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SYMBOLS

/\l Normal acceleration, g ounits
1
Ax Longitudinal acceeleration, g units
A Lateral acceleration, g units
y
C[ Arplane 1ift coclficient
Cl Elevator hinge moment coufficient
‘e
C] Rolling moment coefficient
C Lateral control effectiveness derivative, per degrec
1 s b
B
a
Cm Piteh control effectiveness derivative, per degree
ﬁe
CY Side force coefficicent
CY Side force cvontrol cf fectiveness derivative, per depgree
8
r
. )
P(’S Maximum roll control acceleration, rad/sce
a
max
. 2
vortex Roll aceeleration induced by vortes, rad/sce
(8] x
P RBoll rate, radfscc or degfsce
q Pitch rate, rad/sce
r Yaw rate, rad/scc
“a Angle of attack, deg
H Angle of sideslip, dep
1) Afrplane pitceh angle, dog
4 Alrplanc roll angle, doy
o Airpline vaw anpde, deg
Alleran del teet fon, des
)
Flewvator def lect fon, dey
o
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-‘.[. Flap deflectlon, dep

t\r Rudder deflection, deg,

Y GClide slope anple, deg

AQ) Change in value ol the parameter

A dot over a quantity denotes the time derivative of that quantity,
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SIHMARY

A series of 11ight tests were perlormed to evaluate the vortes wike
characteristics of o Boelng 727 (B727-200) aircraft during convent fonal and

two=scyment LS approaches,  Twelve flipghts of the B727, cquipped with smoke

penerators for vortex marking, were flown whercin its vortexs wike wis
intent ionally encountered by a Lear Jet model 23 (LR-23) or a Piper Twin
Comanche (PA-30) 1 and its vortex location during landing approach was
measured using a system of photo-theodolites.

The tests showed that at a given separation distance there were no
readily apparent differences in the upsets resulting from deliberate vortex
encounters during the two types of approaches.  Timed mappings of the
position of the landing configuration vortices showed that they tended to
deseend approximately 91 meters (300 feer) below the flight path of the
B727. The Tlaps of the B727 have a dominant effect on the character of the
trailed wake vortex.  The clean wing produces a strong, concentrated vortex,
As the flaps are lowered, the vortex systen becomes more diffuse.  Pilot
apinion and roll acceleration data indicate that 4.5 nautical miles would be
A wminimum sepavation distance at which roll! control could be maintained
during parallel cucounters of the B727's landing configuration wake by swall
aireraft.  This minimum separation distance is penerally in seale with
results determined from previous tests of other aireraft using the same roll
control criteria,

INTRODECTION

Results of NASA, TAA and airline flisht tests and on-line evalualions
ol two-sepnent approaches indicated this to be an eperationally of teet ive
means for poise abatement (Reference 1, 20 However, because of the
terminal arca mixture of two-seyment traffic with normal 118 tratfic, con-
cern has been expressed that the wike vortex resulting from a Lwo=seyment
ppraach peee present g problem to other aireratt, especially light peneral
aviat bon adreratt making a standard 1LS approach,  Fhe purposce ot this
Pronran was Looassess the severity ol vortices trailing a tvpical narrow-
bodv jet with art-rmounted engines on g lwo-sepment approach and o dssens
the d-pact, 0 anv, on existing and/or proposed TFR separat ion standards .

At TARN/TAN Test Team wan orvamized to fnvestivate wake
torhalence ciaracteristics ansociated with operation ol g Boeing 707 (87.07)

Aiveratt Jdarine convent fonal and two-soprent 1S appreaches.  An loter-

prete s Aerecrent (DOT=FAZ 3=-WAT= 189 was cstablished hetween 5ASA and

MLUANY sy tenterbher 2 197, N sories of flivht tents woere condincted o

Che SOASA IHicat Resoarelr Conter '|lll'il'l_'-', the tire [\(-;-iud at (vt oher H’ 1971

[!\|'|II:<_‘:] ANETEN l\('l' .\‘ i”l‘ {.

Pize chdoa b v ol these tlivht teats wore ac tollbowa: () obtain

Gt erive ol aamtitative cealuations of e aneet roaponsaes o e




general aviation aiveralt (Lear Jet LR=2T and Piper PA-T0) resulting from
the vortex wake behind a B2l (landing, can-

and eonvent fonal approaches (uost ool these
were simalated approaches it high altitnde), by measure the drigt and pers
slastence of (he B727's wake during two-sepment and convent fonal LG

Lhe ef fect of ditferent tlap deflections, thirust

and  (d) compare the vortex shed

deliberate voeomters of
fipuration) during two-scpment

appraaches, (¢) measure
sellings, vte., on the wilke characteristics,
by the B727 with those shed by othor alreraft.

