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A multi—faceted experimental and analytical research program was carried Out

to explore the details of aircraft wake vortex breakdown under conditions representa-
ti ve of those which  would prevail at low altitudes in the vicinity of airports.

Three separate approaches were taken simultaneously. Flight tests with
Lockheed L—18 Lodestar and Boeing 747 aircraft flying over ground—based instrumenta-
tion pr ovided da ta on overal l  vor tex behavior , on the vortex ages at the t ime of on-
set of instabilities , and on the changes in the vortex velocity f i e ld s  which  resul ted
from vortex breakdowns . Analytical work on stability theories identified conditions
under which vortices could undergo unstable decay . Experimental tests in a water
tank looked at the internal ins tability of vor tices , and also shed li ght on vor tex
motion near the ground . Finally, a heuris tic modeling approach resulted in a simple
representation of the relationshi p between the times of vortex breakdowns and the
ambient turbulence levels.

M though a detailed mechanism for vortex breakdowns was not found , a
universa l  f un ct ion , usable for all aircraf t , was developed for Pred icting vortex
breakdown times within a factor of two error. it was also shown that vortex break—
downs do not generall y resul t in total  dissipation of the vortex energy , but rather
a residual organized motion of sig n i f i c a n t in tensi ty of ten pers ists af ter burs t ing
of a smokemarked vortex has been noted to occur .
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PREFACE

The work on vortex wakes which is described in this  report is an evolu-

t ionary  outgrowth of work begun under the sponsorshi p of the Air Force

Off i ce  of Scient i f ic  Research in 1970. Support of AeroVironment ’s research

by the U. S. Department of Transportation , Transportation Systems Center

which started in 1972 has enabled both more extensive and intensive

investi gation of wake vortex behavior in the atmosphere. Throug h the years ,

the focus of the work has changed from anal ysis of wake behavior aloft to

the more operationally si gn i f ican t l y area of wake behavior in the lowest 100

meters of the atmosphere. Concurrently, the aircraft  0 !zes in the

experimental portions of the studies have increased so as to simulate better

the a i rc ra f t  wakes of greatest operational concern.

Most of the a i rcraf t  (Lockheed Lodestar , Cessna 182, and Hug hes 269

helicopter) used in the f l i gh t  test portion of this  program were provided by

Flig ht Systems Inc., Newport Beach , Ca., under subcontract from Aero-

Vironment .  The cooperation of Flig ht Systems Inc. personnel , especially

Gary Hall in experiment coordination and Kenneth Anderson in aircraft

modi f ica t ions , was indispensable, lames Nieukirk f lew the Lodestar , Bill

Evans the Hug hes 269 , and Peter Phel ps the Cessna 182.

The research also involved the cooperation of the National Aeronautics

and Space Adminis t ra t ion  Dry den Fli ght Research Center at Edwards , Ca.,

which provided and f lew the Boeing 747 a i rc raf t .  Marvin  “Russ” Barber

coordinated the NASA-DFRC e f fo r t s  and Fi tzhug h Fulton and Tom

M c M u r t r y  f lew the Boeing 747.

An important portion of the study involved testing of vortices in a
water tank. This work was performed by Poseidon Research of Los Angeles ,

Ca., under a subcontract from AeroVironment .  The work was conducted by

Steven Barker , one of the authors of this report. Significant contributions
were provided by Steven Crow , who authored Appendix A. 0
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Meteorolog ical forecasts for the special wind and s tabi l i ty  conditions

required for these tests were provided by John Aldr ich , as a consultant to

AeroVironment.

The cooperation of the Air Force Fli ght Test Center at Edwards Air

Force Base, Ca , in making Rosamond Dry Lake and the airspace above it

available for these fl i ght tests helped make the program possible. Of

part icular note were the cooperation of Joe Reif , Airf ie ld  Manager. and

Albert Lambert , Program Requirements Officer.

At AeroV ironme iu c , the key partici pating individuals other than the

authors , and their  roles , included (in al phabetical order) :

John Blair — photograp h y .

Kurt Bum iller — photograp hy ,

David Felt — ins t rumentat ion eng ineering,

Paul Ferguson — helicopter photograp hy and computer programming,

Ronald Glass — program administrat ion ,

Paul MacCread y - overal coordination of program phases,

Trang N guyen — data anal ysis ,
Jerry Thelen - photograp hy and field operations .
Bruce Wri ght - f ie ld  operations management.

Finall y, the guidance and assistance of James Hallock of DOT-TSC ,

who was technical monitor of the work under this contract , are appreciated.
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1. INTRODUCTION

1.1 Background

The extent of the operational hazard to air  t r a f f i c  which is presented

by the t ra i l in g  vortices from a i rcraf t  in f l i ght is u l t imate l y l imi t ed  by a

decay of the strength of the organized vortica l motion. Several experi-

menta l  studies have established that this  decay can have several fo rms ,

generally occurs rap idly once it beg ins , and is a consequence of an ins tab i l i ty

in the vortex confi guration.

The best understood mode of decay is a mutual induction ins tabi l i ty

involving both vortices , which has been anal yticall y modeled by Crow (1970).

Subsequent f l i ght test research by Tombach (1973) showed a correlation

between the rate of growth of the instabi l i ty ,  as measured by the time

required for the vortex pair to break up into vortex rings , and the ambien t

atmosp heric turbulence level. Crow ’s theory was expanded to include a

turbulent  forcing funct ion (Crow and Bate , 1976), and shows reasonable

agreement (wi th in  a factor of 2) with experimental  data collected for

various li ght a i r c ra f t , as reported by Tombach , et al ( 1974). The theory for

the mutual  induction ins tabi l i ty  (also known as the “sinuous ” or “Crow ”
i n s t a b i l i t y )  has also been tailored for the turbulence f ie ld  and image effects

of the near-ground environment by Tombach , et al ( 1975) (also reported by

Tombach and Crow , 1976) , and has compared satisfactori l y wi th  experiments
in the same stud y.

The other commonl y observed mode of vortex motion decay, often
described as vortex “breakdown ” or “bursting, ” is far  less understood. This
breakdown appears to occur as a result of rapid growth of an ins tabi l i ty  in
the core of the vortex. In experiments wi th  vortices marked by smoke , the
vor tex of ten appears to burst  when it undergoes this mode of decay.

Descri ptions of vortex breakdown for actual a i rcraf t  vortices are
contained in numerous reports , including work by Garodz ( 1970) , Chevalier

1— 1
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( I’~7 3) and Tornb ach ( 1 9 7  3) . Cheval ie r  oh serv cd t h i t  the breakdown appears

in t wO  ci ~~( re Ic I orms , whi ch he culled ‘ t urhulen t’’ and ‘‘ , t r e tch i  rig ’’ core

dissi pa t ion .  fornb acl i . et tI ( 197 ’ ) )  not ’ ’d t h i t  the cor ’’ breakdowns o f t e n

Occur in  connection w i t h  t he  sinuous i n s t a h i l i t s . whi ch resul t s  in a

corre la t ion between vortex breakdown t ) I T I I , and j r n b i e n t  turbulence.

Rre akd own s  t o t a i h  unre la ted  to the sinuous in st i i l i t v  we re also observed ,

and no re la t ionsh ip  w i t h  a tmosp heric condi t ions  w i ’~ apparen t  for  the m .

Vortex brea kdo~¼ n has not been t reated in the same com prehensive

d r i i 1~ t c tl r i i a nner as h the s inuous  i n s t a b i l i t y .  The dev c l opment  of a

com pact anal y t i c a l  fo rm , eve n of a s e r n i - e m p i r i c i !  n a t u r e , f0r  vor tex

breakdown would c o n t r i b u t e  a great deal towards  the a b i l i t y  to predict  and

unders tand  vortex behavior .  The absence of this  for m is not due to a lack of

e f f o r t  on the part  of in ves t iga tors , h oweve r , but ra ther  to the comp l e x i t y  of

the problem and the pauci ty  of detaded observations of the phenomena. As

a f u r t h e r  considerat ion , fu l l - sca le  a i r c r a f t  vor tex  wake tests have indicated

s i g n i f i c a n t  va r i a t i on  in vor tex  breakdown times f rom test to test even

thoug h major  a i r c r a f t  and meteorolog ical parameters  were constant , and

thus  a purely  de te rmin i s t i c  theory cannot account for  all aspects of such

behavior.

In add i t ion  to the mutua l  induct ion i n s t a b i l i t y  arid the vortex core
i n s t a b i l i t y ,  slower decay, as by t u rbu l en t  erosion , ag ing, or ground f r i c t ion
has al so been observed (e.g., Tombach. et al , 1975; Hal lock . 1976) and is
duscussed at l eng th  by E)ona ldson and E3 i lan in  ( 1975).

The grea tes t  t a .~ tr d resu l t in g  f rom a i rc ra f t  wakes occurs along the
f i n a l  por t ions of the approach paths to a i rpor t s , since the air  t r a f f i c  a r r iv ing
I r o r r I  a d i s t r i b u t i o n  of or ig ina t ion  points is al l  funne led  along the same path
d u r i n g  the f i n a l  f ew  ki lometers  preceding landing.  Research on the

s t r u c t u r e  and hazard potent ia l  of a i r c ra f t  vort ices in th is  region indicates
t h a t  the hazard f rom them appears to d imin i sh  when the vortices develop
i n s t a b i l i t i e s .  Other fac tors , such as runway crosswinds and the gross
properties of the vor tex  generator a i r c r a f t , can also a f fec t  the hazard f or a

1-2
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given s i tua t ion , of course. However , for all s i tuations , the t ime of vortex

decay provides a de f in i te  t ime beyond which the hazard is si gni f icant l y

reduced. Because of this  importance of decay mechanisms , the Transporta-

tion Systems Center (TSC) of the U.S. Department of Transportation

sponsored the research on fundamenta l  mechanisms of wake vortex decay

near the ground which is described in this  report.

1.2 Study Objectives

This s tudy was concerned wi th  the mechanisms of vortex decay under

conditions s imula t ing  those present in the vicini ty  of airports. Although TSC

has been studying vortices under operational conditions near airports for

several years , much of the fundamental  research on wake decay mechanisms

has been performed at alt i tudes well above the ground and with a i rcraf t  in a

“clean ” ( f laps  up, landing gear up) confi guration. Althoug h there were good

operational reasons for this  emp hasis in earlier research , the necessity for

measurements in conditions more representative of those of concern

mandated that  this  study emphasize vortices generated by aircraft  in landing

confi gurat ion ( landing gear and flaps down) which were generated below the

typical glide slope al t i tude of 60 rn at the instrument  landing system middle

marker.

The specific objective of the study was to achieve some degree of

understanding of the phenomena underl y ing wake decay in the airport
terminal  environment , with particular emphasis on the vortex core

breakdown mode of decay. With  regard to that decay mode , the nature of

the residual f lowf ie ld  after  the catastrophic breakdown , and the role of axial
- - vortex f lows in the breakdown mechanism , were of part icular  interest. As a

goal , some progress in modeling the effect  of vortex bursting on vortex

strength and l i f e t ime  was desired.

1.3 Stud y Philosop h y

At the t ime  this study began in mid-1975 , the dynamical mechanisms

present in vortex breakdown were not well-understood. It was recognized as

1-3
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a very complex phenomenon (or , possibly, several phenomena) the results of

which had been observed experimentally but not documented in any

quantitative way. Possibly because of the l imited data , a number of

d i f fe ren t  mechanisms have been proposed. These mechanisms have either
been relativel y vague and general , or have been comp licated mathematically

and conceptually; detailed validation of them had not been done , and

probabl y was not possible. More details on this are provided in the review

article by Widnal l  ( 1975) ,  and in the monograph by Donaldson and Bilanin
( 1975) , as well as in later chapters of this report.

Thus , it was fe l t  that , at this stage, a detailed attempt at theoretical

prediction of the mechanism of core bursting would not be worthwhile , since
the anal ysis would be questionable in the absence of good experimental data.
while  experimental validation of the necessary details of the flow f ie ld
would be extremely d i f f i cu l t  and yet would not meet the objectives of the
stud y.

Instead , it was fel t  that a fresh look at the phenomenon was required.

using controlled experiments to isolate di f ferent  effects and a new , heurist ic
approach to analyticall y identif y the main variables and their si gnificance.

1.4 Overall Approach

With in  this setting a 3-pronged stud y approach evolved , consisting of:

Full-scale experiments to provide quanti tat ive information;

Laboratory experiments to exp lore details of vortex structure
and stability under controlled conditions;

Heuristic anal ysis to meld theoretical concepts and experimental
data into a coherent descri ption of the behavior.

1-4
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The full-scale f l i ght tests were performed to investi gate factors

inf luencing vortex wake decay under conditions s imulat ing those prevailing

in a terminal environment. The tests employed , pr imari l y, a medium-

wei ght , twin eng ine aircraf t  (Lockheed Model L-l8 Lodestar) as the vortex

generator and were performed in the fall  of 1975 in the Mojave Desert of

California.  The decay of organized vortex motion was monitored through

the use of an array of ground-based propell ’~r anemometers and by

photograp h y of vortices marked by smoke or small buoyant balloons.

Relevant meteorological conditions were measured at the same time.

A portion of the work on this contract involved similar measurements

of the vortex wake of a Boeing 747 aircraft  operated by the National

Aeronautics and Space Administrat ion , so the two aircraft  provided
independent data relating to the effects of aircraft  scale on the decay
mechanisms. The E...~?ing 747 tests had broader objectives than those
describe d above , and thus , in addition to the measurements performed by
AeroVironment , the Boeing 747 portion of the experiment also involved
Doppler acoustic radar measurements by TSC and Dopp ler lidar measure-
ments by the Lockheed Missiles and Space Company. This report presents
only the Boeing 747 data which is relevant to the objectives of this stud y; a
separate comprehensive report on all aspects of the Boeing 747 experiment
is being prepared by Hallock ,et al (1977).

The laboratory experiments were performed in a water tank using a
uni que method of generation of a dye-marked vortex pair. The vortices thus

