indicates that there are major
obstacles to an understanding of the physics of trailing vortices for
the prediction of their transport and decay, for the promotion of their
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receptivity to instability, and for the rapid reduction and spreading
of their vorticity into random turbulence. The interaction of vortices
with what surrounds them and the relation between the full-scale
flight tests and the physical/numerical laminar-flow experimentsre-
main elusive. A brief summary of the principal obstacles is given
next.

1) Pre-roll-up history: As noted by MacCready,* “anything al-
tering the thickness, turbulence, and longitudinal velocities in the
vortex sheet out of which the core is formed can be expected to alter
its characteristics.” More recently, this realization led to the explo-
ration of the possibility that one might be able to precipitate the
breakup of the rolled-up vortices by relatively small and judiciously
selected local unsteady forcing imposed on the shear layers before
their roll-up? It is hoped that this process will require relatively
small energies to trigger wake instabilities that harness the wake en-
ergy forits own destruction. Some of the possibilitiesthat could help
to intensify turbulentdiffusion and reinforce the decay mechanisms
are a) to sandwich more turbulence into the rotationalArrotational
layers during their roll-up to enhance Helmholtz and Rayleigh in-
stabilities in the discontinuous (sawtooth-like) velocity profiles, to
increasethe core radius and the overlappingof the oppositely signed
vorticity, and to precipitate Crow instability and linking; b) to use
structural modifications along the trailing edges of the wings and
flaps, e.g., in the form of sinusoidal profiles, to enhance the three-
dimensionality of the flow and turbulence in the shear layers after
theirroll-up, to unload the outboard segments of the wings to reduce
the wing tip vorticity, i.e., to reduce the fraction of circulation that
is within the core and to increase the axial velocity; and c) to uti-
lize the thrust system to diffuse the shear layers. So far, the efforts
to excite the shear layers or to modify the aircraft design did not
lead to benign vortex wakes either in cruising or in landing/takeoff
situations.

2) Post-roll-up circumstances: It has been clear for quite some
time that stratification, shear, turbulence, and instabilities from all
sources with their direct or indirect consequences are the funda-
mental demise mechanisms that destroy the coherence of a vortex
wake.® The preexisting turbulence has a strong influence on the sta-
bility and on the gradual and/or catastrophic demise of vortices.®
However, preexisting turbulence is difficult to quantify, particularly
before each flight. The physics of the decay mechanism resulting
from the interaction of the ambient turbulence with the vortex is
not understood; it is only inferred from the migration and lifespan
of vortices in small-scale experiments conducted in grid-generated
turbulence-? In spite of its major importance, there has never been
an experiment, at any scale, where the distributions of mean flow-
field and the complete Reynolds stress tensor were measured at
numerous sections downstream from the wing tip, immersed in a
known, e.g., grid-generated, turbulence field.

The ambientturbulencemay be characterizedby its kineticenergy
k per unit mass and its dissipation rate ¢ (k or ¢ may be replaced
by the dissipation length A, defined by A =k3/ /e, where A /b,
is a measure of the dominant eddy size). In addition, dissipation
needs a structural intermittency correction because the preexisting
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atmospheric turbulence is not a random sea of uncorrelated struc-
tures but rather is one that exhibits highly localized vorticity events.

The turbulence parameter &*, defined by Crow and Bate!® with
Vo =T /27 b,, was subsequently used by Tombach’ and Sarpkaya
and Daly?® in their work on trailing vortices. Figure 1 shows T* vs
&* for two sets of experimental data,”-® two analytical predictions
(the Crow and Bate'® model and the one modified herein), both
based on the original analysis of Crow,!! and the results of the large
eddy simulation of the lifetimes-to-linkingby Han et al.'? (all for a
nonstratified medium).