This report deseribes the flight tests and test cquipment, and presents

the results of the study.
TEST ATRCRAFT AND EQUIPMENT

Wake Vortes Cenerator Airceralt

airerall hecause it

The B727 was sclected as the wike vortex peneritor
it is

constitutes 2 large portion of the current air carrier scervice flect,
in sieniijcant numbers well intoe

expected to continue in airline service
documented.

the 1980%s, and its vortex wake characterist ics were not well
The aireraft was cquipped with corvus ofl smuke peneriators Lor wrtex
marking., Figure 1 is a photepraph of the senerating airerart and fipure
is a closcup photograph of the vortes markers,  The airerafit's pertinent
physical characteristics are contained in Tabhle 1.

¥

A R727-700 aireraft wias leased From tnited Airbines.  The aireraft had

six-month operational i Pight evvaluation of 4 two-=

just beer used in oa
The cvaluat ion ineluded 6% approaches io

segment approach puidanee systen,
actual 1eR weather.  The aireralt was cquipped with both a t
dipgital data recardipg svsteme Detailed

wo-sepment

approach avionics system and a
deseriptions of the avionies and alata systers
A DME transmittoer/antenna was co=located with
Fdwards AFB to provide foformation meeded Tor the

are contained ia reference 2,

the ¢ lide slope antenna al

wo—segrenl paidinee,

wake Vortes Probe Adveratt

A Lear et Madel 28 (LR-23) el oa Piper dwin Cen cinchie (PA-D) were
ta probe the B717 s wake.  Fivures 4oand 4 precant phctogr plee ot The pwn
aireritt respect fvely. Dol aireratl were in.trvanted o meaure vortens

induecd upset characteriatics,  foth asreratl web b enquippeed with air

to-ait ramping DEE wsing o beacen systes whivhy s meunted in the a7 RETE
DME ranve was (li';lll-’l\'t'll to the ]ll'('llt' airctratt sibate el e oo on t e
data svntems,  The TR=2 3 was copipped Wit Chree oo nent ot swire
ancrometer which wis nounted e e brer A0 Lo proccisit o te tla air -
spoeed e ang e ob-attaet aned il i ey i e s o Loy s neaed
A (ECT B PR L (e il et the e

for measuring Lhe velocitic: in the o

cenurements will be contained dnoa b et ANty

vl

|
‘;
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I't should be noted that the LR-27 contro!l system fs cquipped at the
Tactory with antopllot, yaw damper, stick shaker apd stick pusher.  For the
purpesces of this test program, the autopilot and yaw damper were de-
activated.  For stall protection, the stick shaker and pusher remained
aetive and were activated on oceasfon daring the penctrat ion probes,

Tahle T presents the pertinent physical characteristics of the LR=23
and the PA-10,

Supporting Aircraft

A lockheed P-104 military [ighter afireraft was utilized to probe the
B727's vortex prior to probes by the LR-23 and PA-30, These probes were
performed s a safety precaution because calculations had indicated that the
LR-23 and PA-30 might experience severe loads during the probes. The F-1044
probes showed that the calculations were roo conscrvative and the tests were
continued as planned,

A Cessna 402-B (C-402) airceraft was used for alrborne meteorelopical
surveys during this flight. The Instrument package for mcteorolopgical de-
terminations consisted of an ambient air temperiature sensor, a dew point
hygrometer, a barometer, altimeter, alrspeed indicators and an inertial
navigation system used to provide geopraphical location and to derive local
horizontal wind fields. An inertial subrange turbulence meter {epsilon
meter) was nsed to establish the levels of atmospherice turbulence.  Altitude
surveys wer  made for every flight condition. The survey aircraft (lew in
the vicinity for all vortex probes and vortex mapping rans, in order to
document the atmospheric conditions.

Photo chase airerairt were a North American T-28 and a Grumman
Culfstream.

Wiake Vortex Mapping Svstem

A photo-thneodolite vortex mapping system wias ulilized to track tie
vurtex as visualized by the smoke.  VFigure % presents the convent ional and
two=sepment approach geometries and points out the location of the photo-
theodolites, By placing the photo-theodolites on both sides of the romeay,

the horizontal and vertical drift of the vortex could he deternined.,

FEST DUESCRIPTION

e test propram is ontbined in Table 1T, T vonsisted of 12 t1ieht
ob the B727 wvortex generator, daring which the prebe giveralt woere atilbiced
to cvalate (1) vortes upscel characteristics by in=trail probes and 00) wale
vor{e: velocitly by cross-track probes,  The crew of the TR commiated of g
NASA pitot, a FAAN pilot and o WASA (1ight test enpipneer.s dhe crew of the
PA=I comsicted ol two NASA pilots tor initial tlichts,  Darioe Tater