generated were short in length relative to the wavelength of the sinuous
- ~~~~~~~~~~~ mutual-induction ins tabi l i ty ,  causing that instabi l i ty  to be suppressed to

allow stud y of vortex motion and internal s tructure for extended periods.
Because of the nature of this experiment , it was not considered as a
simulat ion of a vortex wake, but rather as an analog model of portions of
wake behavior which allowed testing of the ef fec ts  of various input
parameters on vortex stabili ty and motion.

The analysis approach was directed toward defining, on the basis of
theory and the f ie ld  and laboratory experiments , those factors which af fec t

I-,
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the vortex breakdown mode of wake decay. A goal was the development of

a model giving the best descri pt ion of the effects  of atmospheric and

a i r c r a f t  parameters  on the breakdown , and of the e f f ec t s  of the breakdown

itself  on the s t rength and l i f e t i m e  of the vortices. The concepts of vortex

core s t ab i l i t y  theory were reviewed and then coup led wi th  the vortex

s t ruc ture  insi g hts of the laboratory exper iment  to provide a basis for a

heuristic approach to the direct anal ysis of the core breakdowns observed in

the f l i g ht te sts.

These procedural aspects of the stud y program are discussed in detail
in the next  chapter. The subsequent chapter reviews the f ind ings  of the

study , and Chapter 4 then presents an interpret ive anal ysis of the
si gnificance of these findings. Appendices contain details of the stability

analysis and of the water tank experiment.
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2. DESCRIPTION OF PROGRAM

The three major program elements — f l i g ht tests, theoretical anal ysis ,

and the water tank experiments — were pursued concurrentl y by d i f fe ren t

investigators.  The methodology which was followed for each of these inves-
t igat ion s is described below in this chapter; the results are then presented in
Chapter 3.

2.1 in-F 1~ght Experiments

The in- f l i ght experiments involved generation of smoke-marked
vortices by Lockheed Model L- E 8 Lodestar and Boeing 747 aircraft .  A total

of 5 days of Lodestar tests and 2 days of 747 tests were f lown at a test site
established on Rosamond Dry Lake on Edwards AFB , Cal i fornia .

Each test day consisted of a sequence of low level passes by the
vortex-generat ing a i r c ra f t  over a ground-level anemometer array which
recorded the velocities induced by the vortices. The behavior of the smoke-
m arked vortices was recorded photographicall y by cameras at var ’ us
locations on the ground and in a helicopter hovering overhead. To provide
data on meteorological conditions , soundings were performed by a tethered
balloon on a variable length (7-60 m) tether , by pilot balloon launchings , and
by a meteorolog ical a i rc ra f t  which was instrumented to measure temper-
ature and turbulence. Occasionally, buoyant balloons were released from
ground level to enter in to  and mark the axial f low in the vortex cores.

p During  the two days of Boeing 747 f l i ghts , the basic test installation
was augmented by an array of monostatic acoustic vortex sensors operated
by the DOT Transportation Systems Center and by a laser Doppler
velocimeter operated by the Lockheed Missiles and Space Company. Both of
these remote sensors monitored velocities in the vortices. Data from these
addit ional  sensors was not used for the anal yses in this report , and thus their
use will  not be discussed here. A separate report , (Ha l loc k , et al , 1977) wil l
report in detail on all aspects of the Boeing 747 tests.

2-1
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Vortex Generatin& A ir cr a f t

The physical and operational characterist ics of the Lockheed L-18
Lodestar and Boeing 747 a i r c ra f t  are tabulated in Table 2 - I .  Photograp hs of
these a i r c r a f t  in f l i ght appear in Fi gures 2-1 and 2-2.

Both of these aircraft  were equi pped wi th  smoke generators for
v isua l iza t ion  of the a i r f low in the vortices. On the Lodestar , each vortex
was marked by smoke from 3 pyrotechnic smoke grenades (red — lef t  vortex;
green - ri ght vortex) which  burned for  approximately  1-1/2 minutes. Each

wing carried a smoke generator unit containing 27 grenades, enoug h for a
sortie of 9 passes. A smoke generator was instal led underneath each wing at
a spanwise point corresponding to the outboard end of the f laps , as shown in
Figure 2-3. In additi on, 2 violet grenades at the wingti ps and 2 yellow
grenades a t about the mids pan point on the flaps were used to illuminate
vortex rol lup on one run of each sortie.

On the Boeing 747 , the vortices were marked by Corvis oil smoke
generators * at 8 spanwise locations — each wingti p, outboard ends of
outboard f laps , outboard ends of inboard flaps , inboard ends of inboard flaps.
(Generator locations are numbered 1 throug h 8 f rom left  win gt i p to ri ght
wingt ip . )  Each generator had enoug h fuel and oil for about 10 minutes of
operation. Not all smoke generators were used on each run , so that a fu l l
day ’s testing was possible wi thout  re f i l l ing  these generators. The generators
used to mark the vortices during a given run varied wi th  the flap
configuration and run objective , but were generall y selected so as to best
mark the cores of the vortices generated from the wingti ps and , as
appropriate , the ends of the outboard and inboard flaps.

* Designed and fabr ica ted  by Sanders Ai rc ra f t , Long Beach , Cal i fornia .
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The a i r c r a f t  conf i gura t ions  varied fro m run to run , w i t h  domn inan t

e m p ha sis on a p p r o x i m a t i n g  a normal  l and ing  conf i gura t ion as closel y as

operat ing condit ions would a l l ow .  The clean conf i g u r a t i o n  was also studied ,

and special Boeing 747 f lap and spoiler con f i gura t ions  were inves t iga ted  for

vo r tex  a l l ev i a t i on  e f fec t iveness .  The f l i g ht  a l t i tudes  of the Lodestar ranged

f ro m IS  to 60 meters above ground level during the data collection portion

of the t e s t ;  for  the Boeing 747 the a l t i t u d e  range was between 30 and 240

m eters above the surface.  \/I ost passes over the a r ray  were made in level

f l i ght , as shown in Figure  2-4 , for  examnp le , a l thoug h an occasional run was

made w i t h  the a i r c r a f t  descending — as on a landing approach , or cl i m bing as

on takeof f .

Table 2-2 conta ins  a com plete tabu la t ion  of test condi t ions for each

Lodestar run.  A i r n i l a r  t abula t ion  for the Boeing 747 runs appears in Table

2-3.

Test Site Data Col lec t ion

The test  oper at ions  took place along an unused runway  on Rosa mnond

Dry Lake , w i t h  the ground i n s t r u m enta t ion s t r add l ing  th is  runway  and the

a i r c r a f t  f l i ght path fo l l owing  along it .  F igure  2-5 shows the ground
i n s t r u m en ta t ion  arrange m ent for  the Lodestar tests. The a r range m m i en t  for

the Boeing 747 tests was si r r i i lar , except tha t  the i n s t r u m e n t a t i o n  layout  was
made larger to correspond w i t h  the larger size of the 747 and some

addi t iona l  equi p m nent  was added.

The m at or  e lem ents  of the ground i n s t r u m e n t a t i o n  system were a

nu m ber of cameras for  r ecording vortex appearance , an array of anemom-

ct ’ r s to record vor tex- induced velocit ies , a tethered balloon system for

d e f i n i n g  low level a t m osp her i c  condit ions , a pi lo t  balloon (p iba l)  launch si te ,

and a laun ch grid for  balloo ns used to mnark  the vor t i t  es .

Two camneras  were m oun ted to  the side of the f l i g ht  path , at distances

ra n ging f r o m  100 to 250 mn which varied depending on the experiment

2-7
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oh~~~t~ves. rhs- re , a f ixed 35 mm m otor ized st i l l  camera documented vortex
behavIor arid descent at 5 second intervals. A 16 mm motion picture cam era
mounted on the same tr ipod recorded the sa m e data with finer temporal

reso lution. A digita l clock , vis ible to both cameras , provided a timing

reference.

-\n additional motion picture camera , also located to t he side of the
f l i ght path, was sometimes used to observe the behavior of sma ll buoyant
balloons released into the vortices from an array of 32 solenoid-activated

balloon holders on the ground directl y under the a ircraft  fl i ght path. Such a
balloon release is shown in Figure 2-6 , which also shows the anemometer

array.

-\n upward-pointing motorized still camera was used to photograp h the
lateral drif t  of a pilot balloon (piba l) released d i rec t ly  above i t .  f rom which
the wind profiles near the ground were obtained. On som e Lodestar t e s t ’ s

and on all Boeing 747 tests this camera was located on the center line of the
f l i ght path and also recorded details of vortex rollup whenever the generator
aircraft passed directl y overhead.

An array of 72 sens i t i ve  propeller anemorneters * was used to sense the
horizontal and vertical velocities induced r’sear the ground by the vortices.
The array consisted of 3() support standards , 27 of which were 4 m high and
supported a two-component anemometer -,et , (Figure 2-7 ) , and three of
which supported three-component anemom eters at both 4 arid 7 meters
above the ground (Figure 2-8). The two-component anemom eters sensed
both the horizonta l wind component transverse to the flig ht path and the
vertical wind component , i.e., the two wind components w hich would be
roost a f fec ted  by a line vor tex along the direction of f l ig ht. The 3-com-
ponent anemometers , which were o f f se t  30 mrieters from the flight path
centerline (at row 7 in Figure 2-5) also sensed the f low component along the

* Manufactured by R.M. Young Company, Traverse City, Michigan
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H G I J R E  2-6. R E L E A ~ L OF I3IJOYANT 1~ALLOONS. WHICH ASC END AND
ENTER VORTEX CORE (A R OVE PICTURE) TO \~AR K A X I A L
FLOW

row of the propeller anem om eter array is in the ri ght
I~I I f  of the picture.)
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a x i s  of the vort ices. The anemom eters  have a response threshold of 0.2 rn/s

and a res ponse distance of about I meter.

Oma- of t he 7—meter standards (7R, shown in Figure 2— 8~, also carr ied a

~-com nponemit hot wir e anerlm o lneter in addition to the propeller anemnonm-

ete rs , to provide data on the fine structure of the f low.

For the Boeing 747 tests the two center rows of anemom eters ( rows 5

and 6) wer e  re m oved and were reinstalled 40 m eters beyond each end of the
array shown in Figure 2-5 (where t hey then com prised rows I and 12) .

Si gnals fro m all of the sensors in the array were scanned at 0. 5 second
i n t e r v a l s  and were recorded digitall y on magnetic tape in an instrumentation

trai ler. The master clock for the experi m ent recorded the ti m e on the same
tape; the c locks for the various ca m eras were synchroniied with this clock.

- -\ m i event mia r k was recorded on ~mis tape (as well as on the 1)01-150 arid
Lockheed tapes during the I3oeing 747 t e s t s )  to indicate aircraf t  passage
Over  a marker flag 30 or 40 meters ahead of the first anemom eter colum n
re~,ched by the d ircraft .  Osci llograp hic recorders also recorded al l channels
1is a backup to the digital system.

\~ar ker flags at various locations in the array provided definit c
lom a tion references for the various ground-based and airborne cam eras and
w - re use d for calling out timing m arks to indicate aircraft passage.

An array of meteorolog ica l equipment was suspended beneath a cluster

~~~~~~~~ 
oF tethered balloons near the f l i ght path, as shown in Figure 2-9 . The

sensors suspended beneat h the balloons measured the atmnosp heric turbu lence

and tem perature , usi ng techni ques deve loped by AeroV iron memit , at heights

up to 60 rn above the s m I r f a I - e .  The digital data logging svs t em m m also res -orded

the signals f r o m  these sensors.
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;\ irborne Rit~ ColIc - t ion

Two a i rc ra f t  in addit ion to the vor t - x  generating airp lane wi -re iss ’d on

m mlo st  of the light t m ’ s ts  to photograph the wa kes and collect mm o’t -o mo log is - a !

dat - i .  The Lodestar doubled as both a vor tex  generator and meteorological

air ma F t  on a few earl y test  days; separate a i rcraf t  pe rf or mmie d these two

funct ions in subsequent tc ’sts.

-\ helicopter was used as a c a m m i m - r a  pla t formn dire - t l y over the array .

The helicopter hovered there at a height of about 500 in above the ground

and a mnotori zed 35—mm sti ll camnera was used to photograph t 1 o~ be havior

and lateral motion of the vo rt ices helov~.

At mnos p heric turbulence and tem operat nirs ’  prof i les f ro m t l mc surf am e s i p

to 30’) in above the ground were obtained by sou n d i n gs  of arm instru rmiented

Cessn a l 82 m eteorological a i rc raf t  (exc -pt for the f i rst lew t e s t  days . when

t he Lodestar collected th is data). The Cessna 182 a lso f le\¼ alongside the

vor te x  generator aircraft  to define the turbulence at t im e f l i ght level during

s ach pass over the array. The turbulence was mmieasured in terms of the

turhu lem im n diss ipation ra te . 
1/3 , by a Universal Indicated Turbulence

S y s t c m m s  (\ioi -Crea dy , lo(,6). Temn peratu re measurem ents were by a

t i m e r m m m i s t o r  probe.

1)ata Red’ i  t i o r  Approac!

The data F m o m s the various recordimig media - photograp hs , m m iag m iet is -

ta pe, c hart re ords - w i- re  i mm a ly~ce d to derive infor m ation about vor tex

be havior t I ul I ill the obj ect i  vc’s of t h is program amid as supporting m m ul or —

m m a t  ion for the rorrelated BoI’ing 747 pr og rammm ob ject ives.  h im’ amno unt of

data c ected during all of these f l ig ht t es ts  has been i m m ense am id provides

\ l a m i i i t a s tu r s - d  by \t I t s ’ o r o ls s g \  g~- ss ’ irc h, 1111 ., Al t u i s ’ m m a ,  ( i l i lornia ,
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data on aspects of wake vortex behav ior which were beyond the scope of this

study. Thus , not all of the informat ion from all of the sensors has received
com prehensive scrut in y,  and a ferti le data base for further analys is still
remains.

The main emphas is of the data reduction approach was on obtaining an
understanding of wake decay, especially vortex bursting, near the ground.
For this purpose, the primary data sources used were the photographs , which

showed visual manifestations of vortex instabilities, and the anemometer
array, which ref lected any corresponding changes in the velocity fields.
Supporting data, such as that from the balloons released into the vortices ,
was analyzed to further illuminate the decay phenomena.

Analysis of other information about vortex behavior , such as vortex

trajectories during descent and over the ground and the details of vortex
rollup immediately behind the aircraft , was carr ied out only insofar as it
contributed to the analysis of vortex decay, except that a complete set of
Boeing 747 vortex trajectories was prepared for the analyses in Hallock, et
al (1977).

The meteoroiogical information was a critical element of the decay

analyses, and thus received cons iderable attention.

The specific anal ysis tec hniques used for deriving information wi ll be
described as the results are presented in the succeeding chapters.

2.2 Core-bursting Anal ysis Approach

As noted in the Introduction, the wake vortex system of an aircraft is
subject to two forms of instability — sinuous instability and core-bursting
instabi lity. These instabilities often occur simultaneousl y, but are also
frequent ly observed separately and can therefore be presumed to be in-
dependent phenomena. To provide a basis for discussion we will briefly
describe some of the experimental and theoretical features of these
instabi lities according to the current state of knowledge.

2-25 ~
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The sinuous mode, known as Crow Instability, is a vortex pair

phenomenon, and requires the velocity field of a neighboring vortex to

induce instability and subsequent link’ng of the pair. When near the ground.

a single vortex can undergo instability by interaction with its ground induced

image and actua lly link with the image, so that the vortex has the

appearance of a semic ircular loop, with both ends terminating on the ground.

The motion of the vortex pair in Crow Instability is predominant ly an
invisc id response. This had been anticipated in the earliest work on the

subject (Crow , 1970) in which the basic parameters controlling the vortex
motion were 1 , the trailing vortex strength, and by the trai ling vortex
span. Both the sinuous behavior and the ground looping can be adequately
described by the inv iscid model.

It has been observed (Tombach, 1973; Tombach, et al, 1974) that the
sinuous instability is excited and driven by the ambient atmosp heric tur-
bulence, and the magnitude of this turbulence can be directly related to
time-to-link. Good corre lation has been achieved using , the turbulent
energy dissipation rate per unit mass, as the index of atmospheric turbulence
magnitude. If one assumes that the atmospheric eddies which cause per-
turbations in the vortex shape are of a scale comparable to about nine times
the vortex span (based on Crow ’s analys is) and lie in the inertial subrange
where the turbulence spectrum obeys Kolmogorov scaling, then the
turbulence properties can be fully defined by

Crow and Bate ( 1976) have included a turbulent forcing funct ion of this
form to deve lop a universal time-to-link equation, dependent only on the

.‘----——--- - inviscid parameters defined above. The Crow-Bate model incorporates two

analyses. One assumes that the turbulence is so strong that it dominates the
vortex induced motions, so that linking occurs when the turbulence has

driven the vortices into coalescence. In the second case the turbulence is
assumed to be a small stochastic disturbing fie ld driving the vortex induced
stability. The predictions for wake lifetime (time-to-link) based on these
two approaches have been combined into a composite function which fits
quite well to the rather limited and scattered flight test data.
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on one vortex occurring apparentl y independently of the other member of
the pair. This suggests that one form of core-bursting is a loca l phenomenon
related principa ll y to the approxmmat e ly axi sym nmetric structure of a sing le
line vortex of f inite core size. There are also frequent occurrences of core-
bursting in conjunction with the sinuous instabi lity, however, in which case
the sinuous vortex deformation appears to induce core-bursting.

Muc h ef for t  has been expended in attempting to anal yze the f luid
mechanics of core-breakdown. An excellent state-of-the-art review of the
theoretical aspects of this problem is given in a monograp h by Donaldson and
Bilanin ( 1975 ) , which summarizes results to date; some of our fol lowing
discussion is taken from that publication. Our object here is not to produce
yet another analysis , but rather to determine a simple formula or rule by
which the time to vortex-breakdown can be approximated from the basic
aerodynamic parameters of the generating aircraft and atmospheric proper-
ties , in much the same way that the sinuous instability can be predicted.
Since Donaldson and Bilanin point out that there are no acceptable rational
methods at present which can give these predictions , the approach used here
re lies heavil y on theoretical insi ght supported by experimenta l data.

A brief discussion on core-brea kdown dynamics wi ll set the stage for
the development of this rule. If core bursting is considered as a local
internal core effect , we expect that it must be re lated to details of this core
structure , name ly, the tangential and axia l velocity profiles. Apparent ly
inertial waves can exist and propagate in t his three-dimensional axisym-
m etric flow f ie ld and these waves are the precursors of the breakdown. It
was surmised by Donaldson and Bi lanmn ( 1975 )  that these waves can be
“trapped” at a critical station , where uipstreamn conditions are such that the
waves cannot penetrate further upstrea m . The waves t hen become of
significant amplitude (involving non-linear interactions) and conditions
sir i-m ilar to a hydraulic jump occur.

The natural mathematical approach to this problem is to assume a
tangential arid axial velocity profile and to study the propagation of an
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In ground effect , it might be expected that t he ground boundary
conditions and the different turbulence spectra would have some effect on

the sinuous time-to- link. An analysis of this effect , consider ing both a
modified turbulent forcing funct ion and the presence of the ground image,
has been made by Tombach, et al (1975). The essential conclusions, which
are summari zed by Tombach and Crow (1976), are that although the life
span , or time-to- link, is reduced by the presence of the ground, the effect is
small (not more than about 10%) when comparable vortices at different
heights in the same atmospheric boundary layer are compared with each
ot her.

The other important mode of catastrophic instability, vortex break-
down or core-burst ing, is poorly understood to the extent that a precise
meaning for the description is not agreed upon, nor is it clear whether there
are one or more phenomena under this umbrella description. Most
experimental data on this effect have been obtained from visual observation
of the behavior of a smoke-mar ked vortex (Chevalier. 1973; Tombach, 1973;
Tombach, et al, 1974; Tombach, et al, 1975). The experiments show that the
smoke-mar ked vortex appears to “bunch up” and “break;” that is , the marked
core abruptl y increases in diameter and then appears to burst , w ith the burst
moving quite rapidly along the vortex axis. Often the smoke which marked
the core rapidly diss ipates and is no longer visible. Occasionally, a much

diminished smaller core remains after the bursting process. The effect of
burst ing on the velocity fields has not been measured, although inferences
from indirect measurements of vortex strength (Hallock , 1976) and from the
m otion of a vortex after its mate had burst (Tombach , 1973) suggest
significant changes in the structure of the vortical core flow field. On the
ot her hand, in studies of other columnar vortices , Mullen and Maxworthy
( 1976) have observed that highly disruptive core phenomena have had little
effect on the outer flow.

It appears likel y that core-bursting is a single vortex phenomenon , in
the sense that it is not necessaril y connected with induced flows associated
w ith the other vortex of the pair. There are observations of core-bursting
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infinitesimal general disturbance by determining the dispersion relations.
Thus one can determine the frequency/wave number dependence. The
fundamental concepts of suc h a stability analysis for some simp le vor tex

configurations appear in Appendix A of this report.

If this approach is applied to a simp le rea l vortex having a Rankine-
type tangential velocity field and a uniform axial flow field, it turns out that
an inf ini te number of modes is possib le. However , upstream propagation of
disturbances depends upon the swirl velocity ratio , 5, defined here as S
I /RW where F is the c irculation, W 0 is the axial velocity along the vortex
center line, and R is t he radius at which the maximum tangential velocity,
V , occurs. (f his velocity ratio can also be written as S V LW .)T max Tmax o
General ly speaking a family of critical values of S can be defined; f or each
particular mode upstream propagation is not possible if S is smaller than the
appropriate critical va lue.

Now , the general aging process in an aircraft wake vortex wil l always
cause the swir l velocities to reduce , whi le the effect on the axial term is
believed to be re lativel y small. Specific information on the downstream
var iat ion of t he axial velocity is notabl y lacking, however. Batchelor (1964)
shows that far downstream it reduces like (In x)/x where x is the downstream
distance. However , this analysis is for a constant uniform viscosity (that is ,
a laminar type f low) and is intended to describe events many spans down-
stream from the wing. For turbulent momentum transfer the ordering with
respect to x and the magnitude of the decay can be expected to be different.

On the other hand, the w ind tunnel experiments by Corsiglia , et aI
(1973) show the axial velocity to be wake-like at about 20% of I reestream
speed w ith no significant downstream variation j r-i the near wing field for
about 31 spans downstream. This is also suggested by recent theoretical
results by Donaldson and Bilanin (1975). Their calculations (made for a
representative vortex core) show a small wake-like flow of about I 5% of the
freestream speed with very little variation for the first 15 sparr down-
stream , which the aut hors suggest is caused by the fact that the swirl flow
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decay produces a pressure rise along the vortex center line which tends to

maintain the original axia l velocity defect. This would not be the case for a

wake without swir l, where the usual axial velocit y decay mi ght be expected

The Donaldson and Bmlanin results are well supported by the experimental

data of Corsig li m . et al,

Thus in general we assume the swirl-to-axial velocity ratio will reduce

so t hat it may be expected that during the aging process conditions con-
ducive to core-bursting wi ll ultimately always occur on a solitary vortex
However , the presence of the other member of the pair can introduce other
phenomena which may preempt this core-bursting. Here we should aga in
note that sinuous instability has been observed to precede. and t hus preempt
core-bursting , while under very, very calm atmosp heric conditions it appears
that neit her core-bursting nor sinuous instability occur, with the vortex pair
instead undergoing so-called regular dissi pation (Lissaman , et al, 1973) under
which a general two-d imensional vorticity-fi l led cell develops containing
both vortices

2.3  Water Tank Analog Experiments

In order to study the internal turbulence generation . and its effect on
vortices near the ground an analog experiment was designed. For this
experiment a short “slice” of a vortex pair was generated in a water tank
The f low was bounded by two vertical surfaces , w hich would correspond to
planes emitting the vortices and lying normal to the f l ight path for the vortex
pair shed from an actual aircraft. Thus an ef fect ive two dimensional
transverse sectior of the vortex pair was created, so that both Crow
instabi lity and axial flow were suppressed. The object was to study the gross
m otion of this pair in the presence of a ground plane. to investigate the
apparent change in strength of the vortices under these conditions, and to
exp lore the internal turbulence generation in the pair

For the experiment a vortex pair was formed by a speciall y desi gned
f luid mechanical generator whic h produces a f low field more representative
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of actua l vortex pairs than would result from a simple “puf f ing ” or

impulsivel y-r umoved_ p late type generator. The vortex pair then proceeded to
move under i ts se lf-induction towards a wall which represented the ground
plane. A nunn her of parameters were var ied from experiment to experiment ,
inc luding the roughness of the ground plane and the initial turbulence within
the vortex cell. The fluid within the vortex cell was marked with a
fluorescent dye , and the ent ire flow field recorded with high speed motion
photography.