In weak turbulence (i.e., for ¢* less than about 0.02 or for &
less than about 0.03 cm?/s* for a DC-10-30 with I' =544 m?/s and
by =37 m), multiple linking (with an average wavelength of about
7.8b,) and the subsequentinstability events destroy the coherenceof
vortices. In medium turbulence (i.e., for ¢* greater than about 0.02
and less than about 0.2 or for ¢ less than about 30 cm?/s* for a DC-
10-30), the dominant form of instabilityis the Crow instability (with
decreasing wavelengths and integral length scales) and occasional
vortex bursting. The physics of the latter is not understood, but it is
known that bursts do not lead to reconnection. Finally, for stronger
turbulence (i.e., for ¢* larger than about 0.3 or 0.4, up to as large
as 2), vortex bursting, all other forms of instability, strong mixing in
the overlappingregion of the vortices, roll-up of vortices about each
other, and lateral displacementsspread the vorticity irreversiblyover
alarge area%-?

Figure 1 shows that the Crow and Bate'® model serves as a lower
bound to the link/burst data. It becomes inadequate for &* > 0.2
where the predicted decay is quite steep. The reasons lie in the
highly restrictive nature of some of the assumptions made in their
pioneeringanalysis. The most importantones are thateddies as large
as 8.6b lie in the inertial subrange, the atmosphericturbulenceis re-
garded as independentof the vortices, and the lifespanis determined
by extrapolating the linear theory to times when the displacement
perturbationsare comparable to by. As noted earlier, both the wave-
length and the integral length scale decrease with increasing ¢*, at
least in small-scale experiments. Crow and Bate!® drew attention
to the fact that “there seems to be no straightforward way to han-
dle such departures, and the assumption that they are unimportant
will have to be tested by comparing the calculated lifespans to ex-
periment.” It is in accordance with their suggestion that the Crow
and Bate!® model has been rederived to allow for the variation of
the wavelength and the integral length scale. The resulting vortex
lifespansin strong and weak turbulence are given by

eT =2 for T*<25 (1)
and

gt =T exp(—0.70T") for T > 2.5 2)

and are depicted in Fig. 1 as the modified Crow-Bate model.

Equation (2) is very similar to the original equation (15) of Crow
and Bate.!” However, Eq. (1) differs somewhat from the originalone
[Eq. (6)] to allow for the interaction of strong turbulence with the
vortices. Clearly, the data are better representedby Eqs. (1) and (2).
Furthermore, the rederived model appears to be in better agreement
with the predictions of Han et al.!2

The linking of the vortices is followed by the formation of crude
vortex rings and azimuthal instabilities. This process appears to
precipitate the destruction of wake vortices even though it does
not necessarily reduce the wake hazard. There are no reliable data
at aircraft scales to assess the significance of the vortex rings and
the structure of the resulting vorticity distribution. In Fig. 1, only
the data identified as link and vortex rings (open circles) include the
time to the disappearance of vortices in laboratory scales.

In Memphis tests, the turbulence or turbulent kinetic energy
(TKE) data (1 min averaged) were taken at a heightof 40 m (Ref. 13).
In JFK tests, similar data were taken at 5 m. Even though it is theo-
retically possibleto obtain an estimate of the spectral energy density
(using the 5- and 40-m data) and thereby to calculate the dissipation
rate directly, one obtains only an average over a height of 40 m.
Whatis neededis the dissipation from the near-groundlevel to sev-
eral hundreds of meters up to providereliable input to the numerical
simulations. Note that ¢* is the ratio of the rms velocity difference
between two fluid particles separated a distance b, in the inertial
subrange to the mutual induction velocity of the vortices. This in-
formation, however desirable, cannot be readily obtained from the
available field data.!>-'* It might be necessary to resort to & and
&* values noted earlier, after subjectively classifying the ambient
turbulence as mild, medium, and strong on the basis of k values
and other meteorological data. A comparison of the computed and
observed vortex characteristics might then help to calibrate the dis-
sipation valuesto be used. It appears that the laminar/turbulentques-
tion regarding the structure of flow surrounding an aircraft vortex
is much too complex and may need to be described in terms of
x/c, (ebg)'3 ] Vy, Voby /v, and k'/?/ V,. The existence of the axial
velocity (jet like or wake like) is thought to be indispensablebut so
far remains unquantified.’>~2° It is often expressed in terms of the
Rossby number, suitably defined in terms of the axial and maximum
tangential velocities, e.g., axial velocity defect/maximum tangential
velocity.!”