flights the PA-30 was erewed by o HABA pilot and o FAA pilot, The B2T was
flown by a United Alrliines erew wilh NAGA and FAA pilot olhoervers on board,
The photo-theodolTle system was sed Lo wmeanure the voartes posil lon relative
to Lhe two=scgment and conventional appraach paths daring Fanding approach.
Metevorolopleal Information (winds, turbulence, hamddity and tewperature

rad fents) was documented for cach test fhipht condition, using the fustry

ment od C=402,

A summary of the separation distinces al whiech data were obtained
during in-trail penctrations of the vartex wake ol the B727's landing con-
figuration is shown in Table TI1I. Deiiberate in-trail wake cncounters were
attempted for a larger range of distances; however, these attempls were not
always successful due te the inherent difficulty in locating the vortes
core precisely in the diffused smoke trail., The information is grouped lTor
probes (a) in level flight at altitude (3,658 meters (12,000 1)) mes.b.),
(b) for simulated 3 and 6 degree approach descents at altitude, and () Tor
a limited scquence of lTow altitude approach runs.

RESULTS AND DISCUSSTONS

In the following scction, the [light test results are summarized.  The
vortex wake characteristics during two-segment and convent ional approaches
are compared on the basis of upscet responses tor deliberate wake cncounters
by the probe aircraft, and vortex wake drift. The effcect of {lap confipura=
tion on the vortex wake is discusseds Finally, o comparison is made of “he
results of this investigation with those from previous tests of other
transport aircraft.

1. Comparison of Vortex Wake Characteristics Generated
During Two-Sepment and Convent ional Approaches

The vortex wike behind the B727 in a landing configuration with i0°
flaps was cvaluated.  Evaluations were made first In level Elipght, and then
for both 1° and 6° descending Flight paths.  The descending tlight paths
correspond to the conventional and the upper sepment ol o twossegment
approach, respectively. A time history of Lhe prohe aireralt response is
presented for a typical encounter and the masimum disturbances from all
cncotnters are sumarized,  This is foltowed by a discussion of separat ion
distances based on roll control criteria and pilot comments,

Lear Jet Vortex Encounters

Typical Besponse Dynamics. - Ficures Gooand Db present e represent o=
tive time history ol the LR=23 response to an encounter with the B707 wake ot
2,743 meters (9,000 10.) altitude during a sinalated 67 landing approach
flight path.  Separatfon divtance between the two afreratt was D07 naat Pl
miles at the Lime af cpeomnter, The initial encounter o curre:sb oot 1LY
gseconds as indieated principally by larpe transient pespoensos of the o oand

]




sensor vanes, plus rapld pencrat Ton of piteh and roll anpalar aceelerst jons
with no chinge in the corresponding controls,  Additional maniCestations ol
the vortex lNow op this run were an abrapt 20 koot Inerease in indbeated ain-
specd coineldent with an abrupt 0,1 p o chanye n loenpgitudinal aceclberat fon.
A seeond envounter occurred about 4.0 seconds later disturbing the airplane
primavily in pltebe Recovery I'rom these two encounters was achioved altoer
the albrplane had pitehed down appro<imately 17% from its foitinl piteh
attitude and rolled to a 90° leit bank, using Tull opposite aileron control
to return to wings level attitude,  Protection from stall tor the LR=27 is
provided by a stlck shiker and pusher system, Stick pushoer actuation was
fnitiated at 0.8 scconds and agnin ac 3.8 seconds, contributing to the nose
down piteh attitude echange. A detabled analysis of the iaf luence of these
momentary stall conditions is contained in Appendix A,

A summery obscrvation {rom all the encounters is rhat, In general, the
LR=23 excursions were primarily about the roll and piteh axes, with minor
dutch-rol?! disturbances.

Maximum Disturbance Summary.- Maximm responses of the LR-23 from
deliberate encounters withh the R727 wake are summarized on Figures 7a and
7b.  They cover a separation range between the aireraft varying from 2.1 to
3.3 nautical miles. These data were obtained during flight along 3° and 6°
descending flight paths from cither 3,658 meters {12,000 ft.) or 1,524
meters (5,000 Fe.) initial altitude levels. The B727 flew a steady
descending flight path (either 3° or 6°) while the LR-23 probed the vortex
wake of the B727. Therefore, the flight path of the probe aircraft varied
about the nominal 3° or 6° descending flight path. Both aircralt (probe and
generator) were in the landing configuration. Fipgures 8a and 8b present the
same data as a funetion of vortex age rather than separation distance., This
is done to facilitate analysis because vortex breakdown depends on its age
rather than a separation distance} furthermore, separation distance varies
with aircraft true airspeed.