More details of the experiment are noted in Appendix B. The results
are discussed in the fo l lowing Sect ion.

2-31/2-32



3 . R ESULTS

3. I ~~~~~~~~~~~~~~~~~~~ of Vortex Flight Test Observations

All of the fli ght tests were performed under a wide range of meteoro-

logical conditions , which resulted from the natural evolution of the

meteorology from calm and stable conditions at sunrise to windier and more
unstable conditions at the termination of each day of tests. During the

program a variety of aircraft  configurations and heights above the ground
were explored by each aircraft , although the preponderance of tests were in
the normal landing confi guration in level flight at a height of 30 m AGL for

the Lodestar and 60 m AGL for the Boeing 747 . The large range of

meteoro logical conditions and confi gurations limited the amount of data
co llected under identical conditions, and thus assessment of whether a
var iation in results between two runs was random or systematic was often
diff icu lt. Nevertheless , several vortex behavior patterns emerged from the
data analysis; these are discussed qualitativel y in this section, with
quantitative analysis appear ing later in this chapter.

Meteorology

The meteorology which apparently most affects vortex behavior is
defined by vertical prof iles of temperature and turbulence and by a three-
dimensional description of the wind vector fie ld. The information
previous ly presented in Tables 2-2 and 2-3 characterizes these conditions for
the Lodestar and Boeing 747 fli ght tests , respect ivel y.

By way of interpretation, the temperature profiles at the beginning of
a test day (usua lly dawn) generally indicated a very stable atmosphere. The
lowest temperatures were encountered at the ground level, which had cooled
by radiation dur ing the night. Consequently, t he near-ground air tempera-
ture usually increased with altitude to some inversion height , above which

t he temperature decreased adiabatically with height. After sunrise, the
ground and the air above it gradually warmed until , by mid-morn ing, the

3-I

S - 
-
~~~~ 

— - - - - - - - ——- _—--——:--___ _ — - — .5 —— - - - - —



temperature profile was neutrally stable (decreasing adiabatically wi th

height). Further ground heating by the sun caused the atmosphere to

become unstable when the wa rmer-than-adiabatic air near the ground rose

vert ica l ly  and caused a turbulent overturning motion in the atmosphere.

Thus, the turbulence levels at the low flight altitudes genera lly in-

creased as the atmosp here became less stable as the morn ing progressed.

~n n anomalous si tuat ion was sometimes encountered in the very stable early

m o r n i n g  period , however , when drainage flow fro m n nearby mountains caused

stable layers to slide over one another and the resulting shears generated

high levels of turbulence in spi t e of the very stable density distribution.

This situation has been discussed by Tombach , et al (1974) .

The desert winds were generally li ght in the ear ly morning and were

mainly camised by drainage. The wind increased as the morning progressed,

and was soon dominated by the wester l y gradient wind.

Vortex Rol lup

The rolling up of the wing vortex sheet into discrete vort ices was

studied for selected passes of both t he Lodestar and the Boeing 747. On the

Lodestar , d i f feren t color smoke grenades located at three spanwise locations
on each wing produced filaments of smoke which traced the wrapping up of
the vortex sheet. The smoke generators at F our spartwise stations on each

Boeing 747 wing served the same purpose.

Such tests served severa l purposes. The primary one of concern for

this report was to attempt to mar k various shells of the vortex , with

different co lors if possible, and then to observe the effect of the vortex
breakdown decay mnode on each of these she lls. In addition, the rollup
observations for the Boeing 74 7 were of interest for illuminating the

ph ysical ef fects  of various vortex alleviation confi gurat ions, wh ich is

discussed further in the report by Hallock , et al (1977).
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-\s an examr i ple o~ the results obtained , Fi gure 3- 1 shows a montage of

photographs of the Lodestar vortex rollup process for the f i rst  six seconds ,
for a case w i th  flaps and gear down. The photographs were taken at half
second intervals by a camera pointing directly upward. A cable above the
ca m era , strung crosswise to the f l i ght path, provided a reference for

h i rect ion and position and is visib le on each frame. The frames have been
mn om inte d 0 spatial sequence in Figure 3-1 to illustrate the apparent
evo lmition of t he wake behind the aircraft; actually all fra m es were taken of

the same point in space and thus show the sam e vortex segments.

The f i g u r e s hows the smnoke filament fromn the wingti p sp iraling around
the sm oke- m arked vortex core while diffusing slow ly. The filament retains
i ts  identity throughout the sequence, indicating that is is a smnall vortex
i t se l f , as would be expected for the f low from the wingtip which is
associated with the spanwise end of the l i ft distribution. Donaldson and
Bilanin ( 1975) have m odified the method of Betz (1932) to com pute the
structure of the vortex wa ke fromn a flapped wing. They conclude that two
dis s  rm - t e vor t i c es can indeed occur , wi th core posit ions ori g inating at the

points where the slope of the l i f t  distribution d ILdy~ is a maxi m um i.e..
approximate ly at the outboard end of the flap and at the wingti p. as
observed here. This exp lains the discrete appearance of the vortices in
Figure 3-1, and also shows that a sm oke grenade at the wingtip cannot be
used to  ~mmark a “shel l” of vortex structure.

A second smoke source insta lled inboard of the main smoke generators
was also operating in the case shown in Figure 3- 1. Its s m o ke was wrapped
im m t i )  the main vortex core within one chord length and was thereafter no
longer d is tim ugm i isha hle [romn the rest of the vortex in sp ite of i t s  contrasting

color.

The tip vortex should undergo breakdowns and instabilities in m uch the
same way a’, the main vortex. Although such breakdowns are not seen in
Figure 3- I. somne instabi l i ty in the sm oke structure is visible, whic h appears
to he connected with s i m ilar phenom ena in t he main vortices. Perhaps

~ 
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t m irhmi lent interaction of the vortex cores is a contribmitor to the decay of the
ti p vortex.

Fi gure 3-2 shosvs two m ore ro llup sequences , one with flaps down and
the other wi th  f la ps up, both without time addit ional ti p smnoke . In the clean
(flaps u p )  confi guration t he vortex should ori ginate at the wingtip; time
srm m o ke , however , is being released at the outboard end of the flap. The

result is that the smoke never enters into time vortex core , hut rather wraps

around it , giving a hollow shell-like , diffuse appearance to the vortex.
Com parison of the t wo sequences in Figure 3-2 can then give rise to m is-
leading results , su ch as the conclusion that t he clean confi guration vortex is
larger mn diamneter than the one produced with flaps down. If the sm oke
generator had been placed at the wingti p for both rims , the opposite con-
elusion would have been reached. (An exam ple of suc h a case appears in time
Boeing 727 tests reported upon by Barber , et al ( 1974) .) This com parison
illij mninates one of the wea knesses of f low visualization, and a lso shows that
proper smnoke source placem ent is i m portant for e f fect ive long-term
visua lm-c - ition of vortex behavior.

The behavior of the vortices for both the Lodestar and the Boeing 747

was determined by ana lysis of side and top view photograp hs of the smoke
mnarked vort ices , supp lemented by t he anem om eter data in selected cases.
For each run the behavior of t he vortices was qual i tat ively categorized at-md
ti me timne of the f i rst  brea kdown of organized structure by core bursting.
linking, or ground contact was noted. Tab le 3-I smimmarizes the vortex
behavior data , together with infor m rmation on aircraft  confi guration and
re levant mneteoro logy , f o r  the Lockheed Lodestar. For these tests ti-me green
(starboard) vortex was som et i m es diff icu lt to see against ti -me horizon

sk y/ground back ground, and thus less infor mnat ion is available for this vortex
than for the hettem-mn arked red vortex.
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Table 3- 2 is a simnilar summary for the Boeing 747 runs. The f low

visual izat ion va’, si gni f ican t ly poorer for this a i rcraf t .  and thus less than

half of all runs tm iad identif iable breakdown phenomena.

-\ glcmss arv of terminology for interpretation o~ the descri ptions of
vortex behavior in Tables 3- 1 and 3- 2 is provided in Table 3-3. These tables
show onl y those runs for which usable data could be derived from the photo-
graphs; a comp lete summary of all run conditions and meteorolog ical
conditions appeared previousl y in Tables 2-2 and 2-3

-\ couple of Comments should be made about the data in Tables 3-1 and
3-2. First, the lapse rate i and turbulence listed are those for the reg ion

of the atmosp here just below the generating aircraft. Usually the variation
in F and with height was not very rapid. and thus this U and I

adequately def trued the average atmospheric condition encountered by the
descending vortices. There were a few exceptions however , with the most
notable being the situation around 60 m AGL during runs 10-1 8 of the Boeing
747 on 2 December 1975. A strong gradient in turbulence was present at
around that level, with turbulence below that level significant ly greater than
above it (note the large diffe rence in turbulence between runs 13 and 14 in
Table 2-3 as the turbulent layer grew and engulfed the flight level. The
vortex burst timnes for runs 14 and 16 during this period were anomalous, and
f i t ted the other data better if the lesser turbulence just above the fli ght
leve l were used rather than the greater turbulence which was actually
mneasured. Since the gradient was rather abrupt , a small error in the
altitm ide of the meteoro logical aircraft vis-a-vis the Boeing 747 could have

been the cause. All vortices generated near t his level should have descended
quickl y into the turbulence below , and thus initial differences in turbulence
should have acted for only a brief time at most , however.

Second, the photo record often ended before the vortex had decayed.
Such cases are marked with lower limits for decay time , with such limits
being time ends of the photographic records. The actual persistence time for
these cases is unknown.
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TABLE 3-3. DEFINITIONS OF TERMS USED TO DESCRIBE VORT EX
BEHAVIO R

De-a -er t

- - The vor t ox  column is d istorted along i t~ length so thdt i ts
shape appears wavy.  The ap parent wave lengt h is is~ - i I Iv  on
the or der of te ns to hundreds Cit mete rs and the a m p l i t u de is a
sm all fract ion of the wavelength. Often sinai ! wavelength
DiL iV f ”~ are seen tr dv elln g along the distorted ( cur e edge.

- ‘onuous - The vortex column is distorted along its length as in the - - C u v v

case , hut the amplitude is a large fract ion of the waV e length.

L - Liir hing - Segments of the vortex appear to  descend more rapull y t hs.i rc

nei ghboring segments , def orming the v o r t e x .  The rapidly
descending segments then appear to slow arid the neighboring
segments accelerate downward. The process is repeated
alternately by ad joining segments , often producing a irregular
shape.

D - Detraining - The vortex core appears to throw off patches of sm oke
when descending, and leaves them behind in a wake.

Pu - Bounces- The vortex descends rapidly and appears to bounce of t an
invisible layer close to the ground and gains altitude.

H - Halts descent - The vortex descends slowly toward the ground and
apparentl y stops near the ground and maintains altitude.

R - Rises - The vortex slowly rises after having halted near t he ground.

U - Uroiind - ~ sect ion of the vortex core touches the ground.

- Near Ground - -\ section of the vortex core com es very close to the
ground (within a few meters) but does not actua lly touch.

N - Norm al - Well behaved vortex that descends and maintains a horizontal
att i tude and well-defined core,

Breakdown

Bu - Burst - Sudden breakdown of smnoke-m arked vo r t e x s t r u c t u r e .

Lk - Link - loinung of the two vortices at a point.

DL) - Dust devil - The vortex behavior resulting fro m linking of a vortex
-~~ --‘ —— with its below-ground i m age.

G - Ground -The breakdown occurs as a result of contact w ith the ground.

Ueneril

Rap - Rapidl y

Sb - Slowly

P - Port vortex ( lef t  side)

S - Starboard vortex (right side)

- 
-
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b r o i l  Tables 3-1 and L2 , the vortex behavior can be aetermined as a

function of turbulence level for three very broad local atmosp heric stability

categor es: very stable, neutral to m ildl y stab le, and unstab le. These

stabil i ty categories were defined for the region immediately below the

a i r c r a f t  in tO which the vo rt ices were propagating. When strat i f ied in this

manner, the observations for both aircraft  summarize as follows (see Table

3—3 for definit ions of the terms used):

V e ry  Stable Conditions. Under these conditions , the vortices de-

scended in a wav y manner , with descent slowing and often ha lting in the

vicinity of the ground. f t e r  halting, the Lodestar vort ices rose up again.

‘,o ’f l et i mfl es t i - i  descent was rapid and the halting and rising occurred quickly

‘no-sg fr to give the impression that the vort ices had bounced off a layer close

t o the ground. -\s w a v y  or osci llating vortices approached the ground under

these stable conditions the a m p litude of the waves often appeared to be

dam ped 0- i t and t h e  vortex appeared to st i f fen and strai ghten out any kinks
t 5 i it  ~‘ l dV  have  developed.

Neutral to Sli~ htly~~~ ible. Here the vortices descended in a lurching.

-~sas - v . o sinuous manner to the ground leve l. They often reached the ground

,it some point along their length, which immediatel y initiated a burst break-

down r ground link. The ground-linked vortices , which were only
photographed f or the Lodestar , resembled dust devi ls 20 to 30 meters in

heig ht. Only the half curved toward the ai rcraf t  was visib le, indicating that

axial f low toward the ai rcraf t  was picking up the dust. On a number of

occasions the vortices descended at dif ferent rates along their length.

Port uns would rapidl y dip. for m ing deep troughs whic h often burst near the

ground at the point ol mnaximu mn curvature. At other times the vortices

descended rapidly whi le horizontal , and then in the vicinity of the ground

m ’ r t i i n  portions rose up rapidly, forming humps which again usually burst at

the point of mna x u ’ m i u i m m r  i r v at u re .

t i nder unstable conditions the vortices de-

‘o ernli- ’-f rapidl y in a lurching, si ru u iou is manner and often appeared to be
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- Iu ’t ra ining li~u i 1. l e i v  I ~rg p i t I t ’ ’ t ‘Om uCil ’Ci’ in i w ike behind t i e  vortex pair.
The v o r t i  Os r~~ r r t t t u ’d  or il - ist u o r r t i  t o — I  the gr rind on —0 ’s-er !! occasions ,
\~ hic- h inv im i(t hlv in i t ia ted a burst bme,jkc lowr near t i e  ground.

Regardless of the at m ospheric stabi l i ty, the time of vo r tex  breakdown

1 is defined by an obvious break in t 1re smoke-m imarked vortex ) was general ly
ear l ier  in a turbulent atmosp her e than in cairn conditions.

These observat ions are a composite of results for both test a i rcraf t

and for all f l i ght c o n f i g urations , although the greater amount of Lodestar
data tends to make them particularl y representative of the Lodestar
observat ions. The categorization by stab ility class is unique and has not
been observed in prior experimental work , although Tombach , et a!, (1974) ,
noted r e  tendenc y fo r  vor t ices t o descend more rap id ly in neutral
condit~ons t han in a stable atmosphere. As can be seen here, the descending
behavior of the wake vortices becomes quite complex near the ground, with
the vor tex  dynamics , atmos p her ic  t u r b u l e n c e  and stability, ground effect ,
and unstable vortex-vortex and internal mechanisms all playing a role. The
‘ u s i a ! simple models of vortex descent are quite inadequate to describe this
behavior; because of i t s  irregular , wavy nature, mode ling of wake descent
near the ground may thus not be possib le in any detailed deterministic way.

It should be pointed out for com pleteness that the vortex behavior
description discussed above applies to both vortices if both were visible, or

t i m  the one vortex which could be visualized. A few cases were observed
where both vortices were v isible but behaved differently, as for examp le
would occur if the wake t i l ted or banked and the vortices then decayed
differential ly, but such behav ior was not analyzed. The wind shear observa-
tions of Tomnbach, et al ( 1974) discuss such cases. The crossw inds during
these tests tended to be sma ll, so such behavior was not a major feature.
Because of the di f f icul t ies with f low visualization it is possible that some of
the rising of vortices which was noted is simp ly the asymmetric motion of
the one visible vortex of a ti lting vortex pair.

3 — 1 5  
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A limited number of runs were conducted under simulated take-off and
landing conditions , so that the aircraft was climbing or descending when

passing over the test array. The vortices produced in these situations

rap idly approached the ground at an angle to the horizontal and contacted

the ground sequentially at points along their entire length. These vortices

appeared to break up immediate ly and than rap idly dissipate. The initiation
time of this break up was much shorter than the ti m e to f i rst  break up
measured when the aircraft maintained constant altitude. No linking was
observed in these s ituations, and normal core bursting was rare.

In contrast to the effects of attitude (and hence thrust), data scatter
obscured the effects of landing gear or flap positions on vortex decay times.
By inference, then, vortex breakdowns seem to be at most wea kly inf luenced
by the aircraft configuration.

The core breakdown and sinuous instabilities appear to he intimatel y
intertwined in all of the observations of the Lodestar tests , and the actual
mechanism initiating vortex decay is not always apparent. Previous work by
Tombac h, et al (1975 ) studied the sinuous instability near the ground
theoreticall y arid experimentally, and also noted the presence of both core

bursting related to the sinuous instability as well as core breakdowns which
occurred in no apparent correlation with the linking behavior. The current
results show the same qualitative behavior for the Lodestar. Linking was
not observed in the documentat ion photos of the Boeing 747 tests , although
it was observed a few times (runs 5,8, 51 , 52 , 53, and 54) at locations out of
view of the ameras. For both aircraft , it was observed that ground
contact , whether through linking or otherwise , invariabl y init iated a vortex
breakdown.

Axial Flow

One interesting aspect of vortex behavior is the axial flow in the core,
which is often ass igned a contributory role in various vortex decay
mechanisms. The Lodestar vortices, w hen marked by small buoyant balloons
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as shown in Fi gure 3—3 , invariabl y showed axial f low toward the a i r c ra f t .

i . u’ , a wake- l iLe axial f low. On the other hand, the axial f low in the Boeing

7’i7 s - o r t i - e s  svas either jet—l ike (away fro m the- i.-i i rcraf t )  or there was no

s igml i licari t axial f low.

let-like f low in the co res was found behind the Boeing 747 when in

takeoff  configurat ion ( 10/ 10 flaps , either spoiler and gear position, a i rcraf t

climnbing) or in landing configuration (30/ 30 flaps , gear down , no s poi !ers.

aircraf t  descending ). No si gnificant axial f low was observed when the

aircraf t  was “dirty ” (30/30 flaps , gear down, no spoilers) and in leve l fl ig ht.

The balloon observations of axial f low direction were corroborated by

visual observation of the ends of the sm oke-marked portions of the vort ices

(where axial f low would cause a “spike” of smoke or a hollow core) and of

dust f low in vortices contacting the ground.

In order to exp lain this behavior of the axial f low , t he in te r ac t ion of

induced and profile drag in producing axial f low perturbations is of interest.

since in the initial stages the e f fe c ts  are of opposite si gn. As shown by
Brown (1975) for the initial wake near the wing, t he jet-l ike axial f low
component is caused by f low developed by the induced drag and defined by
the circu lation, I and the aspect ratio A; while the wake- like axial flow is
iss oc iated with the profile drag, defined by the wing profi le drag coefficient
C~~0 and the mnean chord - . For an elli pticall y loaded svir -ig of uniform chord
shedding a simple vortex pair. Brown ’s resu lts indicate that a net jet- l ike
f low wil! resu lt if

l i ~~ I)o > 2~~

For the ai rcraf t  used in time present tests , wi th  their com plex wing and

eng ine structures , this rat io wi ll he different, but the general character of
the behavior should be the sa m e. Consequently, for a sufficientl y c lean
aircraft one would expect an init ia l jet- like flow , wh ile the f low would be
m o r e wake-lik e I the a i r c r a f t con f i gur at i o n were m ore dirty. Sufficiently
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f ar dow ns t ream any initial jet-like component (if it exists ) will transform to

a wake-like flow , as discussed by Batc helor (1964), since the pressure in the

wake wi ll tend toward static , and thus the total drag must be represented by

a wake- like momentum deficit.

W hen viewed from this perspective , the experimenta l observations

suggest that the Lodestar is generally re latively “dirty ,” and thus has wake-

like core f lows , w hile the Boeing 747 is generall y “clean” w ith jet-like flows

initially. The one Boeing 747 case which shows no axial flow occurs when a

re latively dirty configuration has enough thrust idded to maintain level
fli ght. It is likely that the turbulence added by the thrust is sufficient to

cause rapid decay of any initial jet-like wake, and thus no significant axial
f low was observed in the core by the time the balloons were captured

Local axial flow also occurred whenever a vortex breakdown or vortex
pair linking occurred. In such cases the axial flow was away from the
instability manifestation , in both directions along the vortex , indicat ing the
presence of higher pressures at the burst or link point. The instability-
induced ax ial flow was stronger than the normal axial flow in the vortex , and

thus t he local flow was totally dominated by the links or bursts

Axial flow need not be confined only to the core centerline, and shells

of axia l motion have been observed in tests of aircraft fl y ing past smoke
sources. The flow visualization techniques of these experiments could not
illuminate non-centerline core flows.

Effects of Core Bursting

The smoke marking often showed a small filament of smoke remaining
after a burst had occurred, w hich indicated the continued presence of
organi zed vortical motion. The small balloons released into the cores also
showed vortex motion to be present after a visible vortex breakdown. In
severa l cases the balloons were still spinning in the vortex core at a vortex
age of around I 50 seconds, which is well in excess of the observed core
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breakdown times. In another case, the balloons in the core were overtaken
hs a m oving breakdown, and then remained f irmly trapped in the now-
invisible so r tex  come  after the breakdown had passed. Prior work (e.g .

Hallock. 1976) has also suggested that a vortex breakdown does not

necess ari ls imp ly a destruction of organized vortex motion , hut rather
represents a rearrangement of vortex structure. The present work supports

this concept. and indicates that the visuall y observed behavior of the smoke
does not a lwa ys provide a comp lete picture of the vortex l i fet ime.

In order to  investigate this point further, selected anemometer records
on vortex velocit ies occurring prior to and subsequent to vortex breakdown
were examined. The cases studied were ones in which the photograp hy

showed a breakdown to have occurred above an anemometer ,

A c onsistent pat te rn of behavior was observed , which is represented by
the three sets of traces in Figure 3-4. Each trace rep resents the horizontal
wind speed, transverse to the fl ight path, recorded by an anemomneter as a
function of time as the vortex tmavc ed horizontally above it in ground

ef fec t .  For each of the three cases shown , the top trace shows the vortex
structure before a burst was seen on the photographs at the array, and the
lower trace shows the vor tex  s t r u u c t u r e  at the next anemometer reached by

the vortex.

In each case, the e f f e c t  of the vortex burst is to f la t ten the velocity
profile by significantl y reducing the peak ve locity under the center of the
vortex (to about 30% of its prior va lue). hut wi t hou t major  e f f ect on the
speeds away from the center of the vortex. A definite vortex f low remains

— - -._ -
~~~~ in all of the three cases shown , however , indicating that core bursting did