3) Experimental limitations: Even the highest Reynolds numbers
(Rec=T/v) reached in wind tunnels or towing basins (typically,
Rec =4 x 10*) are several orders of magnitude lower than what is
possible for an aircraft, e.g., Rec =3.6 x 107 for a DC-10-30. It is
rather unfortunatethat all of the governing decay parameters cannot
be realized in small-scale laboratory experiments and direct numer-
ical simulations. However, small-scale experiments and numerical
simulations have drawn attention to the physics of some of the most
fundamental mechanisms 8~%12.20-24

In recent years, continuous-wave coherent laser Doppler radar
(Lidar) measurements, coupled with the simultaneous recording
of the environmental conditions, provided the most reliable data-
base so far from which one could extract accurate enough infor-
mation on velocity, circulation distribution, displacement, decay,
angular momentum, kinetic energy, and lifetimes of the vortices
and on the effects of wind, shear, ground, stratification, humidity,
and precipitation.!* 14 Itis hoped that these data will lead to a better
understanding of the decay mechanisms of field vortices and to a
careful assessment, validation, and improvement of the numerical
simulations, preferably the large-eddy simulation (LES). However,
the field data are not free from a number of shortcomings. The most
important ones are that the preexisting TKE levels for the Memphis
data are not available at elevations higher than 40 m, dissipationis
not given and is difficult to estimate, there is no informationon axial
velocities,and the tangential velocity needs to be correctedcarefully.
However, there are, at present, no better alternativesto the field data
in search of a solution of the wake-vortex hazard problem.

Detailed uncertainty analysis of the Memphis data is given by Zak
and Rogers,'* Campbell at al.,'* and Heinrichs and Dasey* and will
not be repeated here because of space limitations. Suffice it to note
that an appreciation of these facts, together with the fact that the
current field data represent the state of the art, is of special impor-
tance in assessing the results presented herein. They deal only with
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the data that gave rise to them and not with the great controversies
surrounding the core size and the circulation decay.

Evaluation of the Data

The data set discussed herein (Table 1) comes from the Memphis
Field Program'* conductedduring December 1994 and August 1995
at Memphis, Tennessee, as part of the larger effort by the NASA
Langley Research Center to develop an Aircraft Vortex Spacing
System®*” % as an element of the Terminal Area Productivity pro-
gram. Its purpose is to minimize the scientific uncertainty about
wake vortex behaviorunder different atmospheric conditionsto de-
velop a safe and adaptive vortex spacing system.

The selection of the flights shown in Table 1 was based on a num-
ber of factors: landings of the same type of aircraft, whenever pos-
sible, in both the low and relatively high k conditions (M-1252 and
M-1581, M-1170 and M-1583), the large number of measurement
sectionsin both the port and starboard vortices, the steadinessof the
relative positions of the vortices during the time of Lidar measure-
ments, and consistency of the velocities, as seen in the preliminary
plots.

First, all velocities were corrected for the effect of the neighbor-
ing vortex (including the changes in vortex spacing) using straight-
forward hydrodynamic considerations (line-vortex assumption and
Biot-Savart law) devised by Heinrichs and Dasey.> The calcula-
tions of relative circulation in terms of the vortex pair separation,
for various average circulations (radius averaging?®), have shown
that the farther from the core that the averaging extends and the
smaller the wingspan of the test aircraft, the larger the effect of the
vortex-vortex proximity;e.g., for a DC-10, the relative increase in
estimated circulation is about 10%, and for a B-757, it increases
to about 15%. Detailed numerical analysis of the effect of mutual
straining of the vortices on the velocity and circulationdistributions
has shown that the effect of the environmental conditions on the
decay of circulation is an order of magnitude larger than that of
the mutual straining of the vortices. In fact, an iterated analysis of
several flights listed in Table 1 has shown conclusively that the in-
tegration of the 15-m averaged circulation consistently reproduces
the independently measured vortex elevation z, given by