The vortex wake encounters produced maximum roll angular acceleratlons
of the LR=23 as high as 3.0 rad/scc”. Angular accelerations in piteh and
yaw reached maximums of about one-half and onc-tenth the roll accceleration
respectivety. Peak-to-peak lincar acceleration oscillations up to a
maximum of about 0.3 g laterally were measurced and peak-to-peak normal
acceleration oscillations reached about 1.5 g0 Maximum biank anpgler escecded
45° In only one instance. Piteh attitude excursions, gencrally nosce down,
reached a maximum of 12°,  The scatter in the data merely indicates that not
a1l encounters result in larpe upsels or accelerations and the dvnamies vary
depending on entry angle, position, pilot contrel Inputs, stabitity
augmentat fon svstem dnputs, and stick pusher inputs, One Vactor, developed
in Appendix A, fllustrates that a relationship exists between the severfty
of upsct resulting from an cncouter, and the convent fonal stall dynamles ol
the LR-23%. It is shown that severity=of-encounter is linked with decreas ng
control power, as the anple of attack approaches statl vatues,

Anv possible el fect of altitude on the severitv-of-chcounter way
ubscured because it the time ol these THight test measurement s, atmospheric



turbulenee, shown on Figure 9, varicd from neelIpihle (o Tipght at altude,
but approached heavy turbulence at the lower altitude,  Presuming Chat ine
creoased Turbulence would canse carlicer o Lenuation of the wike (reforence O},
lesn severo oncounter exeuarsions ol the probiog aireratt would be cupectoed al
lower altitudoes, Tor similar separation distanees,

Compar lson of the 1 and 6% data, measured at high and low altitude:s,
Indicates that there are no obvious differences in cenconnter dynamios due Lo
the glide path angle of the generator alrerafo.,

1k=-23 Roll Control Criteria for Separatfon Distapee.-  Reference 3
proposed a eriterion for determining minimum safe separation behind Tarper
aireraft using a rolling moment control ratio for the probe airceralt and the
pross weight of the peaerat ing aircraft. The robling moment control ratio
ts the measured vortoex-induced roll acceleration divided by the maximam
available roll acceleration control, When this ratio execeds one, roll
control is lost. The roll ratio data for the encounters by the LR=23 were
cateulated and are presented in figures 10 and 11 as a function of scparation

distance snd vortex age respectively over the separiation range covered, The
B727 [laps were deflected to the landing configuration Sy = 307,

To obtain the maximum rold acceleration induced by the vortex the
measured values were adjusted for roll acceeleration produced by any initial
alleron deflection which may have existed at the time of cheounter,  Maximum
roll control power was derived from data measured during a series of aileron

sulses.  An average value of C = 00114 por degree was abtained from the
H Ly ¥
a .
pulse manceuvers and this was used to determine Py tor cach cncounter.
a1
max

Using maximum encounter rolld aecoleration equal to maximam conl rol
powet ratioc as the eriterion for minimum scparation, it would appear the
present 3 nautieal miles TEFRD separation standard is jusl adequate for this
atreraft combination. However, the test data covered a very small ranpe of
separation distances, compared with provious flipht tests using this
eriterion and any judgments shonld be tempered by the additional factors in-
f1ueneing minimum sepatation distance as cnumerated in refevence Toamd s
discussed in the following pilots comment:s.

LR=271 Probe Pilol Comments, - Obscrvit ions made by SASA and FAA pilots
whi b I‘I_\'in';', the LR=?7F prebe airplane, and proumd observat fons by Lhe 1LR=-23
pllot of low altitude over—ttipghts by the peneral iy afreralty prodoced the
following commenl s,

1, featm atr anmd o U Laps=up' cont ipuration of the veneral ing, airplane
presented the worst case to {he trafling afrpbmes ®With the passaee
of time, ovon in ocalm air, witke vortices dissipate. The charaeler-
fatic breok-up oceurs as A lonpitudinal pathering ol the vorles,
followed by o radial expansion appearing s bare dousrhinnt ¢ and
within approsinately Tive or so gecomle atter Uty dissipation i

colp loete,
T




From the pllaol point ol view, safce sceparation pmst be based on this
worst eiie unt b other clleets ean be adequately measured and taken
into account,  The above deseribed break=up iand dissipation consist -
ety happens between o mingte, and o minate and a hali, in the case of
the B727. A separation of two minutes should theretaore provide salety
as well an an adequate margin, With o typical approach speed of 130
knots for the pencerating airplane, a separation distance of A5

naut ical wiles would assure vortex dissipation oven in the worst ease
For the trafling airplane.