not tota l l y  eliminate the vortex , and the persistence of the outer f low
s peeds su gg ests that such bursting may not si g ni f icant l y alleviate the vortex
hazard to a i rc ra f t  wi th wingspans larger than the core size.

A few of the cases studied showed tota l alleviation of all vortex velo-
ties by a vortex breakdown , with no residual vortex structure rema ining.
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FIGURE 3-4. ANEMOMETE R RECORDS OF VORTEX BREAKDOWN

(The top graph of each set shows the horizontal speed history
at an anemometer before a burst; t he lower trace shows
t he record at the next anemometer after the burst.)
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The flow visualization showed no visible difference between the partial and
total vortex decay breakdowns , except that the presence of a residual visible
core corresponds (obviousl y) to a case of partial alleviation. Aircraft
configuration was not an obvious factor in sele ctin g one form over the other.

In order to assist  in inter pretin g the vortex breakdown observations a
brief discussion of vortex core stab ility would serve as a useful back ground.
Such a dis cuss ion follows below , preparatory to deve lopment of an approach
to core burst mnodeling in the succeeding section.

3.2 Simp le Analytical Studies of Stability of Vortex Cores

Simple fluid mechan ical models of an aircraft wake vortex were con-

structed to study the major features of the stability of inertial waves , the
pro cesses of turbulence generation and the possibi l i ty of energy d issi pa tion

by coupled motion of s imple wave modes. For simp licity, vortex models
with no axial f low were e m p loyed, the feel ing being that while the axial flow
affects the vortex development with t ime, the behavior of inertial waves
which are a funct ion of the local profi le is probabl y contro lled mainl y by the
tangent ial flow velocity profile. Thus it was likel y that some of the
phenomena related to core-bursting could be exp lained without considering
axial profi le interactions. The following discussion presents the key aspects
of the analysis; supporting details are included in Appendix A.

The classic Ray lei gh stability criterion applied to a vortex having no
axial f low shows that axisymmetric disturbances are stable provid in g  that
d 1

2/dr >0 where I is the circulation at a g iven radius r. This particularl y
- - 

simp l e case can be visualized by noting that if a ring of fluid moves
outwards whi le maintaining its angular momentum , t hen the centrifugal
outward force wi ll be less than the inward restoring force due to the
pressure gradient if the Ray leigh condition is satisfied. Most vortices
generated by aircraft  are likely to satisfy this condition since F i~, II not
decrease as we move outwards.
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Considering the more general case of linear waves possessing an

azimuthal or helical component , the work of Kelvin (1889) shows that a

simp le Rankine vortex is stable to all disturbances , although damped long

waves of wave speed between 1/20 and half the aircraf t speed can exist.

Next , the r elat ively simple approach of analyzing total mean energy in

the f low was studied. Adopting the usual high Reynolds number approach of

stating that the interaction of the shear stress (in this case Reynolds

stresses due to turbulence) and the flow distortion produces a rate-of-work
term in the flow , one can show that this product of shear stress and distor-

tion is always zero in a Rankine vortex, since in the inner rotational core the

Reynolds stresses may exist but there is no flow deformation, while in the
outer potential flow there are no Reynolds stresses. Thus there is no rate of
change of mean f low energy due to these terms. There will always be
energy dissi pation due to laminar viscos ity, of course , but this is small.

Although the energy decay for an ideal Rankine vortex is zero, this is
not the case for a more realistic situation where t he velocity profile is
smooth near the radius of maximum velocity. In this case one has a region
between the zero distortion inner core and the zero shear stress outer flow.
In this annular reg ion both Reynolds stresses and distortion occur , so that a
mec hanism exists by which energy can b€ removed from the mean flow.

A number of other analyses relating to possible instabilities of helical
waves (in f low visualization these might look like the rotating screw-thread
type of disturbance sometimes observed) were made using very simp le base
f low and disturbance models. These are developed in Appendix A. The
object of these analyses was not to predict the core-bursting phenomenon.
but rat her to attempt to obtain rational insight into t he phenomenon from
simp li f ied ana lytical models.

The analyses prov ided several conclusions which are summarized
below:
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- \ i rcraft  vort i ces usuall y satisfy the Rayleigh stabil i ty criterion

and thus are stable to linear (smal l) axisymmetric disturbances

Fast dam ped or neutral axisymmetric waves can occur, however .

and it is possible that some form of non-linear amplif ication

could occur, resulting in “breaking” and consequent core-

burst ing.

The Rayleigh criterion loes not exclude the possibility of un-

stable helical waves , and such waves cou ld e x t rac t energy  from a

crit ical annulus where their angular veloc i ty  is the same as that

of the fluid

If there are inflection points in the core velocity profile then a
helical wave system will certainly be unstable. The core

velocity profile assoc iated with a wrapped up scroll-like vortex
sheet can contain such destabilizing inflec tion points

All the above anal yses were conducted for zero axial ve locity fie lds, so
that many types of instability can occur even without postulating some

critical axial f low profiles. A lthough it has not been proven , it is possible
that some analog of Squire ’s Theorem for the ax ial and tangential fields

e x i s t s .  Squire ’s Theorem (Squire. 1933) estab lished that , for a three-dimen-

sional perturbation f low , the critica l Reynolds number is no less than that

for a two dimensional disturbance. In general , then, if a two-dimensiona l

per turbat ion showed instability, then the three-d imensional perturbation

would be unstable, too. In our case we are discussing two- and three-
dimensional mean flows , not perturbat ions, but it appears possib le that if the
tangential profile is unstab le, the introduction of an axial mean flow to this
f low field would not substantiall y change the stability. This is not to say
that the axial fields do not af fect  the flow development with time , but only
that the stabi l ity analysis at a given station shows that many instabi lities

can occur even without ax ial mean flow fields .

3-24

e - •l1~_ 

~~~~~~~~ ~~ 
_ _ r - ’,r5 --_-_ _- -- _ — — — - - — i _  — — —  ‘ _ ‘s ~ —-



m pm’ m t  t i  i ru ill ‘ . t i e  i m rip l ica t uons of these ana lyses suipport the work of

-~ r F i -  - m i s - u -  t i g u t i r  s (e .g.. D a r u u l d s o r r  and Ri lar m in . 375 ) indicating that r ua ml v

f i r  m i s  u t  ~ uv e ’  1mm’  possible in a general a i rc ra f t  type vortex, arid t hat

m n -  ! la ni sr m us can he pos tui iated by which these svav es can i i i  t i a t u -  r a re -

o r  -, t  - ug . In part i - i l a m  the svr a pped— m~p vortex sheet can exh i b t he! ( - o h

ml t j o  i t  m’s s v lu i m h svi II generate tur bulence within the vor tex .  wIn Ic the

nir  m , , ~~! long a x n - ~v mn umn e t r i c  w a v es , althoug h stable or neutral in the l inearized

,imi , i ls’a s . can min dc’rgo non-linear amp lication and could he the precursors of
or , ’ — b u r s t  rig .

3. ~ La b i r ra t i rs  St , i c f i u ’ s  of Vor tex  Behavior

The Iu’! ai s t ab i  In t v  mnode described in the previous dis cus — on , and

t I c  r u - s n  It r i g  generation of tuirhuale nce within the vortex ,  appears to he a
si gnif i u a nr t  ac to r  in s-or t ex  decay. A n n experiment was  designed to stud y this

phenomenon while removing other e f fec ts  insofar as as possible. This
“ x per i rmie m n t  was described br ief l y in Chapter 2, and a detailed discussion

appears in \ppen k s B. Here , the main experimental results of that
u’x per ii i  en ta l var tex a n ial mu g r id s wi l l  he du’ r rihed. This analog experi mner i

in t im ’ sva ter tank shed light on i n ista hi Ii ty and tra n s t a rm my I th im i  the s’ortex as

wi- I! as urn -v i!-o ’ descent and interaction s m ith the ground plane

The water tank experimnents showed that.  ini t ial ly , the vort ical  su roll

r d  l u- n i  uip into a firi i te core vortex (Fi gure 3— 5a). During the ro l lm ip. dis—
tuir bances developed in the vorte x sheet and becam e amplif ied (Figure 3- 5h).
(Th is response is som ew hat s i r m u i la r  to that observed in a free shear la Se r

-
~~~~~ 

Ke lvi mi—H elm n ho lt z instabi l ity.) The wavelength of this laminar instahili t i

ir i u ru-asu ’d  approximately proportionall y to the square root of t i m e until the
anuap litud e was  approxi m ately equal to 1/10 of t he vor tex span, b .  -\t this

point there’ was a rapid t r a r m s i  tion to tur hulemw- e , (Figure 3— ’) ) . w i t h  the

t u r b u len t transit ion urioving radiall y both inwards and outwards from n the
anriuluis where the mis c ib i l i ty  waves f i rs t  developed. W ithin a shor t time the
flow wit hin t lu i ’  vor tex u eli appeared fully turbulent except for a sm all
region near each vortex center.

- 
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In further experi m ents , the initial tu rbu lence in t tm re cell was increased

by installing sawtooth vorticit generators at the out lem of the vortex pair
generator to simulate the ini t ia l  turbulence in the air ra f t  wake vortex
sv Imn ch mig ht result from wing flaps . spoilers or engine exha u st. In this case
tIm e wavelength of the instability was twice a’ large as without the sawtooth

and the rate of growth of the wavelength also increased. This is

qualitativel y what one mi ght expect. indicatin g that initial turbulence will
accelerate the turbulent transition in the vortex core.

These experiments indicate that any analytical modeling of core
structure should include the ef fects of unterna lhy generated turbulence.
However there was  no evidence that this turbulence suddenly caused the size
of the core to increase in a manner suggestive of a two dimensiona l core
burst. Nor did the turbulence af fect  the translational motion of the vortex
pair during the earl y stages of its descent.

Vor tex Pair Descent and Interaction_With Ground Plane

In the water tank experimnents the gross character of the motion was
only approx imately that predicted by inviscid line vortex pair theory. As
expected , it was observed that the vortices descended, separated as they
approached the ground plane, and then moved apart along the ground plane.
However there were very important dist inctions between the real motion
and the trajectory computed by a simple analysis such as that in Tombach,
et al ( 1975). According to that analysis , w hich was based on computations
by Lamb ( 1932) , the vortices should approach the ground, and then move
outwards until they are fina lly at a height equal to the original vortex

-5- _____5.,. 
-semnispan and m oving outward at a velocity equal to the original downward

ve locity. This si m ple theory thus predicts that the vortices will never rise
relat ive to the ground plane.

In the water tank experi m ents , however , it was noted that the vortex
pair never m oved as c lose to the ground as simp le theory predicts , and the
separated vortices eventuall y started to m ove upwards and away from t he
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ground plane , as shown in Figure ~-6. In other words , the vortex appeared to

“bounce ’ when in ground ef fect .  When the vortex pair w i s  generated closer
to the ground. th is rebound e f fec t  was even more pronounced.

The effect of ground plane roughness and boundary condit ions was also

studied. Three different states were tested. In the f irst the ground plane
wa simulated by the f ree su r face of the tank. (The vortex pair motion was
au -tuall y upwards in these tests hut has been recast into normal wake vortex

di rections in this discussion.) This boundary condition simulates the
potential wall condition , but does not impose a “no sli p” condition at the
surface since the water is free to move horizontally and thus does not
s imulate the effect of the ground-p lane boundary layer. For the second
case, a smooth rig id plate was used as the ground plane, and for the third, a
rough ri gid plate. It was expected that if the ground boundary layer af fects
the motion and causes dissipation of the vortex strengt h, then this ef fect

should be dinitinguished in the experiments. In fact, the different ground
boundary condit ions had l i t t le ef fect  on the vortex trajectories. The rigid
ground planes do -arise a gradual reduction in apparent vortex strength at
later stages of the mo t ion , howev er , w ith the rough ground plane causing
somewhat stronger ef fects than the smooth one.

The rebound motion observed in the water tank is very similar to that

observed in various f light tests , including those of the current program (c. f .

comments in Tab les 3-I and 3-2). Tombach, et al (1975) (also Tombach and
Crow , 1976) measured the latera l transport of vortices in ground effect ,  and
noted that the transport speed slowed si gnificantl y after a definite distance
of travel a long the ground. Figur e 3-7 compares those results , in non-
dimensional form , with the water tank data from the present experiment.
The agreement is excellent. The confir m ation of this motion suggests that
vortex ris ing, not decay, is the m ain cause for the s lowing of transport
observed in the flight tests.

An important operational variable is the circulation I , of each vortex,
and the way it changes with time in ground ef fect .  It was not possible to
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measure I direct l y in these exper i m ents . but an “apparent circulation”
cou ld be computed from the vortex t r a je -t o ry.  Using standard inviscid pair
theors . the strength of a line vortex was calculated which gave the same
propagation speed when located at the measured vortex core center position.
For examp le, when the vortex separation is large. and the height above the
ground us h. the apparent circulation is given by

‘a = 4 ‘r g h,

where g is the horizontal propagation speed.

Calculating 1 a by t his method produces curves of the type shown in
Figure 3-8, which shows that the overall character of the curve of U
versus t ime is indicative of a gradual circulation decay upon which is
sup er imposed an osci l latory com po nent. Since an increase of circulation

v.n th t ime is not possible , this curve suggests that caution must be exerc ised
i n inferr in g actual vortex stren gth from apparent circulation com pute d from

the assumption t hat the vortex is a line pair.