1
= T, di 3
= by / 3

The data were also corrected for the wind, shear, vortex de-
scent, core radius, maximum velocity at the edge of the core, and
ground proximity (if warranted). Some of these corrections are
rather straightforward. For example, the uniform-wind correction
is made by adding to or subtracting from the proper half of the vor-
tex the component of the wind velocity along the line of sight. The
correction for shear was made with as much care as possible by
properly adding the shear profile to the velocity profile of the vor-
tex at discrete radial distances. As expected, the effect of the shear
was to increase the circulation of one vortex and to decrease that of
the other. If the relative positions of the port and starboard vortices
did not reflect the expected changes (either because the correction
was too small or because the shear was not uniformly valid over the
lateral space), the correction was ignored. As correctly emphasized
by one of the referees, the correction procedureis predicated on the
assumption of the horizontal coherence of the wind field. This, of
course, is not always the case, and the correction for shear has to be
made with great care.

Table1 Some characteristics of the flights analyzed

For all of the flights evaluated, the effect of filtering the velocity
data using the five-point filtering technique of Longuet-Higginsand
Cokelet! [ie., v; =(—v;i_,+4v;_, + 10v; +4v, ;| — v;4,)/16]
was assessed, and it was found that, although the velocity and circu-
lation profiles become somewhat smoother, the decay characteristics
of the circulation at a given radius with time or at a given time with
r (radial distance) do not measurably change.

The final correctionto the velocity profiles stems from the fact that
the coordinatesof the Lidar datado not necessarily coincide with the
correct vortex center. The proper coordination of the two halves of
the velocity profiles requires the calculation of the core radii. To this
end, the absolute values of the left and right sides of the velocities
(already corrected for wind, shear, etc.) are plotted as a function of
1/r (Fig. 2) to determine the apparent core radius. Then the average
of the left and right core radii is determined, and the total velocity
profile is shiftedalongthe r axis as required (often by smallamounts)
to place the origin of the coordinate axis at the correct center of the
vortex at the time of its scanning (Fig. 3). Note that the core radius
of a vortex does not appreciably change during the time interval
of the Lidar measurements (often under 2 min), and the exact size
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Fig.2 Plot of typical tangential velocity vs r~ .

Flight number Aircraft k, m%/s? Ty, m2/s Wing span, m
M-1257 DC-10 0.01 406 50.4
M-1267 DC-10-10 0.07 483 47.3
M-1273 DC-10-30 0.01 544 47.3
M-1279 DC-10-30 0.05 531 50.4
M-1252 B-757 0.023 435 37.9
M-1581 B-757 1.21 370 37.9
M-1170 EA-320 0.02 325 33.9
M-1583 EA-320 2.93 291 33.9
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Fig.3 Two halves of the corrected tangential velocity.
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Fig.4 Typical velocity and circulation distributions.

of the core is not of particular importance as far as the circulation
decay is concerned. Once the velocity profiles are corrected, the
circulation, vorticity, and all other variables of interest derivable
fromthemare plottedin dimensionalas well as dimensionlessforms.
For example, Fig. 4 shows that the circulation can exhibit relatively
large fluctuationsin spite of the apparent smoothness of the velocity
profiles (larger velocities at smaller radii and smaller velocities at
larger radii). This fact must be kept in mind in deducing information
from the circulation data.

Results and Discussion

A study of this type produces numerous plots even for a single
flight. It is for this reason that only the data most relevantto the con-
clusions are presented here. Furthermore, they are plotted in either
normalized or dimensional forms and as either actual or averaged
values (not necessarily both) to convey some practical information
about the magnitudes of the actual circulations as well as their av-
eraged values. Note that the data presented herein are for vortices
generated out of the ground effect. In the following, first the data
for the individual flights are discussed, and then a more detailed
comparison of some of the flights is made.