’. Generating airplane lap-deftection was abserved very clearly to pro-
vide sccondary vortices which tended to mingle with and speed the
destruction of the primary wing tip vortices in propertion (o the
amount of flap defllection. Penctration of the trailing vortices pro-
duced signilficantly less disturbance at 30° or more (lap deflection
compared to the flaps-up confliguration al cqual vortex ages.  There-
fore, separation could be safely reduced somewhat (i.e., Tess than
two minutes or 4.5 nom ) IF Lthe gencerating B727 were known to have at
Teast 0% of flaps extended,  lNowever, where decelerat ing approachoes
are made at lesser (lap deflection unti! the last two or three miles
prior to touchdown, the redoced separation could not be considered
appropriate,

3. Generating-airplane thrust was observed to have a significant ef feet
on vortex destruction. EFncounters behind the B727 with 15° flaps
extended, first with approach power during a 31° descent and then with
¢limb power at the same speed and flap setting, showed o marked re-
duction in vortex strength for the high=thrust condition.  Thus, safoe
separatlon during climboul could be somewhat less than during approach.
This same obscervat ion wias made while penctrating the wake of a C-5A in
a CV=990 in similar tests conducted in 1970,

4. Atmospherice turbulence was obsorved (as is well known) to speed the
Break=-up of the tip vortices significantly, leading (o the conclusion
that safe separation could also be reduced during periods ol pusty
wind or similar atmospheric instability,

iR No significant diffcerence in aiveralt upset and vortex wake dissipa-
tion characteristics could be determined while probing the wake vortoex
ol Lhe penerator aireralt on cither the 67 or 3% descending 1 1ipeht
paths. Therelore, a separation distanee which provides adequate

warg in when following anolher afrveralt on a copvent fenzl approach
should also be aceeptable when follewing that aireratt on a two-
sepment approach, '

Piper Twin Comanche Verto: Fneounters

A= 3) Ma~imam Distarhanee Summary. = Pigoves Tl oaod T present the
maasimum absolote cearsions of the pertinent paraecters Tor the PA-30 en-
comters with the B2 wakes  Tipares Pda omd 130 present the come upret




informat fon in terms of vorces age rather than separatfon distanees, in
poenoral, the PA=0 excurstons are similar In character to those of the L7,
The attitude deviations of the PA=30 are Targer, which would be czpected as
a result of Its Jower veloelty and Hghter wing loading.,  Deviations in viw
woere on the order of seven times greater and plteh about two times proater
for the PA-30. The PA-30 data cover a somewhat lacger range of separition
dlstances than the [R=23 data.  No consistent differences can be observed
for the encounter upsets resulting from the different (Tight paths.

PA-30 Roll Control Criteria for Separation Distance.-  The ratio )

the maximum vortex induced rolling accelerations to roll control power for
the PA-30 flying at 100 KIAS, during several encounters are shown i
Figures 14 and 15 plotted as Functions of separation distance and vortex ape
respectively.  The B727 was in the landing confipuration (30° flaps, wear
down) for all these encounters. The induced accelerations have heen
adjusted for control input in the same manner as the LR-273 data.  Maximunm
available roll control power was determined by measuring the roll accelera-
tions resulting from sharp aileron pulses and was jound to be approximately
015 = ,00088 per depree. These data show the ratio of vortex indaced roll
h
acceleration to roll control power is still greater than one at separation
distance in excess of & nautical miles.

PA-30 Probe Pilot Comments.- Observations made by a NASA pilot while

flyingrfhc PA-30 Twin Comanche during deliberate wake vortex encounters al
varying distances behind a Boeing 727-200 produced the tollowing comments.

YDuring all probes made by the PA-30, the 8727 was in a landing con=
figuration with 30° of flap and gear down. The vortex wake appearcd
to descend below the B727 asbout 76.2 meters (250 feet). Al probes
of the wake by the PA-30 were made from an in-trail position.
Attempts were made to probe from above and below the wake, The
majority of the probes of the wake were made from below the wake.
Successful probes were made [rom between Lwo and five nautical wiles.

To evaluate the upset of the PA=30 by the wake, T used the following,
eriteria:

1. If the type of upset cncountered could cause a break ot f of
an [1.S approach, it was considered severe,

2. I the bank angle cxceeded 30° before the atrplane roll vould
be controlled, this wis considered a severe upset.

1. 1f normal accelerations excursions o 11,0 p's were on-
countered, this was considered a severe upset.

On the Tirst two flights with the PA=30 1 det the airplane respond Lo
the wake by neutralizing controls,  On the 1ast two Vlights T tricd Lo
control the atrplane at all times. During these last two flights, on




geveral occasions, full aileron and rodder control were ned in
attempds Lo control the alrplane during upsets,

Severe upsels were acceasionally encountered by the PA-30 a0 distances
af up to four nautical miles behind the B/27.0 0 However, most ot the
time only light to moderate turbulence was found in the vortex wake at
distancees greater than twa miles behind the 87270 e appeared as
though there were patches of high energy wake behind the B727. AL the
PA=30 pot into one of these, the upset was scevere. I naly the upset
was like flying in light to maderate atmospherie turbulence. U should
be pointed out, however, that 1 never could be sure what part of the
wiake 1 encountered. When the PA=30 got a sovere upscet there wis
usually some very sharp normal acceleration changes followed by an =
controllable rolling motion. Based on the results of these tests, |1
would not want to fly the PA=30 at separation distances closer than
4.5 nautical miles during approach to landing, behind a landing
configurcd B727 type airplane.”