The vortex behavior observed in these tests can be accoun te d for .

however , by recognizing that the vorticity is conta ined in a core of finite
radius , and that this core is con tinuall y distorted due to the induced flow
fie lds. The flow visualization shows the core to be of approximately oval
shape. Before encountering the ground plane this oval is oriented with its
major axes at about 450 to the plane of symmetry with the lower lobe
closest to this plane. As the ground plane is encountered and the vortex
begins to m ove laterall y, the core oval is subjected to a strongly distorted
corner f low and the axes begin to rotate. This rotation of the core could
account for the rebounding effect as wel l as for the oscillation in apparent
circulation.

Implications

The water tank experiments have shown that there is an annulus within
the core where turbulence is generated, and this turbulence spreads rad ially,
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alt hough there us still a small inner core in which the flow appears to be
laminar. Increasing the initial turbulence level of the fluid composing the

core tends to make the wavelength of the instability waves larger , and to

make the wavelength grow more rapidly with time. However this turbulence

generation does not appear to be connected w ith core-bursting.

The motion of the vortex pair in ground effect is significantly

different from inviscid line vortex predictions, and the vort ices are observed

to r ise in ground effect and to approach a height which may be about 60%
larger than their initial half-separation. As a consequence of the finite size
ova l-shaped core , the apparent circulation computed assuming a line vortex

system is quite different from the actual circulation about a core.

From the operational point of view , these results show that initial
turbulence within the cores certainly affects their deve lopment. The most
important operational result is that the vortices do rebound and rise above
their predicted height , even under uniform conditions. Thus it is not
necessary to postulate wind shears, ambient turbulence or ground boundary
layers to account for this motion when observed in flight tests. Also,
computing of the apparent circulation from the trajec tor y using point vortex

models can falsely imply a significant reduction in vortex strength.

3.4 Heur istic ~ Approach to Core-bursting

Because of the difficulties of predicting core-bursting by any direct
f luid mechanical analysis , we propose a heuristic argument which appears to

__ incorporate the main physical terms and has correlation with the data. The
ob jective of this approach is to identify the factors which affect the time-
to-breakdown of t he vortex core , and to quantif y t he relationshi ps between
t hem and vortex lifetimes.

Heuristic method — a method of solving a problem in which one tries
each of several approaches or methods and evaluates progress toward a
solution after each attempt.
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Consider one particular case of core-bursting, that occurring on a

single long rectilinear vortex. Thus i t  is assumed that the flow development

in the vortex is not connected to t he other mem ber of the pair so that bv~
the vortex spam u. should not enter as a parameter. (Core-bursting can

certainly be connected in some cases wi th  the presence of the other member

of the pair , especiall y during the occurrence of the sinuous instability. In

such a case the perturbation fields induced by the neighbor vortex and by the
curvature of the vortex itself probably cause an accelerated core develop-

mnent , thus produc ing core velocity profiles conducive to core-bursting.
From an operational point of view , however , such breakdown is coupled wit h
the sinuous instabi lity, so that for estimates of time-to-breakdown the time

esti ’n,ite of s inuo us instability app lies. Other manifestations of core

instability, unrelated to the sinuous instability, are thus the ones of interest
for the present discuss ion.)

Now. starting from a given initial condition, which can be comp lete ly

described by the tangential and axia l velocity profiles j t  some effect ive
time zero, assume that these profiles develop in some way with time so that
at some stage the profi les have acquired a shape such that inertial waves
can be sustained and amplified to produce the core-burst ing phenomenon.
Since there appears to be no acceptab le method of predicting these critical
profiles , we must experimental ly determine the critical time required for a
given initial condition to develop into a particular profile.

The mechanism by which the profiles develop is princ ipally mom entum
transfer in a radial direction. This momentum transfer can occur onl y
through laminar viscosity or turbulence. For a simp le laminar vortex having
no axial components this mechanism can he scaled by the introduction of
laminar viscosity into the process. In the classica l case (Lamb . 1932 ) the
time scale is of the form r2/ i , where r is a characteristic radius, and u the

• - (laminar) kinematic viscosi ty.  For a radius of about one meter (represen t-
at ive of vortex cores for a i rc r af t  such as the Lodestar), this gives a time
scale of order l0~ seconds. ‘-‘ inu e ex p er i mnent al l y observed vor tex decay

time scales are haram te mi st ica l t y around 100 seconds or less , this indicates
that laminar viscosity us not an important term in vortex decay.
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Consider next momnentum transfer through turbulence within the

vo r tex.  .\sm umning this turbulence is mechanical ly generated by the circrj-

Ia to rv  I b y . , then one model suggests that the e f f ec t i ve  turbulent viscosity.

i -r is given h~ ‘- r - .005 1 (Squires, 1954) . In this case , the time scale

for the sa ne vortex , with 1 100 m 2/s , is of the order of one second. There

is also additional turbulence present due to ambient atmosp heric turbulence ,
w m nic h - an be characterized by the turbulent dissi pation rate , so a time

sca le for this is given by (r
2 It ) l1 ’3 , A characteristic magnitude of for

moderate turbulence is about 50 cm 2 /sec 3 so that the time scale associated

with ambient turbulence is of the order of ten seconds.

Both of the turbulent terms are much more significant than the mo le-

cular laminar viscosity term , and are both of relatively comparable mag-
nitude. The at m ospheric turbulence term obeys a different ordering scale
wi th respect to lengt h than the mechanicall y generated turbulence. The
time scale associated wi th ‘ i goes like r2, whi le that associated with
goes like r2~

’3
. Consequentl y ambient turbulence should have a greater

effect (smaller ti m e scale) the larger the vortex radius , and t hus should play
a significant role in the vortex ag ing process. It has certainl y been observed

in numerous f l i g ht experiments that an increased is associated with

reduced time-to-burst as well as reduced time-to- link (Crow Instability). In
addition there have been a number of observat ions of high altitude single
vor t i ces in very calm stable air , w here the vortex has been observed to
persist in organited form for times in excess of 300 seconds. Thus it appears
reasonable t hat should be a significant narameter affecting core-burst ing
times in the real at m osphere.

To provide further perspective on this , Donaldson and Bilanin (1975)

report on numerica l experiments of vortex profile development using second
order closure techniques in which turbulent transfer is analytically modeled
in detai l. In these computer simulations turbulence is introduced into the
core at a number of different radii. They found that the introduction of
turbulence causes quite distinct differences in developmen t from tha t of a

s im ple laminar vortex. As expected, turbulence introduction near the center
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causes the core of the vortex to grow much more rapidly than in the laminar

case. Such a mathematical introduction of turbulence will cause the same

type of effects as would be caused by the presence of ambient turbulence

throughout the vortex , again suggest ing that the time scales of vortex

development should be quite significantly affected by ambient turbulence.

The vortex development, when v iewed from earth-fixed coordinates,
wil l also be essentially independent of the aircraf t speed, U. To arrive at
this conclusion, we assume the radial development of the tangential flow is a
function only of t ime from formation, so that each “slice” of vortex behaves
like an expanding circular disc. To first order , then, this slice is cylindrical
and its stability is independent of the flight speed. On the other hand, to

define the axial flow perturbations, w hich are driven by the a.’~al pressure
gradients, one must know the relative growth of each “vortex disc.” This
w ill depend upon the distance or time from the ori gin, w hich introduces the
flight speed as the rate at which the wake is being generated. Thus the
f l i ght speed will only affect the growth of the vortices through axial/ radial
momentum coupling, but it should not, to f irst order , affect the stabi lity.

To summarize the argument to this point , we have assumed that at
some arbitrary t ime zero the vortex is fully described by its tangential
velocity profile and by its ax ial velocity profile. Viewed in earth fixed
coordinates , the axial and tangential profiles will develop with time in a
general ly diffusive way towards reducing velocity gradients and increasing
the ef fec t ive  lateral scales. The factors controlling the time scale of the
process wi ll presumably be , the ambient turbulence dissipat ion, and I’ ,
the term whic h controls the mechanical turbulence genera tion throu g h ‘ i~while the inertial coupling between the tangential and axial velocity field
will play a si gnificant role in the mutual development of the profiles. At

‘~omne time the tangential and axial prof iles will have developed to the point
where inertial waves can be formed and core-bursting will occur.

‘J~u’ now assume that , for a given generator aircraft under defined
- irutlit ions , the core-burst will continuously occur at a given distance behind
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the generator aircraft. Observat ions show that this is usuall y the case .
although data presentations such as in Tombach (1975) or Tombach , et al
( 1975) show considerable scatter. The scatter results because core-bursting

occurs locally on one segment of t he vortex while portions of the vortex
further downstream (that is, of greater age) remain organized, although
usually not for long. This can be accounted for by assuming some degree of
scatter in the critical time, due to non-uniform ities in either the vortex
generation or t he ambient conditions. In particular , it is quite reasonable to
expect a port ion in a locally turbulent patch of atmosphere to burst more
rap idly than a nearby segment in calmer air.

To specif y the initial prof iles, we wish to consider the minimum
number of parameters suffic ient to give some representative descri ption of
the f low. For the tangential flow we assume that the maximum tangential
velocity, V1, and the radius at which it occurs , r , provide the minimal first-
order descri ption. The actual profile could be considered to be some smooth
curve defined by these parameters. For the axial flow we will assume the
profi le is approximately normal or bell-shaped and introduce the parameters
V~ and r

~~
, being respectively the maximum centerline speed and the

effective width of the axial flow distribution. A dimensionless quantity S~
V T/ (V T + V w ) is then like a swirl number , defined in such a way that S~ 0

corres ponds to flow with no swirl (pure wake flow) and S~ = I corresponds to
swirl- dominated flow (pure two-dimensional vortex flow). A paramneter R*~
rT /(r T + r

~~
) g ives a measure of the tan gential and axial length scales.

Thus , t he axial and tangential profiles can be expressed in terms of tw o
dimensional quantities and two dimensionless quantities , that is V T, r1, S~ ,
R* .

The time to burst , b’ is thus a function of the initial parameters V1,
r1, S , R~ , and a dissipative turbulence parameter. For convenience, since
t he ambient turbulence will generally he dominan t, represent the total
turbulence by , recognizing that now contains both the ambient
diss ipation as we ll as the smaller mechanically generated turbulence. It can
then be shown that a possible general formulation for Tb is
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3 -I
rT / V , \

T = ~~~~ f ~~~ 1 F (S* , R*)b V1 ~~t r 1j

The first term provides the proper dimensions based on the initial tangential
flow scales , the second term provides t he turbulence scaling and the third
term contains the initial axial/tangential flow characteristics. The exponent
- , appears because the second term is dimensionless. A more general form
for the second term would have been an arbitrary function of V1

3
/ rT.

Before proceeding further we discuss some cases where a parameter is
arbitraril y eliminated. If , for examp le, we assume that the tangential flow
can be characterized by I alone (i gnoring its scale r1), then a similar
analysis gives T b~~ 

I 1/2 / 1/2 The arbitrary exponent no longer exists
when the number of var iables is reduced by one.

On the other hand, we can ignore U entirely and assume that the
developmen t is entirel y connected to the initial radius and . This model
occurs in the turbulent dispers ion of a passive plume, although it does not
seem probab le here. However , adopting this approach we would obtain
r 2/3 / 1/2

Returning to the more general form , to finally solve the complete time-
to- burst problem requires definition of the function F (S* , R*) and
determination of the exponent a . Lacking furt her information on the
theoretical forms these should take, further analysis requires recourse to

experime n t. Since detailed experimental data on V1, r1, S* , and R* does
not exist for cases where Tb has also been measured , some furt her
assum ptions about the form of the elements of the time-to-burst model will
need to be made to allow currentl y availab le experimental data to be used.
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3.5 Experimental Model of Core Breakdown

The preceding section gave some insi ght into the parameters and basic

variab les of a heuristic core-bursting model , and noted that the observables

from most general f light testin g are not adequate to determine the
fundamenta l velocity scale parameters of the vortex systems. In addition,
there are many rea l effects which always occur in the landing configuration
of heavy transport aircraft wh ich make the actual wake vortex systems far

more complicated than the model of a simple turbulent vortex pair

immersed in a neutral atmosphere of homogeneous turbulence. Particular

si gnificance here should be placed on the flap and spoiler settings of the
aircraft , engine placement and power settings, the non-homogeneity of the
atmosphere , and the presence of the ground plane. In fact , as pointed out by
Donaldson and Bilanin ( 1975), the wake development is extremel y sensit ive
to configuration detai ls of the lift , drag and thrust producing mechan isms of
the aircraft.

The theoretical analysis suggests that if the time-to-burst were mea-

sured as a function of turbulent dissi pat ion while all other variables were
held constant , a curve such as sketched in Figure 3-9 might result. In this
curve there exists a flat portion at low where Tb does not vary strongly,
since v.ake decay there would be principall y due to mec hanically generated
turbulence. For larger values of turbulence will play an increasing l y

significant ro le so that the curve for Tb varies like ‘ for large , as

postulated previousl y. The actual numerical values on the axes would de-
pend on the initial r T, V~ , and F (S* ,R*).

The parameters S~ and R* w ill be functions of the induced drag and
profi le drag of the wing. If the profile drag coefficient of the various wings
studied does not vary much, then the function F (S* , R*) should have

- - approximatel y the same value for general wings of comparable aspect ratio

and lift coefficient. Making such an assumption would then allow use of
existing ex perim ental data , since the time-to-burst relation from the
preceding sect ion then simp lifies to
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Behavior dominated by
aircraft-generated turbulence

Behavior dominated by
atmospheric turbulence

Tb

Atmosp heric Turbu lence ,

FIGURE 3-9. HYPOTHETICAL DEPENDENCE OF TIME-TO-BURST TbON AMBIENT TURBULENCE (
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/ 1/ ~rT I T
b V1 ~~~ r1

and, assuming a universal tangential velocity structure initially, so that
V r~ 

10/r1, gives

2 3rT~~~ oTb~~~r (  40 ~ (r 1

where U is the initial circulation of the rolled-up vortex , say a few spans
downstream of the wing. As a final assumption, assume that the vortex core
size is proportional to the wingspan, which is reasonable since the core is
made up of the wing boundary layer. Inserting rT~ 

b into the equation then
gives

b2 11o3 \
0

U 1 40 i-b

Recall that the total turbulence has been represented by for conven-
ience, and the is made up of both ambient and mechanical turbulence. Let

now represent only the ambient portion again, and let k represent the
equivalent turbulence due to mechanical generation. Although k should
decrease with wake age, assume that , to first approximation, it is a constant
for a given aircraft at the wake ages of interest for core-bursting. Including
a constant of proportionality, G, the final form of the time-to-burst relation
is then

2 /
Tb.: G

~~
._ ( 4 ) , ( 1)10 \ ( k + ) b  /

with a still unknown.
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The most probable values for u are multip les of 1/3 , i.e., 1/3 , 2/3 , 1,

etc., since 1/3 is physica lly meaning ful as a quantity proportional to the

root-mean-square turbulent velocit ies in the atmosp here and 2/3 is

proportional to the energy spectral density of the turbu lence. Recourse to

experiment is necessary to define - ‘ as well as the constant G and the

ai rcraf t  turbu lence term k.

Experimental data available for analysis of the Tb versus relat ion-

ship involves tests with four aircraft: a Cessna 170, an Aero Commander

560 F, and the Lodestar and Boeing 747 of the current tests. This data

includes measured time-to-burst , atmosp heric turbulence and the gross

aircraf t  parameters of wei ght , flight speed and flap settings. Thus Tb and

are determined. I~ can be inferred from the vortex spacing, and b is

given. No quantitative data on axia l velocity is available for these flight

tests , and none is required by the present model.

To n ake the data amenable to ana lysis , the confi gurations considered

had to be co m patible between aircraft and could not vary si gnificant ly f o r

the same aircraft .  Review of the data indicated that the confi gurat ions for

each aircr o f t were re latively invariant from run to run, from the perspect ive

of bursting ti m es , with two exceptions. As one exception , the 30/ 1 flap
configuration for the Boeing 747 results in a si gnificant ly different spanwise

l i f t  distribution than the clean and normal flaps-down configurations (recall

that the 747 flaps span most of the wing). As the second exception, the
clean Lodestar configuration has a dif ferent lift distribution than the flaps

down conditon. Consequent ly, data for the Boeing 747 30/ 1 flap
configuration and the Lodestar clean configuration was excluded from the

analysis. The airspeed , and hence the vortex circu lation , for t he Boeing 747

clean runs was also significantl y different from the other runs, and was

initiall y ex ’-~,jded I romn the analysis. Different power settings did not appear

to noticeab ly influence bursting times , based on study of thh lim ited data

base , and thus power was not considered as a factor in the analysis. (Power

set t u - ’ gs do af fect  the nc-ar-fie ld dispersion of the visualization smoke ,
however.)
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The resulting data base for the anal ysis is shown graphically in Figure

3-1 0 for each of the four aircraft under discussion . The Cessna 170 and

Aero Commander 560F data shown are from t he ori ginal experimenta l

records for the experiments described by Tombach ( 1973) and Tombach , et al

( l 9 7~i- ), respectively. All of the data has a good distribution over a wide

range of 1/3 except for the 747 points , whose clustering in two groups wi ll

have some impact on t he statistical anal ysis later. The data has a slight bias

toward underestimation of Tb’ especial ly at longer times , because decay of

the visua lization smoke density often precluded observations of breakdowns.

This effect was particularly si gnif icant for the Boeing 747 tests.

Lines representing behavior of the nature of Tb 
— 1/3 have been

drawn on the fi gure, and appear to corre late well with the general trend of
the data , although the scatter is considerable and vortex breakdown times

vary  s ignif icantly from one run to the next under apparently identical
conditions. One obvious factor causing this is the spatial and temporal
inhomogeneity of the atmospheric turbulence, which does not affect the
averaged parameter . Another factor is the vertical variability of tur-
bulence in the highl y stratif ied atmos pheres near the ground which prevai led
during some of the tests. This resulted in vortices descending through a
continually vary ing turbulence field. This turbulence field is also aniso-
trop ic , as was discussed by Tombach , et at (1975), and thus it is unlikely that
a single turbulence index could provide a comp lete representation of its
ef fects.