Figures 5-10 show the results of four DC-10 flights (see Table 1).
These flights were executed at relatively low TKE levels, and there
were no DC flights (in the Memphis data) in higher TKE conditions.
Figure 5 shows the averaged circulation®-3 'y, (from Rcl to r)
for M-1257 as a function of time at four radial distances from the
vortex center. EventhoughI',, doesnot, ata giventime, significantly
vary with r at the four radii shown, it decays with time at all radii.
Figure 6 shows the normalized average circulation I}, as a function
of the normalized time t* (=wt) for M-1267 at four r*. The term
I"y, exhibits three distinct regions. For ¢* less than about 300, there
is arapid decay in I'}, with time at all radii. This is partly due to the
rapid turbulentdiffusion of vorticity out of the core (to be discussed
more later) and partly due to the normalization of '}, with Rcv.
(Note that the minimum r* in Fig. 6 is 1.25.) In the approximate
interval of 300 < t* < 1100, the decay is relatively small, and for ¢*
larger than about 1100, there is again a rapid decay. Figure 7 is a
typical example of the decay of maximum circulation with time for
M-1279. This is one of the flights where the decay of circulation at
a given time with r is as large as that at a given radius with time.
The circulation increases up to ¥ =12 m and then decreases for all
r larger than about 15 m.

The next three figures concern M-1273 (a DC-10-30). Figures 8
and 9 show the maximum and the normalized average circulation,
respectively,at four representativeradii. The magnitude of the initial
circulation in Fig. 8 is sufficient to draw serious attention to the
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Fig. 5 Averaged circulation vs time for M-1257.
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Fig. 6 Normalized average circulation vs ¢* for M-1267.

magnitude of the wake-hazard problem. Figure 9 is quite similar to
previousonesin all of its characteristics. The strength of the vortices
reduces to about one-third of their initial values by #* = 1000 and
then continues to decay for a while longer. It is also noted that all of
the foregoing flights exhibit, to varying degrees, three distinct time
intervals, as in Fig. 6, where the decay experiences a rapid-slow-
rapid rate with time.

Figure 10 shows the decay of the normalized vorticity Q*
[=(T/mr?*)(Rcv/V,,)] as a function of r* at four 7* values. The first
point on each curve represents the edge of the vortex core (taken as
the point at which the velocity is maximum). At t* = 80 (the starting
time of the Lidar measurementsin this flight), the initial core radius
is Rc1 =2.5 m. It increases only to 3.1 m at 7* = 1336, the time of
the last Lidar measurement. Clearly, the vorticity decays with in-
creasing time and radial distance, a fact thatis consistentlyobserved
in all flights reported herein. In dimensional terms, the vorticity in
the core of the vortex shown in Fig. 10 reduces to one-quarter of
its initial value in about 155 s. A laminar vortex of identical initial
strengthand core radius would have requiredat least 10 h to undergo
a similar decay through moleculardiffusionand core expansion. All
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Fig.8 Circulation vs time for M-1273.

of the other flights discussed herein led to molecular diffusion times
an order of magnitudelargerthan those observedand recordedin the
field experiments. In fact, if one were to use a crude turbulenteddy
viscosity model, in predicting diffusion through the use of the clas-
sical diffusion equation, v, would have to be 200-500 times larger
than the kinematic viscosity to bring the said decay into satisfac-
tory agreement with the field measurements. According to the data
from various investigators*-3* estimates for v, /v fall between 30
and 2000, depending on Rec. Clearly, laminar diffusion mecha-
nisms are not relevant to the prototype aircraft vortices, and more
powerful diffusive as well as nondiffusive mechanisms must be at
work even when the preexisting turbulence and stratification effects
are negligible, as in the case of M-1273 (see Table 1).

Figures 11 and 12 show the I' and I'}, in terms of 7 and ¥,
respectively, for two B-757 flights. Figures 13 and 14 are for two
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Fig. 10 Normalized vorticity vs r* for M-1273.

EA-320 flights and show I" as a function of time. The differences
between the decay rates and durations of the two flights are due to
the fact thatk = 0.02 m?/s? for M-1170 (Fig. 13) and k = 2.93 m?/s?
for M-1583 (Fig. 14).