Vortex Drilt Characteristics

Figure loa through 16f present the vertical position of the B727
vortex wake versus distance behind the aireraft for twd conventional
approaches (figures léa and b), two two-scgment approaches (figures 1bce and
d), and two tuke-off maneuvers (flgures 16e and £). A review of these data
shows that the vortices tend to settle to something of the order of 9004
meters (300 feet) betow the B727's flight path and then stop descending.
Longer persistence of the smoke-marked vortex for the take-off configuration
(15° flaps) allowed dsia to be taken for greater distances than during Lhe
landing approaches (30° flaps). Lt should not be concluded that the lack o
vortex "track" indicates a lack of vortex existence, To the contrarvy, the
PA-30 upsets shown in figure 14 verify that the vortex did exist behind the
B727 to distances in excess of four nautical miles (note that the flapged
symbols on figure 14 are encounters at low attitude that were performed on
an actual approach),

Given then that the vortex tends to settle and that it could exist for
distances in excess of four nantical miles behind the penerating aireraft,
the simpiified peometric analysis presceoated in figure 17 can be performed,
This analysis assumes a reasonable oxtrapelation of Lhe wake settling data
(for the vertical plane) prescoated in figure 16, and thereby indicates that
the B727%'s vortex would be something of the order of 91,4 meters (304 fueet)
below fts Tlight path at o separation distance ot three miles, The vortes
then superimposed on Lhe approach geometrics would indieate that an en-
counter by an alreral't on a conventional approach folltowing an aiveralt on o4
two-gogment. approach mipht occur somewhere prior to the "wo-nepment knee, "
at an altitude on the order of 2438 meters (800 fect).  Lvaluating the
possibillties ol a wake encounter when both abrerait are Plving a1 con-
vent ional approach it can be seen that it a lead aireraft is "right on
gl tdepath’ or slightly high and an Aireratt tollowine at three wmiles is low
on the plidepath beam, an cencounter conid ovenr. Howeven, {he e

)




encountoers would likely occur at a hlgher alt itude than the one predicted for
the two=sepment approach,

The question of the retative difference of the probability of en-
counter for the two types ol approach profiles cannot be answered from thls
flight test. lowever, the data of this test should be of value for use in
such a detatled analysis. The vortex location data for all the runs
obtalned during the rests (14) are presented in Appendix B. Figures Bla
through Bln present the location as a function of distance behind the B727
generating airceraft. Figures B2a through B2n present the location data as a
function of time after the B727 passage. Many other variables must be
considered in a probability analysis including items such as statistical
data on flight path control error, guidance system errors, wind shears,
atmospherie turbulence, ctc,

11. Effect of Cenerator Alrcraft Flap Configuration

This sectlon covers the effect of generator aircraft flap setting on
the wiake vortices. These effcects are discussed in terms of (a) visual
observations of the differences in the smoke-marked vortices, and (b) probe
aircraft response as a function ol flap setting.

Visual Observations

Onc significant observation of the program was that wing flap ex-
tension on the B727 aireraft had a pronounced effect on the characteristics
and persistence of the trailing vortex system, With no flap extension
("clean configuration') the vortex, as visualized by the smoke, was small in
diameter, approximately 0.61 meters (2 feot), and retained a well defined
structure to a distance of approximately cight nautical miles hehind the
aircraft in smooth air at 3,658 meters (12,000 feet) altitude. This
corresponded to a vortex age of approximately 120 scconds. Probes of this
clean configuration vortex system led to the qualitative assessment that
these vortices produced large upsets of the probing ajreraft (LR-23 and
F-104) at scparation distances of six tu seven nautical miles. Fipure 18
presents a photograph of the "elean configuration’ B727 vortex.

Figures 19a and 19b present a photograph of the B727 with the flaps
oxtended to the landing configaration (30°). 1In this configuration an
interaction of the Ttap vortices with the wing=tip vortices creates a vortex
system that was much larger in diameter than that of the vortex systoem
associated with the elean configuration. This interaction appears to oceur
within a few span lenpgths bebind the wing, One effect of this interact fon
wis that 1t tended to diffuse the vortex-marking amoke,  With the smokers
operating with peak-pertformince, probe piltots could discern vortes-marking
smoke at approximately three to four nant ieal miles belifnd the Tanding
conl ipured B127.

Fipures 20 throuph 22 show the offect of airerafi flap conbizuration
on vortex persistence,  These photos were taken during low alttitade
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fly-overs in smooth morning alr. Figures 20a through 200 present photo-
graphs taken at f{lve sccond time intervals of the B727's vortex with the
cloan wing., A roview of the flgures shows that vortex bursting starts to
oceur at 55 scconds of age, and that complete vortex breakdown has occurred
by 70 seconds.