As suggested by Equation 1. functions of the form Tb= (
~were f ; t t u - r i  to the experimental data - As suggested by the lines in ~ igure

3-10 , the best f i t  was obtained for a 1/3 , although the sensit ivity of the fit
to the value of - ‘  was fair ly weak. Table 3-4 summarizes the results of the
f i t t ing procedure. The correlation of the data wi th the assumed functional
form us fa i r ly  good with a mean standard error of estimate of around 10

seconds, which is more governed by the degree of data scatter t han by the
best curve f it .  Thus 67% of the experimental observations lie within about
10 seconds of the functional form used. (For - i  I, the standard error of
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FIGURE 3- 10 . DATA ON TIME TO BURST VERSUS TURBULENCE USED IN
THE ANALYSIS

(The lines represent Tb~ 
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TABLE 3-4.  STATISTICAL CONSTANTS OF FIT OF FORM Tb [ARk + € j ’~TO THE EXPERIMENTAL DATA

Std.
A k Corre- Error

Config- No. of 2 2 3 lation of Est .
A ircraft uration points (cm ) (cm s :oeff. (s)

Cessna 170 Clean 43 38 ,300 0.023 .76 13.7

Aero Commander 560F Clean 33 39 ,100 0.089 .84 9.5

Lockheed L- lS Lodestar Flaps down 50 394 ,000 3. 87 .64 9.6

Boeing :47 Flaps down 21 1 ,020 ,000 5.66 .82 8.5
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estimat e averaged about one second longer.) The correlation coefficient (or

coeff ic ient of determination ) is fair ly high for all but the Lodestar

The constant k , which can be interpreted as the ef fect ive residual

aircraft-generated turbulence in the wake , is quite s m a ll for the Cessna 170

and -\ero Commander 560F , which were f lown in the clean configuration

~ ith flaps retracted. In terms of 1/3 , the value of k for these aircraft

corresponds to an ambient ,1/3 of 0.2 to 0.4 cm 2/3 s~~ (normall y considered

is negligible turbulence). For the Lodestar and Boeing 747 , which were
flown with landing gear and flaps extended , the value of k is significant ly

- - 1/3 - -higher. and has the sa m e effect as an ambient of 1.6 to .8, which is

t ypicall y classed as li ght turbulence .

The constant A varies si gnificant ly over the range of aircraft con-
sidered , and generally increases as the aircraft scale increases. Comparing
the tested time-to-burst relation with the comp lete relation in Equation 1 , it
can be hypothesized that

A G 3b2.

where G 3 is (hopefu lly) invariant from aircraft to aircraft. Note that
disappears from Equation 1 for the particular case of - , = 1/3. Table 3-5
shows the computation of G for each aircraft. The value of G us very nearly
0.3 for all ai rcraf t  except the Lodestar , for which G is 0.46. The different
va lue of G for the Lodestar , which has si gnificant flaps on the inboard third
of the wing and thus might have a different form of the drag-related

function F(S * ,R*) , is not surprising. In addition, the Lodestar data had the
—5 poorest correlation with the assumed functional form , which makes the

v i l i j e  of -\ less reliable. The relat ive constancy of G for aircraft ranging
from t~m e small Cessna I 70 to the giant Boeing 747 is surprising, however ,
and provides considerab le su pport to the reasoning behind the heuristic
analysis.

Thus a reasonable overall estimate for G is , say, 1/3. The probable
bias in the data for long times is a consequence of the difficu lty of good
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TABLE 3-5.  CALCULATION OF THE PROPORTIONALITY CONSTANT C
IN THE RELATION Tb - G [b

2
/(k ~

-j  1/3

Aircraft Configuration b (cm) C = (A1b
2 ) h I’3

Cessna 170 Clean 1100 .32

Aero Commander 560F Clean 1490 .26

Lockheed L- 18 Lodestar Flaps down 2000 .46

Boeing 747 Flaps down 5960 .31
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f low visualization when flaps are lowered, is worse for the Boeing 747 than

the Lodestar (because of the different flow visualization method used on the

Boeing 747), and is convenient ly handled through the aircraft turbulence

paraineter k. For slightly conservative (high) estimates of T~ se lect k =

0.05 cm 2s ~ for any clean confi gurat ion aircraft and k = 4 cm s for any

aircraft with flaps and gear down. Thus the general time-to-burst relation

developed here becomes

Tb~~
_

~~(-
k_L

~) 

1/3 
, (2)

wit h k selected as noted above.

Fi gure 3-I I shows the same data as in Figure 3-10 , w ith the best f it
curves for each aircraft (from Table 3-4) as well as the composite equation
(Eq. 2) drawn on each plot. It can be seen that the composite function does
not f i t the data as we ll as the individual curves for each aircratt. indicating

that not all factors which vary from one aircraf t to another are handled by
the simp lified analysis used here. The deviations are greatest for the two

tw in-engine propeller aircraft, but not in a constant manner.

Equation 2 can also be wri t ten in non-dimensional form as

T b = 
~ b 

‘

I 1’
b owhere b - ‘

2 rb
r ,, 1/3
(( k+~ )b Iand ‘1~~ 2’q— ---~ I (5)

— -5---- I I-
L o

Here, 1 has been reintroduced as a parameter which is required for the
- - non-dimensionalization.

A plot of T b versus rib, wit h all of the time to burst data plotted on it.
is shown in Figure 3- 1 2. Some points for the clean 747 configuration have
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T b ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~ b

E ~ FT

T b

I IT I to

V ~~‘ V

~~~~~~ FIGURE 3-I I. FITTED CURVES FOR TIME-TO-BURST DATA FOR EACH
AT ~u RAFT

( From Table 3-4 (solid lines), and composite function from
Equation 2 (broken line). The logarithmic scales emphasize
the deviations below the curves.)
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also been added to this fi gure. using k r 0.05 cm 2s ~ and measured b
~ 

and U
to compute I~,. Here again there is a definite clustering of points
according to aircraft type, showing that the T

b 
and ~1 b non-dimension-

alizat ion alone does not fully descr ibe all aircraft effects on vortex break-
down. There is a general trend for the clean configuration data (open points)
to lie below the general best fit line and for the flaps-down configuration
data (fi lled points) to lie near or above that line; this is most pronounced at
small (low turbulence).

An arbitrary choice of a larger value of k, hence a larger value of ~~
for clean aircraft could improve the fit , but would have to be recognized as
an ad hoc adjustment in parameters. Nevertheless , the simple curve in
Equation 3 is generally good for predicting vortex breakdown times within a
factor of 2. except for very small values of ‘1b’ where , however , the
experimental data tend to be biased toward shorter Tb as discussed
previously.

It is of interest to compare this approach with that previously taken by
Crow and Bate (1976) for sinuous instability to estimate the time-to-link , TI
as a funct ion of atmospheric turbulence dissipation . In their analysis the
normalized time-tG-link and normalized turbulence are defined by
T1 U / ( 2~ b 2) and 2 (

~ b 4/ u 3) 1/3 , w hich are similar normalizing terms to
those used in the present analysis , except for the use of by instead of b.
There are theoretical distinctions which distinguish the present core-
burst ing approach from the linking analysis. First , in the core-bursting case .
the significant length scale according to our simple approach should be r1.
the initial vortex radius scale. To represent this as being proportional to b,
the wing span, is an approximation. Thus we might expect that for different
w ing arrangements the relationship of r T to b would be different , so that our
assumption is va lid only as a preliminary estimate. Second, the Crow-Bate
model eliminates flight speed on the grounds that , at t he scale of sinuous
instabi lity, t he core growth of the vortices is insi gnificant , thus they may be
regarded as cylinders of very small radius. Third, the core breakdown
analys is includes aircraft induced turbulence, which is unlikely to be of scale
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large enough to inf luence the sinuous instability. The anal ysis approaches
differ , also. The time-to-link analysis of Crow and Bate provides a rational
stabi lity analysis which gives the form of the universal curve from
theoret ical grounds. The time-to-burst approach here is emp ir ical and relies
on experiment to prov ide the unknown constants.

The time-to-link relations developed by Crow and Bate can be recast
in terms of T

b 
and if it is assumed that the l ift distribution on the wing

is elliptical, so that by = b. (This assumption should be used with caution;
experimenta l data have shown actual ratios to differ si gnificant ly from ~ /4
sometimes , even with flaps retracted.) In this case the lifespan relations of
Crow and Bate reduce to

T
b ~~~~ (strong turbulence)

and

b 1.33 T l/4 e 1.30 T b (weak turbulence)

assum ing that k = 0 for ‘1b in the linking relation. The composite function
der ived from these equations is also plotted on Figure 3-12.

The time-to-burst relation (Eq. 3) is almost identical to the strong
turbulence time-to-link formula. It is important to note, however , that the
mechanisms leading to vortex breakdown and to linking are qui te different ,
and t he relevant scaling parameters are not , in genera l, the same. Thus the
agreement of the constants in the two relations is somewhat fortuitous, and
would not occur , for example, if non-elliptic wing loading had been used for
relating h and b .

In weak turbulence, the time-to-link and time-to-burst curves differ
considerably, although the breakdown data tends to agree better with the
linking curve for the specific selection of parameters used.
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The significance of the core-bursting time anal ysis on the prediction of
the decay of vortices is more com plex than it was for the linking time
ana lysis. With linking, it is reasonable to assume that a link rearranges the
vortex structure suff icent ly to significant ly reduce any hazard to a following
aircraft. Such is not always the case with core-bursting, however, The
experiments performed dur ing this study showed conclusivel y that a visual ly
apparent vortex core-burst did not necessaril y indicate the demise of the
vortex structure. Rather , observat ions of the buoyant balloons showed the
continued presence of a vortex after bursting had occurred, and, in several
instances, the laser velocimeter , acoustic sensors , and anemometer array
also showed continuing vortex structure well after bursting. It is clear .
however , that the velocities in the vortex and the overall circulation appear
to reduce after core bursting; examples are given by Hallock (1976) and
Hallock, et al (1977).
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~i. CONCLUDING OBSERV AT IONS

To assess the utility and significance of the main conclusions of this

rather comp lex , many-faceted researc h program , it seems useful to stand

back from the details of this particular study alone and to look at how its

results f i t  into the whole of knowledge about aircraft wake vortices.

To set the framework , it seems that the details of behavior of the

vortex wa ke have tended to resist investi gat ion to an amazing degree. Many
years of intense effort have yielded some concrete results of utility for

operational applications, but have also revealed the description of vortex

behavior to be more complex than once assumed. This is at once both sur-

pr ising and predictable - surprising, because one would have thought a few
years ago t hat a well-defined formulation of vortex behavior would have

been completed by now; predictable, because vortex phenomena are governed
to a great degree by the vagaries of the atmosphere , w hich are of
themsel ves unpredictable except , possibly, in a statistical sense. To
compound the challenge, each experimental study seeking to quantif y the
physics of one phenomenon has also been succcessfu l in discovering one or
more new phenomena which are also important and warrant another round of
study.

Prior to the program described in this report , only one vortex wake

behavioral characteristic had been successfully conquered to the point
w here, within reasonable statistical factors , it could indeed be predicted if
t he proper atmospheric variables and aircraft parameters were known. This
characteristic is the sinuous instability, w hich was first recognized in the
mid-l950’ s, was initially modeled by Crow in 196 3, and became known as the
“Crow” instabi lity. The effect of turbulence on this instability was noted by
Tombach in the earl y 1970’s, and Crow and Bate subsequentl y included
turbulent excitation into an extension of the Crow model. Finally, work by
Tombach, Bate, and Crow tai lored the model to conditions near the ground.
Thus, now, a model exists which can define the time at which a vortex pair
w ill annihilate itself in almost any given atmospheric condition, if it elects
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to decay by this particular mode. The time estimates given by this model

tend to be within better than a facto r of two of those observed in in_ fl ight

experiments. This level of agreement is probably as good as one can expect

for randomly excited phenomena.

If vortex linking through the Crow instability were always assured,

then at least the upper limit to vortex wake lifetimes wou !d be defined.

This is not the case, unfortunate ly. Often the vortex pair seems to be

immune to the sinuous instability - some cases in stable atmos pheric

conditions are noted in this report - and continues to exist until aging or

internal vortex breakdowns terminate its organized motion. A particularly
s ignif icant case occurs when, in some sort of asymmetrica l flow field, one

vortex decas’ s and leaves its mate behind. Then, for reasons unknown, the

remaining vortex seems to be blessed with much longer life than normal. On
the other hand, at other times vortex breakdown acts swiftl y in advance of

the Crow instabi l i ty, arid destroys or at least alters , the flow field of an

af fected vortex.

This program set out to stud y t he breakdown phenomenon, in the hope

of emulating the success achieved in the prediction of the sinuous

instabi lity. It was obvious from the onset that the analysis would be more
di f f icu l t  many had alread y attempted mathematica l modeling, with mini

‘nil success, and thus a semi-empirical approach would be necessary. The
resu lts , r o w  that the program is over , are intri guing and a model of the

breakdown ex is t s .  The success has been diluted, though, by definite

confirmation that vortex breakdown, as it has been defined by everyone who

has looked at smoke marked vortices , is not necessari ly a mechanism which

destroys a vortex , nor even weakens it si gnificant ly. Thus the ultimate

destroyer of vortices which avoid linking with e,~’h ot her has still not been

captured it could be a cascade of breakdowns , a new form of mutual

interaction , or possibly even decay by turbulent diffusion.

To provide a setting for those who need to use aircraft vortex research
resu lts for practical , operationa l purposes, it seems appropriate to provide a
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capsule summary of what was found during t his program , with some

i- o r r i r n e n to rs  on how it af fects the state of useful , applicable knowledge

about a i rc r af t  wakes.

First, i t  was shown anal yticall y that instab ilities of the form which

contribute to vortex breakdown could exist without ax ial disturbances or

axial f l o w , and are almost sure to exist if axial disturbances occur. At the

scale of a water tank, w ith axial flow suppressed, larger scale unstable

disturbances did not grow , although turbulence was generated from smaller

scale disturbances.

A heur istic argument suggested that the scale parameters defining the

rate of growth of major disturbances , and hence setting the time of vortex

breakdown, are the initial vortex velocity field after the vortices have

formed, and the turbulence field in which the vortices are immersed. Four

parameters (two ve locities and two lengths) define the former; atmospheric

turbulence and residual aircraft turbulence in the wake define the latter.

Using such an argument , a single curve was constructed from properly scaled

data for time-to-brea kdown for four highly dissimilar aircraf t --  a Cessna
- 

170 , an Aero Commander 560F, a Lockheed L-lS Lodestar , and a Boeing 747.

The scatter in the data is considerab le, but the curve I it is statistical ly
si gnificant and t he breakdown time estimate thus provided is generally good
within a factor of two of the measured values, w hich is accuracy comparable

with that achieved by the more ri gorous modeling of the Crow instability.

The flight tests proved conclusively what had been suspected for some

p time - that vortex breakdown is a change in state of the vortex and
man ife sts itself by velocity and core size changes , but that this st ate change
does not always mean the end of the organized vortical motion. Various
measurem ents showed a si gnificant vortex present long after a vortex break-
down had occurred; at other times , they indicated that breakdown had
indeed ef fect ive ly neutra lized the vortex.

This discovery weakens the utility of flow visualization as an indicator
of vortex presence. It has been known all along that improperl y placed
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smoke, or smoke in insufficient quantity, would diffuse before the vortex

decayed, but it was hoped that the dramatic and relativel y explosive

diffusion of smoke from a vortex breakdown did indeed signal the end of the

vortex. This is now known to be definitely untrue, although the occas ional
fine fi lament of smoke remaining after a visible breakdown has been

pointing this out all along.

A few details of information about the breakdown were also obtained
from the flight tests. As expected, turbulence in the wake due to engine
thrust hastened the onset of breakdowns. Also, the effect of flaps is equiva-
lent to increasing the ambient turbulence, and thus shortens vortex lifetimes
in weak ambient turbulence.

It was also noted that vortex breakdowns are accompanied by high
pressure in the cores, with local axial flow heading away from the burst
point in both directions. The axial flow in the Boeing 747 vortices was in
the opposite direction from the flow in the Lodestar vortices. No effects of
this difference on vortex breakdowns or other behavior could be seen.
however.

The transport of the vortices through the atmosphere is one of the
eas ier aspects of vortex behavior to study, and thus received some attention
in this study also. During the flight tests , dramatic differences in

descending behavior were noted from hour to hour and day to day. Further
analysis showed atmospheric stability to play a role in defining the nature of
t he descent , with stability suppressing irregular motion and inhibiting
descent (and even stopping it). Quantitative modeling of vortex descent ,
wit h proper treatment of the effects of buoyancy and turbulent entrainment ,
has so far eluded investigators, although around a half-dozen models of some

aspects of this behavior exist.

A mechanism for the slowing down of the lateral motion of a vortex in
ground effect was identified in the water tank tests , and was correlated with
prior aircraf t tests. The cause is a rising of the vortex , which results from
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rotat ion of the non-circular vortex core, rat her than a dissi pative mechan-

ism, as prev iously believed. An analytical formulation for the trajectory

awaits further work , however.

Some areas of wake behavior were not investi gated du ring these

experiments , and still lack adequate exp lanation and analytical formulations

suitable for operational use. Prime among the items not studied is the whole

area of asymmetrical wake behavior , as in wind shear , and the related area

of the isolated, long-lived vortex.

The data collected during this program was considerable and not all of
it was analyzed with full intensity for this report. Additional analysis, in
conjunction with the simultaneous laser and acoustic sounder measurements
of the Boeing 747 wake, will be reported upon shortly in a separate report.
In addition, the vortex anemometer data, which has not been analyzed to its
fu llest, potent ially offers considerable information on vortex structure near

the ground and plans are being made for the use of suitable mathematical
tools to extract this information.

p
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APPENDIX A

STABILITY OF VORTEX CORES

This appendix is based on notes prepared by Steven C. Crow

as part of the subcontract activities of Poseidon Research during

the course of this stud y. It substantiall y follows the text of

Poseidon Research Note No. 4, 25 August 1975 , by S.C. Crow .

A- I

• :F __~~~~~  . -~~~~~ - ? _~ _1_t~~~~~~~~~~ - - — — —  - S



Summa ry

Apar t from the familiar mutual induction instability , we have dis-

tinguished three mechanisms for vortex decay near the ground : core

bursting , turbulent erosion or aging , and ground friction . Bursting

and aging are manifestations of vortex core instability, modified per-

haps by nonlinear effects . Bursting has been studied during the Aero—

Vironment fli ght tests , while aging and ground friction were exa—
mi~ ,~d in the Poseidon Research vortex visualization facility .

According to the Ray leigh stability criterion , isolated vortices

of aerod ynamic interest are stable to small axisymrnetric disturbances.
These disturbances propagate as fast waves along the vortex cores . Core

bursting prob ably results from nonlinear amp lification and breaking of

these axisyssnetric waves , so bursting i: outside the scope of linear

stablilty theory .

Neither the Rayleigh criterion nor the other theorems of vortex

stabili ty forbid the growth of helical disturbances , and they are pro-

bably the origin of turb ulent erosion and aging . helical waves can

extract energy from the mean flow in the transition zone between solid—

body rotation and potential flow . The exceptional case is the Rankine

vortex , which has no such transition zone and is therefore stable to all

smell disturbances. A core velocity distribution with an inflection

point in the rotational region is certainly unstable to helical insta-

b ilities , though it satisfies the Ray leigh stability criterion for axi—
-

. 

symmetric waves. A wrapped—up vortex sheet has one or more such inflec-

tion points and is therefore unstable . A cylindrical vortex sheet , in

particular , is unstable to modes having azimuthal wavenunibers of three

or greater. We expect to observe the growth of these helical modes and

their conversion to turbulence in our f low—visualization experiments.
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A . 1. Structure of an Isolated Columnar Vortex

A simple vortex is a flow with circular streamlines , having an

azimuthal component of velocity V(r) independent of angle e or axial
location z:

We shall assume the axial component of velocity is zero in the unper-
turbed state. Circulation is defined as

r(r) — 2 r V( r) ,

angular velocity as

11 (r) — V( r) /r,

and vorticity as

C (r) —

A 

- — ;



In the absence of viscosity , the only nontrivial dynamics equation is

the radial momentum balance

~~~~

dr r

with solution

P(r) — p — 
f v

2 (r t) 
dr ’.