Figures 15-17 show specific comparisons of some of the flights
discussed earlier. The decay of circulation of the two DC-10-30
flights at r* =2 is shown in Fig. 15. The TKE levels for M-1273
and M-1279 are 0.01 and 0.05 m?/s?, respectively. In the absence of
any other strong meteorologicalfactors, the faster decay and shorter
life of the circulation of M-1279 may be attributed to the fact that it
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has experienced a five-times-larger TKE level. The comparison of

the circulationsofM-1252 (k =0.023) and M-1581 (k = 1.21 m?2/s?)
is shown in Fig. 16. The significant differencesbetween their decay
rates and lifetimes are evident not only at r = 7.5 m (the radius de-
pictedin Fig. 16) but also at all otherradii, not shown here. Figure 17
shows a similar comparison between M-1170 (k = 0.02 m?/s?) and
M-1583 (k =2.93 m?/s?) at r = 7.5 m for two EA-320 flights. The
effect of the higher turbulencelevelis indeed in conformity with the

expectations.
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Fig.14 Circulation vs time for M-1583.

numerical simulations.?®-?

It is clear from the foregoing that the decay of trailing vortices is
significantly different from that of laminar vortices. Neither the un-
certaintiesin the atmosphericconditionsnor the shortcomingsof the
Lidar measurements are large enough to alter the basic conclusion.
A nonmolecular diffusion process has to be constructed to explain
the observations and measurements, to construct model equations
(similar to that pioneered by Greene®®), and to provide guidance to
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Figures 6, 9, and 12 show that the circulation near the edge of
the core does not remain constant. In fact, Fig. 10 shows that the
vorticity at the edge of the core decays with time (at an increasing
rate), whereas the core radius changes only from about 2.5-3.1 m.
Had the circulation remained constant at the edge of the apparent
core, the average vorticity would have decreased by only 35% rela-
tive to its initial value. In Fig. 10 the vorticity in the core decreases
by about 80%. Similar calculations for all other flights led to the
conclusion that the vorticity is not locked up in the core by the
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Fig.17 Circulation vs time for M-1170 and M-1583.

lack of turbulence, notwithstanding the arguments of Hallock and
Burnham® to the contrary.

This calls for a carefulexaminationof the behaviorof the core and
its interaction with its surroundings. The first phase of the interac-
tion concerns the early stages of the roll-up process where the core
is still composed of rolled-up vortex sheets with strong (sawtooth-
like) velocity discontinuities. These are susceptible to Helmholtz
and Rayleigh instabilities and give rise to turbulence that, in turn,
smooths the velocity discontinuities. It is emphasized that this tur-
bulence is generated within the core, not imported from the envi-
ronment. The later stages of the evolution of the core concern the
simultaneous effects of the smoothing action of the rotation and the
vorticity exchange between the inner and outer regions of the core.

The rotationaldampingof turbulenceis not, of course,a new idea.
For example, Traugott®® has shown, by measurements of screen-
produced turbulence between rotating concentric cylinders, that ro-
tation producesmore rapid growth of the boundarylayer on the inner
or convex surface while retarding growth of the boundary layer on
the outer concave surface. The measurements of Briggs®’ with a
rotating pipe flow suggested that increasing the angular velocity of
the enclosing pipe delays the transition within the pipe from laminar
to turbulentflow. The experiments by Hopfinger et al.*® have shown
that the normal cascade of energy in a rotating tank is blocked in
favor of the appearance of coherent structures. Hopfinger et al. re-
ported a dramatic transitionin the turbulent flowfield when the local
Rossby number was decreased below 0.2, with a collection of co-
herent vortices appearing with their axes approximately parallel to
the rotation axis. Polifke and Shtilman,* amon g others, have shown
that high levels of helicity tend to retard the cascading of turbulent
energy to smaller scales and thus reduce dissipation. It is reason-
able to conclude that the turbulence in the core of a trailing vortex
is subjected to rotational damping, shortly after the completion of
its roll-up, in amounts proportionalto the vorticity in the core. The
critical parameters controlling the rotational damping in a nonstrat-
ified medium appeartobe Rec=T"/vand Ro = (U, — Uy)/ Vo It
may be postulated that there are critical values of Rec and Rossby
number above which the rotational damping occurs. Should this be
true, the said damping should decrease with time.

The rotational damping is accompanied by mass, momentum,
and vorticity exchange between the inner and outer regions of the
core, as evidenced by several experimental and numerical studies.
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Fig. 18 Evolution of helical structures around the core of a vortex.