Figures 2la through 21p present the same information for the take-off
configuration (15° flaps) of the B727. The mode of breakdown appears to be
viscous decay occurring at 75 seconds. Data for this configuration
illustrate the possiblc wake encounter hazard for a small aircraft during
climbout after take-off.

Figures 22a through 22h present the landing configuration
persistence. It is interesting to note that the vortex system 10 seconds
behind the aircraft has begun to take on a ''ragged' appearance as compared
to the previous configurations. However, at later times the vortex appears
to regain a smooth appearance until at 40 seconds, the vortex became in-
visible to the photographer. This disappearance of the 30° flap configura-
tion vortex before any onset of breakdown is obviously a result of the smoke
becoming so diffuse that it can no longer mark the vortex. The diffusion
is caused by the effect shown in figure 19 wherein thc smoke entrained in
the tip vortex appears to wrap around the flap vortex, thereby diffusing the
smoke.

The fact that the landing configuration vortex smoke was diffusing
prior to vortex breakdown created operational problems throughout the flight
test. Lack of vortex visibility made the vortex encounters for this con-
figuration difficult to achieve, limited the vortex drift measurcments and
climinated a visual measurement of vortex persistence.

Alrcraft Response Data

Figures 23a and 23b present a summary of maximum response of the Lear
Jet to cncounter with the B727 wake for two flap configurations during level
flight tests near the nominal 3,658 meter (12,000 feet) altitude, Shown are
comparisons between the wike generated from the landing=flaps confipuration
versus the clean-wing configuraction, in terms of the Lear Jet response. The
severity-of-encounter behind the clean configuration was roughly equivalent
to the landing flaps data at over twice the scparation distance. Figures
24a and 24b present the same data versus vortex age.  The upset response
data Indlcate that the vortex witke for the c¢lean configuration persistoed for
a longer time by a factor of 2.5 to 3.0, considering the difference In B727
speeds in the two conligurations, I addition, these comparisons illustrate
the effect of the vortex characteristics shown in figures 20 and 22 in Lerms
of the upsets indoced by the vortex.

[[1. Comparison With Previous Data

A comparison of the landiny=conligured Bocing 727 wake vortex Jdata ob-
tained from these tests was mide with data from previous tests as reported

11
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in reference 3. As discussed carlier, the criteria aned for this comparison
wis the measure of the ratio of roll disturbanee to roll controb capaility,
The distances where this ratio becomes one are plotted in tigure 25 for
various averape pross weiphts, The pilot opindons ol M separal fon
distances are also plotted. Perhaps Che most stenificant aspect ol the
pitot comments from the subject Lest is Lhat pilots ot both aiverait agree
that 4.5 nautical miles would be the minimum separat fon distance that thoey
would deem satisfactory for an operational encounter of the landing-
configured B727's vortex. This agrees wilh the roll control criteria data
of 4.5 nautical miles for the PA-30.  Althouph the Uimitod amomtl ol LR=-21
roll control eriteria data indieates that 3 nautical miles appear to be just
adequate for LR=23/B727 combination, the LR=213 pilots stated that 4.5

naut ical miles should "provide safety as well as an adequate wargin, '

Figure 25 presents a relatively compeete sct of data for the deter=
mination of minimum separation distances for various gencrating and en-
countering aireraft combhination. In general, the figore shows pood
correlation of the B727 results with those of other alreraft. The [igure
then would lead to the conelusion that the gross weight of the vortes
penerating aireraft is a dominant factor affeeting separation distance.

CONCLUSTONS

A Based on a limited number of deliberate penetrations of the B777
landing configuration (30° flaps) wake vortex, there were no readily
apparent differences in the upscets resulting Trom two-scpgment and
conventional approach paths,

B. The vortices from the B727 tend to scttle tu approximately 300 feot
below the flight palh of the aircralt and then stop doscemding.

C. NASA and FAA pilot opinion and roll acceleration data indicate that
4.5 nautical miles would be a minimum separation distance at witich
rall control could be maintained during parallel encounters ol the
B727's Janding confipuration vortex wiake by small aireraft.  This
minimun separation distance is generally in scale with results
determined from previous Lests of other airceralt using the same roll
control criteria.

n. Based on an analysis of the LR=23 data, it appears that staoll
avrodynamics can contribute sipnid jcantly to the severity of upnet
resulting from an encounter.




B727 1lap conliguratlton has a definite of foct on the vortes shoed by
the aireratt. The ¢loan wing results in o concentrated, well=def ined
vortex core,  As the flaps are lowered the vortes temds Lo become
more diffuse and ercates less of an upset on an encountering alrverat g,
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6.
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APPENDIX A

Lear Jet High Angle of Altack Response to Vort fees

As noted during the discussion of Figure 6O, the LR=-2% is protected
from stall by a stick shaker and pusher system. The system atilizes anple
of attack vanes mounted on opposite sides of the forward fusclage to sense
incipient acrodynamic stall, and nets through the autopilot te supply a low
frequency buffet signal to the pilot through the control stick, foltlowed by
a command through the elevator control for an ailrceraft nose down attitude

change.