All such flows are in equilibrium, but are they stable against pertur-

bations of the for m

u(r ,e ,z ,t)

V( r) + v (r ,O ,z ,t ) ,

w(r,8,z,t) ?

v\



A .2 .  Rayleigh Stability Criterion

The most famous index of vortex stability was derived by Rayleigh

(1916) for axisynine tri c disturb ances. Consider a fluid ring displaced

from its original radius r 1 :

— r2
r 1

By the Kelvin circulation theorem , its circulation remains constant at

r(r1). The centrifugal force on an element dV is

~
, [J( ~~)/2~T r2]~ dv,

whereas the restoring force exerted by the ambient pressure gradient is

~
, 
tr(r2)/2~r2]~ dv.r2

The element returns toward its original location if

r2(r 2) ‘

that is

dr 2 > 0.

1-
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According to the Ray leigh criterion , all the following are stable to
axisymetric disturbances :

Gaussian Vortex:

Rankjne Vortex:

r

Cylindrical Vortex Sheet:

r
V _

r r

- 
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A .3. Stability of the Rankine Vortex

The Rankine vortex has the velocity distribution

r rV — 2 1 T R2 r < R ,

V — 2 7 1 r r > R ,

where R is the radius of the vortex core and I’ here is a co nstant.
Kelvin (1889) showe d that the Rankine vortex is stable to all small

perturbations of the form

u — f(r) i(kz + mO — ut)

Thus

w — w + 1 w ,r I

wi th

— 0.

Axisymmetric waves (in — 0) have the fo rm

ik(z — ct )u — f ( r ) e

~~ - -5-—---

with phase ve locity

w rC — — -
~k 2312 i , R

• 
as kR 4- 0,

C-
A—7
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that is , for long waves. It is interesting to compare the phase velo-

city c with the airp lane speed U:

p r u  p r U b
11 2 3/2 R p U2 25/2 ! p U2 S

CL S
— 

2 5/ 2 R b ’

where S is the wing area and b is the vortex separation. For an

elliptically loaded wing,

R — 0.1 b (Spreiter & Sacks),

b ~~x span,

S — (4/w)2 b 2 ç
l .

Then

— 0.91 C
L 

AR ,

so c ranges from perhap s 0.1 to 0.5 U, depending on the lift coeffi-

ci ent C
L and aspect ratio These high—speed waves are often vi-

sible and seem to have something to do with core bursting.

- -
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A.4. Global Energy Equation

An easy way to show that the Rankine vortex is stable is to use the

global energy equation for inviscid rotating flow :

L ff1 (~~2 + 2 + ~~2) ff (...~ ~~
) (~i ... !) ~~~~~,

where the integrals extend over the vortex cross—section , and the bars

denote angular averages. In the solid-body core r < R ,

V — a

dV V
dr r

In the pot ential-flcv region r > R, it can be shown that

Reynolds stress — —p uv — 0.

Thus

Perturbation energy growth rate — p (
~~ + 2 + dA — 0

for a R.ankine vortex.

- - Notice that the energy equation admits the possibility of turb ulence
production in an annular transition region between solid—body rotation

and potential flow:

A-9
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potential flow

solid-bod y core

possible
turbulence
production

Neither the Rayleigh criterion nor the energy equation precludes ins-

tability of helical (non—axisymmetric) modes even in a Gaussian vortex ,
and nobody has shown such modes do not exist.

-----
p
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A S .  The Critica l Layer

By assuming velocity disturbances of the form

w~t i(kz + isO — u t )
u f(r) e e + Comp lex Conjugate ,

i(kz + isO — w t)
v — g(r) e e r + Complex Conjugate ,

we can make more explicit use of the energy equation . Suppose there

exists a criticai layer of radius 
~~ 

where the angu lar rotation rate

w in  of the wave pattern equals the angular rotation rate of the fluid:

w
— fl(r ).C

For a neutrall y e tab le mode, that is for

. 0,

the Reynolds stress can be shown to have the form of a delta—function:

~~~2 2 i r k2 r 3 
~

— 2 (k2r2 + m2) w 6(r—r ).

The rate of energy production is

2 ~2 k2 r 3 ç
C C Idv v\

~ 

U (k~r~ + is2 ) w ~~~ 
—

which must be zero for neutral stability. The requirement

dV V
— — — r — rdr r c

means that the azimuthal velocity profile must have an inflection point
at some r c rC

A-li-
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V

r rc

Such profiles are likely to be unstable to helical modes even though

they satisfy the Rayleigh criterion for ax isynmint ric modes .

-- - -5--- 
p

- - - - _

~~~~~~~~~~~~~~~~

. _ _ _ _



A .6. Generalized Rayleigh Criterion

We have atte m pted to generalize the Rayleigh stability criterion

to account for helical disturbances . After considerable manipulation

of the Euler equations , we find that

2 m r
I r2~~~ ~ r~k

2 +m 2
~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _w

ij r2k2 + in2 (nIl — w )2  + wj 
+ [ (mci — w ) ~ + 4]~ ç 

dr — 0.

The integral must be zero for unstable modes w~ > 0. For in — 0

(axisy mmetric modes) , we recover the f ami liar Rayleig h stability crite—
tion in the form

w w~~~

J

~~~~~~~~~~
+

0’
~~~~~~ dr 0,

which shows that axi symmetric modes can grow only when V~ takes on
both signs . But

dr 2 
— 8 ~y 2 r2 V~ ~ 0,

so the Rayleigh criterion is confirmed. Unfortunately the general case

is ~1 0 does not yield a similar mode—independent criterion . In the case

of a Gaussian vortex , for examp le , C and — C ’ are positive , and so is

VC . All we can say is that u
ris must exceed 11(r) in regions of

non—zero C (r) for instability to occur .

A- 13
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A.7 . Cylindrical Vortex Sheet

The cylindrical vortex sheet is easy to analyze and illustrates

many of the foregoing general points. It also should be a good rough

model of the wrapped—up vortex sheet behind an airplane.

The cy lindrical vortex sheet consists of a dead—ai r core surrounded

by a potential vortex. A vortex sheet separates the two flow regimes:

de ad air 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

r

vortex sheet

The flow satisfies the Rayleigh criterion for m — 0 but has a (singu-

lar) inflection point at r — R , so it should be unstable to helical

modes.

Consider radial sheet displacements of the form

i(kz + mO — ut)n n e :0

A- 14
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i n-  4

Define

r12 — 2 n R 2 ‘

I (kR) K’(kR)
F - 

K
~

(kR) I ’ (kR)

C - kR K’ (kR) / K (kR) ,

in term of modified Bessel functions . The eigenvalue equation proves

to be

— m ci ± 12 [in2 -- (1—F) (in2 + C)]’/2
UI 

1 — F

so we have unstable waves for combinations of in and kR such that

— (1—F) (is2 + C) < 0.

-; A— iS



It transpires that

m~~~~~3

for instability to occur for any hR. Some limiting cases are of

interest:

(a) m — 0, hR 0 (long axisymmetric waves).

These are neutrally stable and trave l at a phase velocity

wr rc — 
k 2 3/ 2  ~ R

the same as for the Rankine vortex.

(b) in — 0, kR 4- 
~ (short axisyimnetric waves).

These are stable but dispersive , with a wavenu niber—dependent phase ve-

locity

I R ~1/2 r
c — 

~~~ 2 n R 2

r
— 

2~~~1~~ iT R (kR) ’12

Short waves trave l more slowly than long waves .

(c) is ~4 0, kR -÷ 0 (purely azimuthal waves).

In this case the eigenvalue equation is simple :

w ~~~~!~~~~(2m~ - m 2 ) h/ 2 .

a
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Waves with in 2 3 are unstable.

(d) in ~ 0, hR 4- 
~ (short helica l waves).

Again the eigenvalue equation is simp le ,

w —

and instability occurs when

> (2kR)~ 1
~.

The cylindrical vortex sheet exhibits both the long axisymmetric waves

that seem to be associated with bursting and the short azimuthal waves

characteristic of turbulence formation and aging .

p
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A.8 . Conclusions

a) According to the Rayleigh stability criterion , a vortex is stable

to axisyninetric disturbances if the square of Its circulation increases

radially outwards. Aircraft vortices are likely to satisfy that criterion.

b) Such axisyminetric disturbances travel at high speeds along the vor-

tex core . Waves of length much longer than the core diameter have a

phase velocity

0.9 C
L AR U~

usually a significant fraction of the aircraft speed U.

c) In the context of trailing vortices , core bursting probably arises

from nonlinear amplification and breaking of these fast axisymmetric

waves.

d) Even in its generalized form, the Rayleigh criterion does not ex-

clude the possibility of unstable helical waves.

e) The energy equation shows that disturbances can extract energy

from the mean flow in the transition region between solid-body rotation

and potential flow. The Rankine vortex has no such transition region

and so is stable to all disturbances , but that case is exceptional.

f) Near—neutral disturbances extract energy from a critical layer,
p where the angular velocity of the wave equals the angular velocity of

the fluid.

g) Helical or azimuthal instability is assured when the core velocity

profile contains an inflection point in the rotational region.

h) A wrapped—up vortex sheet contains one or more such inflection

points and is therefore subject to azimuthal instabilities.

A-18
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i) A cy lindrical vortex sheet , in particular , is unstable to helical

modes with in ~ 3. It also exhibits the fast axisymmetric waves that

seem to eventuate in core bursting.

j )  Helical modes cause core turbulence and aging.

——p
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APPENDIX B

WATER TANK STUDY OF THE MOTION OF TWO-DIMENSIONAL

VORTEX PAIRS IN GROUND EFFECT

This appendix is a report on the laboratory experiments with
a water tank analog of the vortex pair which were performed by

Poseidon Research under subcontract to AeroVironment during the

course of this study. The mater ial presented is based substantially
on Poseidon Research Report No. 4, May 1976 , by S.J. Barker and

S.C. Crow-

_ -



Abstract

A new techni que for generating a pair of line vortices In the

laboratory has been developed. The mean flow of these vortices is

highly two—dimensional , although most of the flow f Ield is turbulent.

This two—dimensionality permits the study of vortex motions in the

absence of the Crow mutual induction instability and other three—

dimensional effec ts. The vortices are generated in a water tank of

dimensions 15 x 122 x 244 cm. They propagate vertically and their axes
span the 15 cm. width of the tank. One wall of the tank is transparent ,

and the flow is visualized using fluorescein dye. High speed photography

is used to stud y both the transition to turbulence during the vortex

formation process and the interaction of the turbulen t vor t ices wi th a

simula ted ground plane.

Transition occurs first in an ann ular  reg ion surrounding  the core

of each vortex , start ing with a shear layer instability on the rolled
up vortex sheet. The turbulent region then grows both inward and

outward radially until the entire recirculation cell is turbulent. A

“relaminarizat ion” of the vortex core appears to take place somewhat

later.

The interaction of the vortex pair with the ground plane does not

follow the predictions of potential flow theory for line vort ices.
Although total circulation is apparently conserved , the vort ices remain

at a larger distance from the ground than expected and they eventually
“rebound” or move away from the ground . Differences between a free

...- _—_.,.P sur f a c e  boundary cond it ion and a smooth or rough ground p lane are

discussed . The ground plane Interaction is qualitativel y very similar

to that of a i rcraf t  trailing vortices observed in recent fli ght tests.
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B .  I Introduction

The pr~ hI~ ms of aircraft wake turbulence have st imulated a number
of r.-c eflt measurements of vor tex wake f lows.  Some of these measurements
w~- r - - madt usin g full scale aircraft to generate the vortices (Caiger

and Gould , 1971 ;  Ba te , 1974; Tombach , et al , 1974) .  Other wake ve l oc i ty

measur ~ mt-n ts were made in wind tunnels (Mason and Marchman , 1972)

or in towing basin facilities (Miller and Brown , 1971; Lezius , 1973).

These measurements are subject to effects of probe in te r f e rence , whereb y

the pr~-sence of a phys c i a l  velo c i ty p robe in the vor tex wake ca uses

th~ vortex to move away from the probe. There have been some recent

measurements of wake vortex velocity profiles using laser anemometry ,

wh~ re the results are not subject to probe interference (Baker , et

al , 197~~; Orlof f and Grant , 1975). These measurements compare reasonably
we l l  w i t h  the theoret ical  pred ictions of Saff man ( 1 9 7 3 ) .

All of these measurements of vortex wake velocities have been made

in three dimensional flow fields. Far downstream of the lifting surface ,

there are two significant three dimensional e f fec ts  that make such

measurements difficult to interpret. Free stream turbulence in the flow

faci l i ty  (or in the atmosphere) causes the vortices to be disp laced

randomly about their mean location in space. This “vortex wandering”
has the e f f e c t  of making the vort ices appear larger than normal in
t ime—averaged velocity measurements. The e f fec ts  of vortex wandering

are discussed in detail in Baker , et al. (1974). The second three

dimensionel ef fec t  is the mutual induction instability, first described

by Crow (1970). This instability causes the vortices to form “kinks ”
p along their length , which eventually result in a linking of the vortex

pair into a series of vortex rings. It is nearly impossible to measure

accuratel y in the laboratory the trajectories followed by vortex wakes

- - - 
in the presence of these two effects.

The goa l of the present study was to determine the t rajector ies and

B- 3
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decay rates of vortex pairs in ground e f fec t  at moderatel y high Reynolds

numbers. In view of the three-dimensional e f f ec t s  mentioned above , the

best way to accomplish this was to create a two-dimensional vortex pair

and stud y the flow field as a function of time . This simulated the

flow in a plane transverse to a trailing vortex wake , at a distance

behind the aircraft of x — Ut. To obtain the highest possible Reynolds

number at laboratory scale , the experiment was done in water.

Water is also more suitable for making photographic measurements  us ing

flow visualization techniques.

B-4



8.2. Experimental Apparatus

Several laboratory studies have been made of both laminar and

turbulent vortex rings , such as that of Maxworthy (1974). A vortex

ring can easily be generated in a water tank by ejecting a small

amount of fluid through a sharp—ed ged circular orifice. The resulting

rings are repeatable , and will propagate many times their original

diameter before dissipating. However, it is not as simple to generate

a two dimensional vortex pair which propagates large distances from

the generating mechanism. Some previous attempts at this have failed ,

and their failure was at first attributed to three dimensional “end

wall” effects.

A fundamental difference between a vortex ring and a vortex pair

is in the size and shape of the recirculation cell. The recirculation

cell for a vortex ring is a small toroid surrounding the axis of the

vortex . For a 2—D vortex pair, the recirculation cell is an oval

enclosing both vortices, whose shape is given by Lamb (1932):

o — .~i_(~
_
~ + log _i). (B—l)

This equation relates to two vortices of circulation ±r located at

coordinates (s,0) and (—s ,0). The radii r1 and r
2 

are the

distances from each vortex to the point (x,y) on the cell boundary.

The semi—axes of the recirculation cell are 2.O9s and l.73s, so that

the cell carries a much larger volume of fluid than that of a vortex

ring of similar dimensions. Such a vortex pair will propagate vertically

at a speed

dh r
• 

-
~~~~ 

— -
~~

——---— . ( B— 2 )

A device which generates a 2—D vortex pair must supply not only

the necessary vorticity, but also the fluid to fill the recirculation

3—5
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ce l l .  The “puff ing ’ technique used to form vortex rings does not

sat isty the latter requirement . Therefore , attempts to create vortex

pairs in th is m a n n e r  resu l t  in two vort ices tha t are  unable  to propaga te

away from the generator. After the “puff” has stopped , the vor t ices

quick ly draw together and dissipate.

Preliminary experiments in the present study pointed out this

d i f f i c ulty , and led to the following technique for generating vortex

pairs. To comp le tel y suppress the mutual induction instability time and

avoid end wall e f fec ts , it was decided to make the vortices 15 cm. in

length and approximately 15 cm. initial spacing. The experimental tank

was t hus chosen to be 15 cm. across , 122 cm. deep , and 244 cm. long

(Figure 1). These dimensions permi t the vortex t ra jec tor ies  to be

measured In ground e f fec t  until they have reached a separation of eight

t imes their orig inal spacing. The vortex generating mechanism is

located 24 cm. from the bottom of the tank and is shown in Figure 2.

There arc two thin vertical plates spanning the 15 cm. width of the tank ,

forming a channel 12 cm. wide and open at both top and bottom. When
the experiment is ready to begin, a horizontal plate blocks this channel
near its bottom (Figure 2). This plate rap idly accelerates to a cons tan t

vertical velocity, pushing the fluid in the channel ahead of it. Fluid

leaving the top end of the channel forms two vortex sheets beginning

at the two sharpened ends of the channel walls. These vortex sheets

i rmncdiately beg in to roll up into a vortex pair.

\ ! t i - r  t li i -  horizontal p late has moved upward a distance of 4 cm.,

i t  is abr uptl y rttr ac ted Into the back wall of the tank . During this

ret r i  tion mot ion t ht - plate maintains its constant upward velocity.
Ihis ‘ d i s app ea ra ncu ” of the plate allows the vortex pair to leave the
generator and prop agate t hrough the tank. If the plate does not retrac t ,
the v o r t i c e s  Immed iate ly draw together and dissipate.  The retraction
al lows the iipwash in the vert ical channel to decay slowly rather than
ab rupt ly ,  thus prov id ing  the necessary fluid for the vortex recircula—

8—6
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tion cell.

The mechanical apparatus for executing the somewhat comp lex motion

of the horizontal plate is located in a flooded box on the outside of

the back wall of the tank . The vertical motion is driven by a constant

speed AC motor which pulls a connecting rod through a seal in the floo-

ded box. After the horizontal plate has moved upward 4 cm., a trip

lever in the flooded box actuates a spring—loaded retraction mechanism.

The plate retraction takes place in about 0.1 second.

The front wall of the tank is made of 5 cm. thick plexiglass to

permit flow visualization . For high speed motion pictures , best results

are ob tained using fluorescein dye against a flat black background.