Sarpkaya®>~?* observed that sheets of helical vorticity sprout out

of the edges of the vortex core, transform into isolated turbulent
patches or packets, and subsequently get thrown out from the edges
of the core in the direction of rotation. Figure 18 shows a sample
photograph of the vortex core and its edges, generated by a NACA
0012 foil (at 6-deg angle of attack and rounded tips) in a high-speed
water tunnel. The flow visualization was made through the use of
fluorescent dyes with high Schmidt numbers (dye was introduced
only at the axis of the vortex) and 5-mm round Polyamid® parti-
cles of specific gravity of 1.02 (introduced outside the core). A thin
monochromatic laser light sheet (about 250 mm thick and 250 mm
wide with a wavelength of 532 nm) was provided by a Nd-YAG
laser with a pulse duration of 6 ns. The Reynolds number of the vor-
tex was Rec=9 x 10* and Ro = (U,, — U)/V,, =0.76. The TKE
level of the ambient flow was about 2.5%. Figure 18 shows that
sheets of helical vorticity spiral off from the edges of the core. The
fact that these structures are helical in nature is better appreciated
by recording the vortex with a high-speed imager and then viewing
it at a lower speed, as we have done. The structures may be made
more or less intense by increasing or decreasing the turbulencelevel
of the ambient flow through the use of suitable grids. The particles
introduced outside the core (with no dye in the core) migrated in-
termittently into the core, even though they had a specific gravity
of 1.02, showing that indeed there is mass exchange between the
core and its surroundings. This is an inertial mechanism and does
not need diffusion for its existence.

The experimentalevidenceis that the core of a vortex, surrounded
by a turbulent environment, is not a benign, smooth, axisymmet-
ric, solid body in rotation. The core is, as it must be, replenished
with fresh (turbulent) fluid from the outer region. In other words,
a turbulent exchange of momentum must take place between the
outer region and the core. It is this exchange of mass, momentum,
and vorticity between the outward flux of intense core vorticity (in
intermittently shed patches) and the inward flux of replenishing
turbulent fluid, bearing lesser vorticity, that leads to the decay of
the core vorticity through an inertial mechanism. In this process,
the role of molecular diffusion is thought to be negligible. How-
ever, the role of the axial velocity is thought to be of special im-
portance.'® 1 It surrounds the core (with maximum stresses near
2Rcv/3) with an intense shear layer that serves as a source of tur-
bulence, in addition to that initially wrapped around the core and to
the ambient turbulence interacting with the vortex. Thus, the means
to increase the axial velocity may contribute to higher turbulence
and faster circulation decay.

Bandyopadhyayet al.!” have made similar observationson a trail-
ing vortex, generated by a pair of oppositely loaded airfoils in the
longitudinal plane of a cylinderin alow-speed boundary-layerchan-
nel. The freestream turbulence was produced by screens and grids
located downstream of the contraction and at a sufficient distance
upstream of the model. The measurements and flow visualization
were carried out at an axial distance of x =40c. Bandyopadhyay
et al. observedthat “there is an intermittentexchange of momentum
between the outer and the core regions. The core receives a patch
of turbulent fluid and the rotational motion partially relaminarizes
it.” However, the range of their Reynolds numbers was lower than
that needed to effect a change in the turbulence structure. They also
noted that the shear-stress-rich low-momentum core fluid (small
three-dimensionalpackets of vorticity) is ejected intermittently out-
ward in the direction of vortex rotation.

Among others, Ragab and Sreedhar®® used large-eddy simulation
to show that a single g-vortex with axial velocity deficit is unstable,
at least temporarily, to random and controlled disturbances. The

instability givesrise to large-scalehelical structures sprouting out of
the vortex core and causes radial exchange of angular momentum.
However, during the period of growth of disturbances, the mean
tangential velocity shows no significant decay, whereas the axial
velocity deficit weakens appreciably. This results in a stabilizing
mean flow that quenches the large-scale motions, and the vortex
returns to a laminar configuration.