The pllots noted stick shaker actuation during a number of cncounters.
Subsequent inspection of the airplaonc response data also revealed indica-
tions of stick pusher actuation which were consistent with high angle of
aftack measurements from the nose boom angle of attack usensor. To iltlus-
trate the sigunificance of these high-angle-of-attack irdications, Figure A-1,
reproduced from Reference 4, shows pertinent stall characteristies of the
LR-23. Angle of attack for maximum tifr is near 13° ta 15%, deponding on
flap deflection. At stall, rolling moments cqual full aileron power, and
side forces equivalent to about once-hail rudder power, mav be produced.
Savere tail buffet, followed by elevator hinpe moment reversal, is a
furthoer characteristic of the aireratt at mrx imum angle ol attack.

Maximum anple of attack, as measured by sensors on the noese boom, for
cach encounter during the landing approach tests fs sumnarized in Figure A-2,
The data are plotted versus separation distance for vonvenience. Stick
pusher actuation wis noted on the responsze data for all points plotted al or
above 12° angle of attack, indicating the fuselage angle of attack vanes
wore sensing Flow anples consistent with the nose boom angle of attack
measurement . Trim angle of attack for the lamding appreach {light condition
was about 6° to 8%, and detailed exanination of the response data strongly
sugpests the rapid buildup to Bigh indicated angles of attacs was duc Lo
vortex velocity gradionts as the airplane entered the B7I7 wake,

Bascd on the wind tmnel «data of Pipare A=1, the high indicated any les
af attack were sutficient to produce oomonentary stall condition, which
sigpests o possible anthisuity peparding the airpiane exearsions following
the wake encountor.  The excursicns could be venerated by two inseparihle
clfeets: namely, asvemelvic chiimpes in the acrodenamic boad Jistribution,

or the normal reduction in 1V ivine qualltics pear atall,

Additional sivniticance of the antle-ob-attack elfect on the encount er
denmrices is shown on the nest two Lipores, do terus ot cont ol power
regquired to connter the e lar aveelerations eencvated by the wake, Uiynre
A= presents the (8- tateral contrer derivative (Ti versus anye e ol

N

Aacks  Alswo chown tor cemparisen are the fanding approach Pt date,

- R



converted point-by-point to an cquivalent Cl required to halance the

il

measured maximum rol! acceoleration with full aileron.  The data are plotted
at maximum angle of attack for cach encounter.  In general, this figure
presents a picture of increasing severity of encounter linked with de-
creasing control power, as angle of attack increases toward the stall,

A similar comparison of elevator control power versus the measured
pitch excursions is presented In Flgure A-4. Here also the trend s toward
larger pitching accelerations, approvaching maximum control authority, at the
higher angles of attack.

In summary, it may be postulated {rom the foregoing material that
velocity gradients in the B727 wake at spacings used for current operations
are of sufficient magnitude to produce a momentary stall environment for
the LR-23. In addition, the excursions that result may derive from a
combination of factors more complex than simple asymmetric span loading
changes on the wing.
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APPENBIX B

Vortex Locat Ton Mapping Data

As stated earlier, the relative difference ol the probabillity of wake
vortex encounter for the two types of approach profiles cannot be answered
Just from this flight test, Additfonal information would be required to do
this— All of the vorter location data from this flight test are included in
order to nid such a probability analysis. The vortex mapplng system was
deseribed carlier and the tracking stations are shown in Figure 5. The
vortex location data for the 14 mapping runs are presented,  The data were
obtained for five conventional approaches, five two=scegmeat approaches to
runway 22, and four take=off and climb-ocut cases using runway 4. The
horizontal and vertical location of a cross seetion clement of one of the
vortex pairs is plotted for each of the four stations as a function koth of
(1) time after station passage, and (2) distance of the vortex element
behind the B727 aireraft. The data were measured as a function of time, and
caleulated ground speed of the B727 was used to convert {rom time to
distance in nautical miles. The figures are arranged as follows:

Figure Filght Condition Independent Parameter
B-1(a) - B-1(e) Conventional Approaches Distance

B=1(f) - B~1(§) Two=-Segment Approaches Distance

B-1(k) - B-1(n) Take-offs Distance

B=2(a) - B=2(c¢) Convent tonal Approaches 11 mer

B=2(f) - B=2(J) Two-Scgment Approaches Time

B=2(k) - B-2{(n) Take-offs Time

. In these figures indicated airspeeds are tabulated and the wind
directions are referenced to magnetic north,
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