The dye is illuminated from above by four 600 watt quartz lamps.

(Heating of the water by these lamps was carefully avoided.) Before

the experiment beg ins , the vortex generator is partially filled with

the dye , which then provides excellent contrast during the vortex

motion. Motion pictures are taken at speeds of 64 and 200 frames per

second , and then projected on sheets of paper at speeds between 1 and

24 frame s per second . The trajectories of the two vortex cores are

traced on the paper , and time marks are added.

The vortices propagate upward rather than downward in this

experimen t to facilitate the study of the ground plane interaction.

With this geometry we can observe three different boundary conditions

on the ground plane. We have the free surface boundary condition (zero

stress), the rigid smooth wall ground plane, and the rough wall ground

plane . Furthermore , it is more practical to vary the distance between

the vortex generator and the ground plane by changing the water depth

than by moving the generator itself.

8—9
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B.3. Results

The di scussion of results will be divided into two parts: vortex
instability and transition, and vortex t ra jectory measurements.

3.1 Instability and Transition

There has been much speculation about whether the flow in the cores

of a vortex wake far downstream of the lifting body is largely laminar
or turbulent. According to the Rayleigh stability criterion, any

vortex will be stable as long as the absolute value of the circulation

increases monotonically with radius. Most vortex velocity distributions

of aerod ynamic interest (Figure 3) are stable by this criterion .

However , the Ray leigh c r i terion app lies onl y to axisymmetric disturbances

of the fo rm

i(kz — w t) w .tr 1
u = f(r) e e , (B—3)

where z and r are coordinates parallel to and pe rpend icu l a r  to the

vortex axis. This criterion says nothing about the more general

“helical waves”, o f the fo rm

i(kz + nil) — w t) w t
r 1

u = f(r) e e . (11—4)

Kelvin analyzed the special case of the Rankine vortex (Figure 3)

and found it to be stable to all disturbances , including hel ical waves.

However , the Rankine vortex is a special case involving an abrupt change
p 

fr om solid body rotation in the core to a potential vortex outer reg ion .

Crow (1975) has shown by means of a global energy equation that helical

disturbances can ex t rac t  energy f r om the mean f l o w  in the transi t ion

reg ion between the core and potential vortex. In particular , the

cyl indr i c - i  I vort &-x sheet (Figure 113) w as ana lyzed and shown to he h O s t  able

to hel ica l  di sturhani i-s of wavvnumht- r m g r ea t e r  than or eqo l I to  3.

From these considerations we might expect two dimensional vortices to

8-10
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Figure B—3. Model vortex velocity dis tributions.
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be unstable in an annular region surrounding the core.

The initial velocity profile created in this experiment does not

correspond to any of the axisyimnetric profiles of Figure 3. As the

hor izon tal p la te moves upward , two vor tex shee ts are genera ted and

immediatel y beg in to ro l l  up.  The veloci ty profile of the early

vortex thus has a number of steps in it , with circulation increasing

discontinuously at each step. Similar steps will occur in the near

field of the aircraft trailing vor tex wake , but in this case they

arise from the roll up at the two ends of a sing le hor izon tal vor tex

sheet.

Fi gures 114 and B5 are flow visualization photographs of a vortex

pair during the roll up process. The vortex circu lation , as determined

by the propagation velocity of the pair (eq. B2), i s 240 cm2 / sec .  The

vor tex Reynolds number , defined as n v , is 25,000. Relatively low

speed vortices were used in the studies of roll up and initial insta—

bil ity. We see that an amp lified disturbance occurs on the vortex

sheet throughout the roll up. This instability is s i m i l a r  in

appearance to the Kelvin—Helmholtz instability of a free shear layer ,

such as that observed by Brown and Roshko (1974). The eddies seen by

Brown and Roshko occur even at very high Reynolds numbers in a fully

turbulent flow. The wavelength of these eddies is proportional to the

“vorticity thickness” of the free shear layer , defined by

6 -i---f-- l dy - (11-5)

Brown and Roshko found the measured wavelength of the eddies to equal

2.9 6
a

- - The flow in the present experiment is time dependent and the length

used to normalize the eddy wavelength must be a function of time . Since

B—1 2
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li t - ‘~- iv ,-— Ii kk- inSt iii i lit v was observed onl y for t lint -s less than about

2 seconds , the boundary layer thickness on the I iii ; ide w a l l s  of the

channel p lates can be crudel y approxi mated by ~ = 4~~~t. Mov ies of

the initia l roll up process were taken at 200 frames per second and

analyzed one frame at a time to determine tiii - eddy wavelength A as a

function of t ime . When A is plotted versus 4 .[vt , the slope of th e

best  fit stra ight line Is 2.6. This is in rather good agreement with

h i t  Brown and Roshko value of 2 .9  considering the gross di f ferences

betwee n t h e  two experiments.

The boundary layer at the ends of the two channel plates is thin

and laminar. To thicken this boundary layer and observe the e f f e c t

upon t he initial instability, sawtoot h vort ic i ty  generators were

install ed on the ends of the plates. The teeth were spaced 0.6 cm.

apart and protruded 0.3 cm. perpendicular to the channel walls. Two

s ignificant differences were observed in the movies wi th the sawteeth

insta lled . The instability waves were not seen at all until more than

one second after the motion had begun . Without the teeth , these waves

can be se-en as early as 0.2 seconds. In addition , the wavelength of

the instability was almost twice as large with the sawteeth as without.

When is pl ott ed versus  4,[ as before , the slope of the straight
line becomes 4 .7 .  These two changes arc qualitatively what we would

expect  for t he shear layer instability.

As t he roll up p r o c e e d s  further , the initial instability wave grows

to an amp litud e of approximatel y one—t ent h the spacing between the

vo r t  H e-s  (Figure 5 ) .  At th is point a rather sudden transition to tur—

bu l t i n e occurs , and w i t hin another 0.2 seconds the vor t ices appear as

in f i gu re  b The mot ion p i c t u res  show that transition beg ins in the

annu lar r i-p ioli of t he i n s t a b i l i t y  waves and progresses bot h inward and

outwa rd  rad ia lly .  The f l o w  in t he vortex recirculatlon cell remains

fu l ly  turbulent  unt i l  the v o r t i ce s  have dissi pated , except for a small

• r i-g i rl l i-a r t h e  cent or of  t~~c hi  vo r tex .  ThIs inner reg ion appears to

8-15

a 
-  — —S - 5 5~S



1:— 
______

T’
~_~~

-0 ,

B- I 6

S 

—- 5- .
~~~ 

—S - --



remain laminar and grow slowly in radius during the evolution of the

vortex. Although it can be seen in Figure 6, a still photograph cannot

distinguish the laminar region as well as the movies do.

The tact that transition beg ins in an annu la r reg ion is in agree-

ment with the prediction of the stability calculation discussed above.

The laminar appearance of the core reg ion of the vortex can be correla-

ted with observations of aircraft trailing vortices. Aircraft vortices

are often visualized by vapor condensation in the low pressure vortex

cores , as in contrails. In such cases the flow visualization is only

in the inner core reg ion where the flow may indeed be laminar. The

turbu lent reg ion surrounding the core is not visualized , hence observers

may be tempted to conclude that the vortices are predominatel y laminar.

In other recent studies of aircraft vortices near the ground , (including

the stud y described in this report) , smoke was sometimes injected

both into the core and the outer region . In this case , the rap id

diffusion of smoke outside the core showed the outer reg ion to be

clearl y t u r bu lent , as in the present experiment.

At this point , it is appropriate to discuss the two dimensional

nature of the mean flow in the experiment. Since the vortex axes are

bounded by walls at both ends , the end wall boundary layers are possible

sources of three dimensional effects. The pressure distribution of the

mean flow has falling pressure towards the center of each vortex , which
tends to produce a secondary flow in the end wall boundary layers. This

secondary flow would be radially inward , and could thus cause fluid from

the boundary layer to be “ptm~ped” into the core of each vortex. This

pumping into the cores would reduce the total circulation of the vortex ,
‘p increase the thickne ss of the core , and also produce an axial mean f low

along the vortex lines inward from the walls towards the center .

Three independent observations show that this boundary layer effect
is insIgn if i cant .  (1) Dyed fluid that is initially on or near the end

• wa l l s  Is not sucked into the core of the vortex as it passes by. (2)
Small air  bubbles can be Injected into the vortex cores and will remain
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there due to the pressure ninimum . They distribute themselves uniformly

along the vortex axes and show no mean axial motion towards the center

of length. They do move randomly back and forth along the axes in a

manner very similar to the motions of small balloons trapped in the cores

c i  aircraft vortices (as described in the main port ion of this report).

(3) The total circulation does not change while the vortices are

i t i t  of ground e f f e c t  — their  separat ion and propagation velocity remain

constant  -

Simple dimensional analysis also suggests that boundary layer

effects should not be important. The vortices are not stationary with

respect to the end walls in the experiment , so that the wall boundary

layers will not grow to a steady state thickness as an Ekman layer

would. The boundary layer thickness is thus proportional to

where t is the time for the recirculation cell to pass over a point

fixed on the wall. This time is approximately 0.5 seconds, so that

the boundary layer thickness is on the order of 0.07 cm.

3.2 Vortex Trajectories in Ground Effect.

The behavior of aircraft wake vortices in ground effect is

extremely important in determining the possible dangers of vortices

left near the runway by arriving and departing aircraft. If the wake

vortices behaved as potential line vortices, their trajectories could

be predicted quite readily. Lamb (1932) gives the solution of the

problem of a pair of line vortices interacting with an image pair of

opposite sign. The x—axis becomes the “ground plane ” and the vortices

propagate at velocities
— - p.

r 2 r h2
= -~~---~~ -j -

~
-
~

- ; Fl -i--; ~~~ - ( 11— 6 )

Here s and h are the x and y coordinat es of the vortex in the

upper right quadrant , and r 2 s2 + 1.2 . The trajectories can be wri t ten

in the form

B- 18
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+ h2 ) — s2h2 , (8—7)

where s is the half—spacing of the vortices when they are far above

the ground . After the vortices have spread apart some distance in the

ground effect , they should approach a distance above the ground of se,.

In the present trajectory measurements , two different water depths

were used in the tank. Since the core radius will grow with the time

from generation, the different depths will demonstrate the effects of

core radius upon ground effect trajectory . Two values of the vortex

circulation were also used to check for dependence upon Reynolds number.

The circulations , as determined by the propagation velocity h far from

the ground plane, were 250 and 750 cm 2/sec. The corresponding vortex

Reynolds numbers (fly) were 25,000 and 75 ,000.

Since it was also desired to determine the effect of the ground

plane boundary condition upon the trajectory , three different simulated

ground planes were used. One of these was a free surface, with the

boundary conditions -
~~~~ — 0 and v — 0 at the surface. The second

ground plane was a horizontal sheet of smooth plexiglas immersed in

the water . The third was the “rough ground plane”, a sheet of plexiglas

with grooves cut across the 15 cm. width. It was expected that the

boundary layers on the two rigid planes would gradually reduce the

circulation of the vortices in ground effect.

Figure B7 shows an experimental vortex trajectory compared with the

line vortex trajectory of eq. 87. The experimental trajectory is the

average of the trajectorie, of the two vortices of the pair . The

initial circulation of the vortex is 750 cm.2/sec . The ground plane in

this case is the free surface . The vortices follow the line vortex

trajectory closely for the first 30 cm. of vertical motion, or until

they are 25 cm. below the surface. At this point they begin to spread

apart sooner than the line vortex prediction and they remain farther
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below the surface as they spread . When the half—separation of the

vor t ices reac hes about 30 cm. , they suddenly begin to move away from

the surface. This unexpected motion away from the surface , which we

wi l l  call “reboun ding ”, is very repeatable and always occurs simultan-

eously in both vortices of the pair. It is not caused by the imaging

e f f e c t  of the side walls of the tank , s ince these walls are 90 cm. away

from t he vort ices when the rebounding begins . The downward vertical
velocity induced by the side wall image pair has been calculated and is

negligible. Recent measurements of ground effect trajectories of full
scale aircraft vortices (Tombach , et al., 1975) also exhibit the rebound-

ing phenomenon , especially when the aircraft is flying very near to the

ground .

Figure 8 shows a vortex trajectory measured under the same

conditions as in Figure 7, except that the distance from the generator

to the surface is half as great. There are two distinct differences

between these trajectories. The pair generated closer to the surface

reaches a depth of 8 cm. before rebound,ing begins, whereas the other

pair only reached a depth of 11 cm. When the near—surface vortex pair

begins to rebound , it does so more severely and then levels off again

at a distance of about 14 cm. from the surface. This result is also in

qualitative agreement with the flight test data. All of these results
can be attributed to the effects of finite core radius , which will be

discussed below .

Figure 9 shows the coordinates of the vortex pair of Figure 8

plotted as functions of time. The slope of the s versus t curve

changes suddenly during the rebounding period , at about 8 seconds. In

view of this, it should also be of interest to plot the “apparent

circulation” of the vortex versus time. We define apparent circulation

to be the value of r determined from the line vortex trajectory

formula:
C

8—21

S 
~~~~~~~~~~~~~~~~~ — - S ~~~~ — — - —- -- -~ —- 5 —-- --- - - - -—-5—— -~~~~- ~~~~~~~~~~~~~~~~~



_ __ _  _ _  _  

I

_  _  _

I ,

-

~~~~~~~~~~~ 

I

(W 3 ) I 1

8-22

____________________________________ _________ —



- -- —— —S

Cl)
0

a
-‘

9

t 
- — —- 

±
- q
- S in

0

I it)

dP

•0

~

0

0 0 0 0 0 0
It) ~ ) C’J —

(w3)q ’s

3-23

_ _ _ _ _ _  ~— - -—- - --- - ---- —- - --- - -— - - - - - - -~~~~
- - - -- - - -~~~~~~

- - - ~-



r = 4 ~ q 5 h (s 2 + h2 ) ( 11—8)
(s 6 + h6 ) 1I’2

Here q is t he propagation speed of the vortex , (~~2 + F~2 ) l/ 2 . This

formu la does not give the true circulat ion of the vor tex since the

exac t  shape of t he v o r t i c i t v — c o n t a i n i n g  core has not been accounted for .

A t y p i c a l plot of apparent c i rcu la t ion  versus time is shown in Figure B—

10. The circulation remains nearl y constant for the first six seconds ,

during which the pair is pr opaga ti ng ver tical l y at constant velocity

and separation. The circ ula t ion then undergoes a ser ies of oscillations

which are repeatable both in amp litude and frequency. These oscillations

occur during the interaction with the ground plane and the rebounding

process.

Tra jec tor ies  can also be plotted in a dimensionless form , and then
compared with the flight test experiments. In Figure 1111, we have

plotted the normalized half—separation s /s  as a f u n c t i o n  of the

normalized t ine f t /s 2 , for both the present experiment and the flight

test data of Tombach , et al ( 1975 ) .  The flight data are for an Aero Commander

560A twin engine aircraft flying at eight meters above the ground .

The initial half—separation was five meters. The apparent circula-

tion for the flig ht data was calculated from the horizontal propagation

speed o f the vortices as they spread apart in ground effect . The time

origin of the flight test data has been shifted so that the first point

coincides with the first point of the laboratory data. The agreement

between these normalized trajectories is striking .

- - - 
p.’ The presence of either of the rigid ground planes has little effect

upon t he gross properties of the vortex motion . The trajectories are

near l y the same and the osc i l l ati ons in apparen t c ir cu la t ion occur a t

the same frequency. However , the rigid planes do cause a gradual loss

of apparent circulation as the vortices spread out in ground effect.

The loss amounts to about 20% for the smooth plane and slightly more for
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- , 
the roug h plane . There is no obvious depende nce of this loss upon
Reynolds number in the data .

I
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8. 4. Conclusions .

The most unexpected result of this experiment is the “rebound ing”

effect , which consisten t ly takes place after the vortices have spread

in ground e f f e c t  to about four times their original separation. The

agreemen t with the fligh t test tra je ctor ies shows tha t this  is a real

effect and not an artifice of the experiment. The explanation of the

rebounding almost cer tainly lies in the effects of finite core radius .

The dynamics of a vortex pair of finite core radius interacting with an

image plane are comp lex , but it is intuitively apparent that a circular

core wi ll be deformed into a non—circular shape when it nears the surface.

In fact , the eccentricity of the vortex can be seen in Figure 12 , which

shows a dyed vor tex pair close to the surface . Once a vortex core is

deformed, it would be expected to become unsteady in shape and vorticity

distribution . An elliptical vortex core might have a tendency to rotate

as i t moves a long the image plane. This would lead to changes in both

the dis tance of the vortex center from the surface and the propagation

ve locity of the center . Such an e f fec t  could explain both the rebounding

and the periodic oscillation of the apparent circulation.

If we model the vortex core as an ellipse in solid body rotat ion,

we can predict the period of the oscillations. The result of this crude

model is a period of three seconds , which is in fairly good agreement

with the plotted data of Figure 10. The eccentricity of the vortex cores

has also been predic ted by a numerical simulation study currently in

progress at Poseidon Research . In fact , the core shapes predic ted by the

p., numerical simulation are almost exac t ly those seen In the experiment.

In future studies we shall measure fluid velocities in the vortex

flow field and determine the dimensions of the vor tex cores . The depen—

dence of the trajectories upon the exact vorticity distr ibutio 1t can then

be determined . The agreement between the present normalized trajectory

plot and that of the fli ght tests (Figure 11) nay indicate tha t the ratio
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of co r e  radius to initial vor tex  spacing is roughly t he same in the

experiment as in t he f l ight t e s t s .  The t r a j e c t o r i e s  of vo r t i ces  genera-

ted at a greate r  depth do not agree so wel l  with the f l ight t es t s ,

presumabl y because these vortices have a larger rat i o  of core radius to

separa t ion  when t hey reac h the sur face.  Previous numerical St ud ies have

shown t hat a large Core radius can lead to instabili t ies in which the

two vo r t i ces  tear eac h other a p a r t .  The movies of the present experiment

show a core instabilit y taking p lace after the rebounding process , which

might result from this mechanism.

This experimental techni que has been shown to be extremel y us e f u l

in simulating large scale two dimensional vortex dynamics in the labora-

tory. Effects of finite core radius can be observed in the laboratory

and are also found in flight test  data. These effects had not been

expected before the experiment.
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APPENDIX C

REPORT OF INVENTIONS

The work performed under this contract has increased understand-

ing of the behavior  of a i r c r a f t wake vo rt ices nea r the ground and
resu lted in the development of a simple model to desc r ibe  the gross
mechanisms of the vortex breakdown phenomenon . However , after a dili-
gent review o f the work performe d under this contract , it has been
de termined that no new innovation or discovery resulting in an inven-
tion or improvement to an invention was made .
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