Rissoetal.?! carriedouta three-dimensionaldirectnumerical sim-
ulationof theinteractionbetweena pair of Lamb-Oseen vorticesand
a homogeneous turbulence field for * < 160 and Rev=06 x 102,
which is about four orders of magnitude smaller than that of a real
vortex (see Fig. 10). Risso et al. concluded that the role of the large
and small turbulent scales can be separated into two independent
mechanisms. 1) The turbulent transport of small scales manifests
itself as an increase of the effective diffusion. 2) The vortex stretch-
ing process transfers vorticity from the vortex to the ambient turbu-
lence. “This causes the decrease of the global intensity of the vortex
and, thus, the circulation decays.” Presumably, the decay implies
the draining of vorticity out of the Kelvin oval and/or the anni-
hilation of vorticity in the overlapping regions of vortices. Risso
et al. noted that the vortex stretching is an inertial mechanism and
acts on all of the turbulent scales but the major part of the entro-
phy is given to the large scales, which are independent of viscosity
and can be significantly stretched before reaching the dissipative
scales. They argued that “the prediction of the circulation is suf-
ficient in practical problems, but it is necessary to relate it to the
vortex stretching mechanism and not to the properties of diffusion
of turbulence’” Their predictions, confined to very small times and
Reynolds numbers (Rev =6 x 10?), are not comparable with the
field data presented herein. Nevertheless, the stretching of the fluid
elements outside the core, especially in the overlapping regions of
the vortices, is important and leads to the annihilation of oppositely
signed vorticity.

The additional decay of the circulation at any time and radial
distance requires that the Kelvin oval be a loosely woven basket
rather than a rigid container. It is only then that the vorticity can be
entrained and detrained. The entire decay process, with or without
stretching, is subjected to turbulent diffusion particularly at smaller
scales. In other words, the vorticity transferred from the vortex to
the ambient turbulence by the stretching process eventually reduces
to smaller scales by turbulentdiffusion. Thus, stretchingis not a new
model but an intermediate step to the ultimate diffusion of vorticity
and decay of vortex. As the vorticity in the outer regions of the core
diminishesand the external velocity profile becomes more potential
like, the velocity near the edge of the core becomes higher than
those extrapolatedfrom the exterior potential vortex field. This is the
cause of the helical instabilities that lead to mass, momentum, and
vorticity exchange between the inner and outer regions of the core.
Buoyancy-generatedcountersign vorticity, wind shear, and ground
effects are expected to further enhance the demise mechanisms.

Conclusions

The analysis of representativefield data in light of the knowledge
gained from the existinglaboratory and numerical experiments sug-
gested the following conclusions:

1) The effect of the molecular diffusion on the downwash and the
demise of trailing vortices is inconsequential and inconsistent with
the high-Reynolds-numberfield data.

2) The vortex core is not a benign solid body in rotation. There is
an intermittent exchange of mass, momentum, and vorticity across
the core boundary. This process may be enhanced by mutual strain-
ing, rotational damping and restructuring of turbulence, helical
instability, atmospheric turbulence surrounding the vortex, axial
velocity, interaction of oppositely signed vorticity in the overlap-
ping regions of the vortex pair, draining of vorticity from the Kelvin
oval, stratification effects, wind shear, and ground effects.

3) Large flow structures outside the core are stretched by veloc-
ity gradients induced by the vortex pair. The vorticity transferred
from the vortex to the ambient turbulence by the stretching process
eventually reduces to smaller scales by turbulent diffusion.

4) Some but not all of the governing parameters may be made to
attain critically high enough values in small-scale physical and nu-
mericalexperiments.Field experimentsare absolutelyindispensable
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to create the conditions that sustain a critical damping mechanism.
This is in spite of their shortcomings and the vagaries of the mete-
orological conditions. The acquisition of detailed turbulent kinetic
energy, dissipation, and axial velocity data must be given high pri-
ority for they will shed additional light on the physics of the decay
mechanisms of trailing vortices and, equally important, on the evo-
lution of reliable large-eddy simulations.

5) Any attempt to enhance the decay of vortices must strive to
intensify the turbulence near the core, the helical instabilities at the
edge of the vortex, and the axial velocity.
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